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Resumo

A biogénese e reciclagem de vesiculas sdao etapas fundamentais para
manuten¢do da neurotransmissdo, impedindo que ocorra redu¢ao dos aglomerados
vesiculares e bloqueio da fungdo sinaptica. Utilizando preparagcdes de jungdo
neuromuscular de camundongo e de r3, trés importantes aspectos envolvendo o ciclo de
vesiculas sindpticas foram abordados neste trabalho de tese: 1) as conseqiliéncias de
alteracdes na expressdao do transportador vesicular de acetilcolina (VAChT) sobre o
ciclo sindptico; 2) a participacdo de estoques intracelulares de calcio na exocitose de
vesiculas sindpticas induzida pela ouabaina; e 3) a importancia do colesterol de
membrana na biogé€nese e reciclagem de vesiculas sindpticas. Os resultados obtidos
mostraram que a reducao na expressao do gene do VAChT ndo determinou alteragdes
compensatdrias no numero e na area de terminagdes motoras presentes no diafragma de
camundongos VAChT knockdown. Além disso, o nimero de vesiculas aptas para a
reciclagem bem como os passos de exo/endocitose estavam preservados nos animais
knockdown homozigotos. Contudo, a auséncia de expressao do VAChT leva ao aumento
compensatorio no nimero e na area de terminacdes motoras dos animais nocaute,

sugerindo que a liberagdo de acetilcolina armazenada em vesiculas via VAChT ¢

Qo

essencial para o desenvolvimento normal de terminagdes motoras. Quanto
participacdo do calcio intracelular na exocitose evocada pelo derivado esteroide
ouabaina, os dados revelam que, embora a ouabaina iniba a endocitose, este glicosideo
cardiotonico promove liberagcdo vesicular mobilizando célcio armazenado no reticulo
endoplasmatico e nas mitocondrias via receptores de rianodina e trocador Na'/Ca*"
mitocondrial, respectivamente. Na investigacao sobre o papel do colesterol na biogénese
e reciclagem de vesiculas sinapticas, os resultados indicam que o seqiiestro do colesterol
de membrana aumenta a liberacao espontanea de vesiculas sinapticas, altera a amplitude
e cinética de eventos em miniatura, porém inibe a exocitose evocada pelo KCl e a
endocitose compensatoria. Os dados obtidos com as investigacdes supracitadas
contribuem para obteng¢do de principios fundamentais sobre o funcionamento do sistema
colinérgico e neurotransmissdo em geral, podendo, no futuro, subsidiar meios para

intervencdo farmacologica em disfungdes da transmissdo sindptica central e periférica.
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Abstract

Synaptic  vesicles recycling 1is essential for the maintenance of
neurotransmission by preventing the collapse of synaptic function. In this work, three
important aspects of the synaptic vesicle cycle were investigated in preparations of
mouse and frog neuromuscular junction: 1) the consequences of alterations in the
expression of the vesicular acetylcholine transporter (VAChT) over synaptic vesicle
cycle; 2) the involvement of intracellular calcium stores on the exocytosis evoked by the
cardiotonic glycoside ouabain; and 3) the role of membrane cholesterol on the
exo/endocytosis of synaptic vesicle. The results presented here indicated that the
decrease in VAChT expression cause no compensatory alteration in the number and
area of motor terminals at diaphragms of VAChT knockdown mice. Moreover the
number of synaptic vesicles able to recycle and the steps of exo/endocytosis seemed to
be preserved in knockdown homozygote animals. However the absence of VAChT
expression caused an increase in the number and area of motor terminals at diaphragms
of knockout mice. Data relating to ouabain-induced exocytosis showed that this
glycoside promotes vesicle release recruiting calcium stored at endoplasmic reticulum
and mitochondria through ryanodine receptors and mitochondrial Na"/Ca®" exchanger,
respectively. As for the role of membrane cholesterol on synaptic vesicle cycle, the
results indicated that cholesterol removal increased spontaneous vesicle release,
modified amplitude and kinetics parameters of spontaneous events but inhibited K-
evoked exocytosis. All aspects investigated in this work can contribute to broaden the
knowledge about the cholinergic system and neurotransmission. Perhaps, in the future,
the data presented here could subsidize pharmacological interventions on disturbs of

peripheral and central synapses.
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1 — Introducao

1.1 — Morfologia da Jun¢ido Neuromuscular

As sinapses sdo areas especializadas de contato celular onde sinais sdo
precisamente transferidos de um neurdnio para uma célula alvo. Em sinapses quimicas,
um sinal elétrico resultante da propagacao de correntes i0nicas € convertido em um sinal
quimico, representado pela liberagdo de neurotransmissores que irdo atuar sobre a célula
alvo (Katz, 1966; revisado por Zhai & Bellen, 2004).

A jun¢do neuromuscular ¢ uma sinapse quimica colinérgica cuja funcdo ¢
transferir impulsos de uma terminacdo motora relativamente pequena para uma fibra
muscular ampla e, assim, desencadear contracdo (Figura 1A). Portanto, ela funciona
como um relé (Katz, 1966).

Em musculo esquelético de ra, o axdnio motor d4 origem em sua por¢ao distal
a um conjunto de ramos terminais ndo mielinizados de 1,5 pm de didmetro que
percorrem sulcos rasos na superficie da fibra muscular por extensdes de
aproximadamente 100um (Figura 1A) (Katz, 1966). Ao longo de todo o curso da
terminagdo, ¢ possivel observar, no plano ultraestrutural, regides -eletrondensas
denominadas zonas ativas que marcam os sitios subcelulares da transmissao sinaptica.
Cada zona ativa pode ser identificada pela sua associagdo com aglomerados de vesiculas
sindpticas pequenas de aproximadamente 50nm de didmetro que encerram acetilcolina
em seu interior. Além das vesiculas sinapticas pequenas elétronlucidas, a terminagao
pré-sinaptica apresenta também vesiculas eletrondensas que armazenam peptideos
envolvidos com a modulagdo da transmissdo, como o peptideo relacionado ao gene da
calcitonina (Figura 1B) (revisado por Hall & Sanes, 1993 e Burns & Augustine, 1995).

Compondo o aparato pré-sinaptico estdo presentes também canais para célcio
sensiveis a voltagem, dispostos em fileiras e intimamente associados a zona ativa, e que
se encontram bem proximos aos aglomerados vesiculares (Harlow et al., 2001). Esta
disposicao singular garante um rapido pico na concentragdo intracelular de calcio nos
sitios de exocitose durante o disparo da liberacdo vesicular, conferindo sincronia ao
processo (Robitaille ef al., 1990; revisado por Zhai & Bellen, 2004).

O elemento pos-sinaptico, separado da membranana pré-sindptica por um
espaco de aproximadamente 50nm de largura chamado de fenda sinéptica, apresenta um

grande nimero de receptores nicotinicos para a acetilcolina. Esses receptores nao estdo
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uniformemente distribuidos pelo aparato pods-sinaptico, mas sim formando
agrupamentos nas dobras da membrana pds-sinaptica, atingindo nesses locais
densidades que podem chegar a mais de 10000 por mm’(Figura 1B). Esse arranjo
permite aos receptores detectar de forma rapida e eficiente a acetilcolina liberada
durante a exocitose (revisado por Hall, 1992 e Hall & Sanes, 1993).

A jun¢do neuromuscular de camundongo apresenta, em termos gerais, 0S
mesmos componentes observados em juncdo neuromuscular de rd, tais como zonas
ativas, aglomerados vesiculares, fenda sindptica e acimulo de receptores nicotinicos na
membrana pds-sinaptica em aposicdo aos sitios de exocitose de vesiculas. No entanto,
as terminagdes axoOnicas ndo mielinizadas t€ém distribuicdo mais circunscrita e com
aspecto arborizado em camundongos (Figura 1C).

Diante do que foi exposto nos pardgrafos desta secdo, torna-se evidente que a
estrutura da jun¢do neuromuscular garante uma excelente integracdo entre o sistema
nervoso € as células musculares, constituindo também um excelente modelo
experimental para estudo das fungdes sindpticas em virtude de sua simplicidade
morfologica, de suas dimensdes amplas e de sua facil acessibilidade quando comparada,
por exemplo, com uma sinapse entre neuronios no sistema nervoso central (revisado por

Sanes & Lichtman, 2001).
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Figura 1: Juncdes neuromusculares de ri e camundongo. A) Micrografia eletronica de varredura
mostrando  jungdes neuromusculares de rd. E possivel observar terminagdes axdnicas dispostas
longitudinalmente ao longo de uma célula muscular estriada esquelética. Ao longo das termina¢des axdnicas
existem areas de contato sindptico como evidenciado na figura 1B (Desaki & Uchara, 1981). B) Estrutura
esquematica de jungdo neuromuscular de rd. O componente pré-sinaptico inclui as zonas ativas associadas a
vesiculas sinapticas pequenas (SV), vesiculas de contetido denso (DCV) e numerosas organelas como
vesiculas cobertas por clatrina (CV), endossomos (E) e mitocondrias (M). O componente pré-sinaptico €
envolvido por uma Célula de Schwan (SC). O elemento pds-sinaptico apresenta dobras pos-juncionais (PF),
espessadas em seu apice em virtude da alta densidade de receptores de acetilcolina na densidade po6s-sinaptica
(PD). Os elementos pré e pds-sinapticos sdo separados por uma estreita fenda sindptica (C) (Burns &
Augustine, 1995). C) Micrografia eletronica de varredura mostrando uma jun¢do neuromuscular de

camundongo (cabecas de setas negras) (Torrejais et al., 2002).
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1.2 - Ciclo sinaptico na juncio neuromuscular

De uma maneira geral, a transmissdo sindptica envolve a fusdo de vesiculas
contendo neurotransmissores com a membrana plasmatica e ativacdo de receptores pos-
sindpticos (Heuser and Reese, 1973; revisado por Sudhof, 2004) (Figura 2). Os
neurotransmissores classicos sdo sintetizados na propria terminagdo axoOnica, sendo
posteriormente armazenados no interior de vesiculas e liberados na fenda sinéptica,
proximo aos seus receptores, através de areas especializadas da membrana pré-sinaptica
chamadas de zonas ativas (Ceccarelli et al., 1973; Coutraux, 1974). A passagem de um
potencial de acdo, desencadeando a abertura de canais para calcio sensiveis & voltagem e
o influxo desse ion para o citoplasma da termina¢do axonica, promove o disparo da
liberacdo de neurotransmissores (Katz & Miledi, 1965; Katz & Miledi, 1969; revisado
por Murthy & De Camilli, 2003).

Na jun¢do neuromuscular, a acetilcolina ¢ sintetizada na terminacdo pré-
sinaptica pela enzima colina acetiltransferase (ChAT) a partir da colina e da acetil-CoA.
Apos sua sintese, a acetilcolina ¢ armazenada no interior das vesiculas gragas a seu
transportador vesicular, o0 VAChT, uma proteina com 12 dominios transmembrana. Para
transportar acetilcolina, o VAChT utiliza um gradiente eletroquimico gerado por
bombas de protons presentes na membrana vesicular, as VH -ATPases (Nguyen et al.,
1998; revisado por Prado et al., 2002 e Bravo & Parsons, 2002). Essas VH'-ATPases,
por meio da hidrélise do ATP, translocam protons H'™ para o interior das vesiculas
sinapticas, estabelecendo duas condi¢des: primeira, o pH no interior da vesicula torna-se
mais acidico, gerando um gradiente quimico de pH (ApH) através da membrana
vesicular; segunda, o interior da vesicula torna-se abundante em cargas positivas,
criando um potencial elétrico transmembrana (AY). O somatorio dessas duas condigdes
corresponde ao gradiente eletroquimico, representado pela equagdo AuH'= ApH + AY
(revisado por Liu & Edwards, 1997; Ozkan & Ueda, 1997). O VAChHT realiza, entdo, a
troca de dois fons H' por uma molécula de acetilcolina, preenchendo o interior das
vesiculas com o neurotransmissor (Nguyen & Parsons, 1995; Nguyen et al, 1998, Van
der Kloot, et al., 2002).

O bombeamento de H' pelas VH -ATPases promove um acumulo de cargas
positivas no interior das vesiculas sindpticas. Contudo, existem evidéncias de que canais
para cloreto possibilitam a entrada de ions CI” que neutralizam o excesso de cargas

positivas, reduzindo assim a influéncia do componente elétrico AW na captacdo de
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acetilcolina, mantida essencialmente pelo componente quimico ApH do gradiente
ApH"™= ApH + A¥ (Strobawa et al., 2001; Van der Kloot, 2003;).

Apds a exocitose e ativagdo dos receptores nicotinicos, a acetilcolina ¢
hidrolisada pela acetilcolinesterase (AChE) presente na fenda sindptica, gerando colina
e acetato. A colina ¢ recaptada para o interior da terminagdo axdnica por meio de seu
transportador de membrana de alta afinidade (CHT1), podendo ser novamente utilizada
para a sintese de nova acetilcolina (revisado por Ribeiro et al., 2006).

Cada vesicula sindptica presente na juncao neuromuscular se enquadra em um
de trés aglomerados vesiculares: o grupo de vesiculas disponiveis para liberacao rapida
(Ready Releaseble Pool), o grupo de reciclagem (Recycling Pool) ou o grupo de reserva
(Reserve Pool). O grupo de vesiculas disponiveis para liberagao rapida estd apto para a
exocitose imediata e, geralmente, suas vesiculas estdo ancoradas na zona ativa,
preparadas para a liberagdo. Por sua vez, o grupo de reciclagem ¢ definido como o
conjunto de vesiculas que mantém a liberacdo de neurotransmissores em estimulacao
fisiolégica moderada. Por ultimo, o grupo de reserva consiste em um depdsito de
vesiculas sinapticas cuja liberacdo ocorre mediante intensa estimulagdo (revisado por
Rizzoli & Betz, 2005).

Durante a neurotransmissdo, as vesiculas sindpticas, organizadas em
agrupamentos vesiculares, passam por um ciclo nas terminagdes nervosas, podendo ser
dividido em passos seqilienciais (Figura 2): inicialmente os neurotransmissores sao
transportados para o interior das vesiculas sinapticas, as quais se agrupam nas
adjacéncias da zona ativa, onde irdo ancorar-se e tornar-se-do competentes para a fusao
e liberagdo de seu conteudo na fenda sindptica (revisado por Sudhof, 2004). Apds a
exocitose de seu contetido, as vesiculas sinapticas sofrem endocitose e reciclagem por
uma de trés vias alternativas (Figura 3): (a) endocitose mediada por capa de clatrina
(Heuse & Reese, 1973; Richards et al., 2000); (b) endocitose por meio de amplas
invaginagdes de membrana e formagdo de cisternas (Takei et al., 1996; Richards ef al.,
2001;); (c) endocitose designada como Kiss and Run na qual vesiculas liberam seu
contetdo sem se integrarem completamente a membrana pré-sinaptica, sendo
localmente reacidificadas e novamente preenchidas com neurotransmissores (Ceccarelli,
et al., 1973; Pyle et al., 2000; Gandhi & Stevens, 2003).

E importante destacar que uma série de interagdes moleculares esta envolvida
com o controle do ciclo sinaptico. Nesse amplo conjunto molecular coordenador do

ciclo sinaptico, ¢ bem definido o papel do complexo SNARE e da sinaptotagmina I. O
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complexo SNARE ¢ constituido pelas proteinas sintaxina, SNAP-25 e a sinaptobrevina
(Sollner et al., 1993). A sintaxina e a SNAP-25 estdo presentes na membrana pré-
sindptica e, por isso, sdo designadas como t-SNAREs (farget SNAREs). Ja a
sinaptobrevina situa-se na membrana das vesiculas, sendo entdo designada como v-
SNARE (vesicular SNARE). Essas trés proteinas regem, por meio do seu
entrelacamento e estabelecimento de um complexo heterotrimérico, o ancoramento e
fusdo vesicular com a membrana pré-sinaptica, possibilitando a liberacdo regulada de
neurotransmissor (Figura 2) (Weber et al., 1998; revisado por Sudhof 2004). Por sua
vez, a sinaptotagmina € uma proteina integral de vesiculas sinapticas relacionada
funcionalmente ao disparo da exocitose mediante interagdo com ions calcio, elementos
do complexo SNARE e fosfolipideos de membrana (Perin ef al., 1991; Davletov et al.,
1993, Chapman & Davis, 1998; revisado por Chapman, 2008). Vale mencionar que
outras proteinas acessoOrias sao necessarias para acelerar e otimizar o processo de fusao
de vesiculas sinapticas (Rizo e Sudhof, 2002).

Nas proximas segdes deste trabalho de tese, trataremos de trés aspectos
relacionados aos passos de exo/endocitose de vesiculas sinapticas que ainda foram
pouco estudados. Inicialmente, serdo abordadas as relacdes entre o transporte de
acetilcolina e o cilco de vesiculas sinapticas. Em um segundo momento, discutiremos
sobre a participacdo de célcio intracelular na exocitose evocada pela ferramenta
farmacologica ouabaina. Por fim, em uma terceira etapa, investigaremos o papel do
colesterol de membrana no ciclo de vesiculas sindpticas. Contudo, antes de
investigarmos aspectos especificos do ciclo sinaptico, no proximo tdpico desta tese,
discutiremos o emprego de uma sonda fluorescente vital utilizada para monitorar as

etapas de endocitose e exocitose de vesiculas sinapticas.
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Figura 2: Etapas basicas da neurotransmissdo. Durante a despolarizacdo, apds a abertura de canais de sodio
sensiveis a voltagem, ions calcio penetram na terminagdo pré-sinaptica via canais para calcio sensiveis a
voltagem, levando a um aumento da concentracdo intracelular desse cation. Vesiculas sindpticas contendo
neurotransmissores se acumulam nas adjacéncias das zonas ativas, sitios subcelulares da liberagdo vesicular. As
vesiculas que se ancoram na zona ativa (docking) sofrem uma rea¢do de amadurecimento (priming) que as
tornam competentes para a abertura de um poro de fusdo (fusion) e exocitose dos neurotransmissores. Observe
formacdo de complexo heterotrimérico entre ?-SNAREs e v-SNARE. Apbs exocitose, 0s agrupamentos
vesiculares sdo reconstituidos por meio de endocitose compensatoria (www.cnsforum.com/hirespng/vesicle-

fusion.png).
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Figura 3: Modelos de endocitose de vesiculas sinapticas. (Painel Superior) Modelo de Heuser & Reese no

qual as vesiculas sindpticas sdo completamente integradas 8 membrana da zona ativa durante a exocitose ¢ sdo
recicladas por meio de endocitose mediada por capa de clatrina. Vesiculas cobertas podem também brotar a
partir de grandes cisternas (diagrama a esquerda). Micrografia eletronica (2 direita) demonstrando a presenca
de depressdes de membrana e vesiculas cobertas por capa de clatrina (setas) em terminagdo motora submetida
a estimulo elétrico. E possivel observar também a presenga de cisternas (c). (Painel médio) Diagrama
representando modelo de kiss and run (a esquerda) proposto por Ceccarelli no qual, durante a liberacdo de
neurotransmissores, as vesiculas abrem um poro de fusdo transitorio, mas ndo se fundem completamente a
membrana pré-sinaptica, sendo recicladas localmente. Micrografia eletronica (a direita) de terminagdo motora
submetida a estimulo elétrico de baixa freqiiéncia por duas horas. Destaca-se a auséncia de vesiculas cobertas
por capa de clatrina e de cisternas. (Painel inferior) Diagrama representando endocitose via grandes
invaginagdes de membrana (a esquerda) apds liberagdo vesicular. Micrografia eletronica (a direita) indicando
invaginagdes de membrana contendo FM1-43 fotoconvertido (setas negras) ou desprovidas do marcador (seta

clara) (revisado por Royle & Lagnado, 2003).
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1.3 — Monitoramento do ciclo de vesiculas sinapticas utilizando o

marcador fluorescente FM1-43

Em estudos do ciclo sinéptico, € possivel visualizar os passos de exocitose e
endocitose utilizando marcadores fluorescentes vitais captados durante a endocitose e
liberados durante a exocitose. (Lichtman et al., 1985; Betz et al., 1992; Ribchester, et
al., 1994).

Entre as sondas fluorescentes disponiveis para monitoramento do ciclo de
vesiculas sinapticas, tornou-se muito divulgado o uso de marcadores do tipo “FM”.
Marcadores do tipo FM, como o FM1-43, sdo moléculas anfipéticas nas quais uma
cauda lipofilica esta ligada a uma cabeca carregada positivamente via ligagdes duplas
(Figura 4A). A cabeca carregada positivamente impede o marcador de atravessar
livremente as membranas celulares, mantendo-o preso no interior de endossomas ou
vesiculas. Por sua vez, o comprimento da cauda lipofilica determina a afinidade da
molécula por membranas biologicas. Finalmente, o nimero de duplas ligagdes unindo a
cabeca a cauda determina as propriedades espectrais da sonda. Por exemplo, o FM1-43
tem uma dupla ligac¢do e pode ser excitado no espectro da fluoresceina enquanto o FM4-
64 apresenta 3 ligagdes duplas entre cabeca e cauda, sendo excitado no espectro da
rodamina (Betz, et al., 1996; Brumback et al., 2004).

A familia de marcadores do tipo FM apresenta trés propriedades que a tornam
muito util para estudo do trafego de vesiculas: (1) marcadores do tipo FM se ligam
reversivelmente & membrana celular. Portanto, quando a sonda ¢ aplicada a preparacao,
toda superficie de membrana exposta ao meio contendo FM torna-se marcada (Figura
4B). Quando a preparacdo ¢ lavada em meio desprovido de FM, as moléculas do
marcador sdo removidas da superficie celular (Figura 4C). (2) Moléculas de FM
marcam seletivamente o folheto externo da bicamada lipidica. Isto possibilita que as
vesiculas em reciclagem nos sitios de endocitose capturem o marcador e o mantenham
aprisionado em seu interior (Figura 4B). Além disso, as moléculas de FM estdo
permanentemente carregadas (cabeca com valéncia +2), impedindo que elas se
difundam através das membranas e se tornem livres no citoplasma. (3) Sondas do tipo
FM sdo menos fluorescentes quando estdo em ambiente aquoso, mas sua fluorescéncia
aumenta aproximadamente 350 vezes quando estdo agregadas ao ambiente hidrofobico
das membranas (Betz et al.,1996; Brumback et al., 2004). Portanto, em meio contendo

FM1-43, ap6s fusdo e incorpora¢do da membrana das vesiculas @ membrana da zona
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ativa durante a exocitose, a endocitose compensatdria promovera reciclagem dos grupos
vesiculares com membrana marcada com FM de modo que as vesiculas recicladas
apresentardo o marcador aprisionado em seu interior e aderido a sua membrana (Figura
4B). Isto possibilitara a visualizagdo de aglomerados vesiculares marcados com a sonda
em microscopio de fluorescéncia sob a forma de pontos fluorescentes (Figura 5A). O
excesso de FM ligado a membrana das células musculares ou a mielina dos nervos sera
removido durante lavagem da prepara¢do em meio desprovido do marcador (Figura 4C).
Caso a preparagdo seja estimulada por algum agente que desencadeie exocitose, como
estimulo elétrico, ocorrera uma nova etapa de liberagdo de neurotransmissores e
exposi¢cdo da sonda ao meio aquoso, possibilitando difusdo do FM1-43 para a solugdo
salina na qual se encontra a preparacdo (Figura 4D). Isso determinard reducao do sinal
fluorescente e desmarcacdo dos pontos que representavam os aglomerados vesiculares

que continham o marcador (Figura 4E).
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Figura 4: O marcador fluorescente FM1-43 ¢ utilizado para monitoramento dos passos de endocitose e
exocitose de vesiculas sinapticas em neurdnios. A) Estrutura da sonda fluorescente FM1-43. B) Marcagdo da
membrana da terminag@o pré-sinaptica com o FM1-43 adicionado a solugdo salina. O neurdnio foi estimulado
eletricamente na presenca de FM1-43. Notar que a membrana que originou uma nova vesicula sinaptica esta
marcada com a sonda. C) Uma breve lavagem remove as moléculas de FM que ndo foram internalizadas. D)
Um segundo ciclo de exocitose induzido por estimulo elétrico resulta na liberagdo da sonda que foi
internalizada durante a endocitose. E) Declinio da fluorescéncia da sonda FM1-43 durante exocitose de
vesiculas induzida por estimulo elétrico. Essa perda de fluorescéncia resulta da passagem da sonda de um meio
hidrofébico (membrana da vesicula sindptica) para um meio aquoso (solucdo salina) durante a exocitose

(Basic Neurochemistry, seventh edition. Edited by Siegel et. al., 2006).
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1.4 - Ciclo de vesiculas sinapticas em jun¢cio neuromuscular de animais
com expressiao reduzida ou com auséncia de expressio do gene do transportador

vesicular da acetilcolina (VAChT)

Como anteriormente mencionado, a sintese de acetilcolina requer a captagao
da colina disponivel na fenda sindptica para o interior da terminagdo axdnica por meio
de seu transportador de alta afinidade (CHT1). Contudo, uma eficiente liberacdo de
acetilcolina depende do armazenamento deste neurotransmissor em vesiculas sinapticas,
passo controlado pelo VAChHT, o transportador vesicular de acetilcolina (Nguyen &
Parsons, 1995; Nguyen et al, 1998; Parsons, 2000; Ribeiro et. al., 2006).

Para avaliar a participacdo e a importancia funcional do VAChT na
neurotransmissao colinérgica, um grupo de pesquisadores coordenados pelo Prof.
Marco Antonio Prado, do Departamento de Farmacologia da UFMG, gerou, por
recombinacdo homodloga, uma linhagem de camundongos que apresenta expressao
reduzida (knockdown) do gene do transportador vesicular da acetilcolina. Andlises por
imunoblot revelaram uma redugdo de 45% na expressao do VAChT em camundongos
heterozigotos enquanto nos homozigotos a reducao foi de 65% (artigo n°l - Prado et al.,
2006). A menor expressado de VAChT ndo determinou inviabilidade dos animais
geneticamente modificados de modo que mesmo as linhagens homozigotas tinham
longevidade aparentemente normal, permitindo que as cobaias atingissem a idade adulta
e possibilitando inclusive a realizagdo de andlise comportamental desse animais. A
viabilidade dos camundongos knockdown homozigotos ¢ um importante aspecto desse
modelo experimental, pois em outras abordagens com animais homozigotos para
mutacdoes que anulavam a expressdo da colina acetiltransferase ¢ do CHTI
determinavam a morte pds-natal precoce dos camundongos homozigotos por colapso
respiratorio (Brandon et. al., 2004; Misgeld et. al., 2002; Ferguson et. al, 2004).

Em andlises eletrofisioldgicas realizadas em placas motoras do musculo
diafragama, camundongos Knockdown homozigotos apresentavam uma redugdo de 20%
no contetido quantico de vesiculas sinapticas quando comparados aos selvagens. Além
disso, a freqiiéncia de eventos pos-sinapticos em miniatura (MEPPs) sofria uma redugio
significativa nestes animais. Por sua vez, os resultados obtidos com os animais
knockdown heterozigotos eram intermediarios entre os dados obtidos com os

knockdown homozigotos e os selvagens (artigo n°l - Prado et. al., 2006).
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Em virtude das alteragdes observadas na transmissao neuromuscular, testes de
avaliagdo da forca muscular foram realizados. Os animais Knockdown heterozigotos
tinham desempenho semelhante ao selvagem. Contudo, os Knockdown homozigotos
apresentavam importante déficit de forca muscular, reversivel a aplicacdo do inibidor da
acetilcolinesterase galatamina (artigo n°1 - Prado et. al., 2006).

Aliando-se as alteragdes eletrofisiologicas e de forca muscular, os Knockdown
homozigotos também apresentavam déficits na liberacdo de acetilcolina no cérebro e
obtinham piores resultados em testes de aprendizado e desempenho motor que exigiam
atividade fisica sustentada. Portanto, estes animais apresentavam um quadro de
sindrome miasténica (artigo n°l - Prado et. al., 2006).

A mesma equipe do professor Marco Anténio Prado gerou também uma
linhagem de camundongos incapazes de expressar o VAChT. Os camundongos nocaute
para o transportador vesicular de acetilcolina morrem logo apds o nascimento indicando
que a liberacdo de acetilcolina armazenada em vesiculas sinapticas pelo VAChT ¢
essencial a sobrevivéncia. Entretanto, registros eletrofisiologicos mostraram,
surpreendentemente, que os camundongos nocaute para o VAChT apresentavam
eventos espontaneos (MEPPs) com amplitude e freqiiéncia reduzidas (artigo n°2 - de
Castro et al., 2009). De forma bastante interessante, os camundongos nos quais a
expressdo do VAChT foi abolida apresentavam niveis elevados de RNAm para a colina
acetiltransferase e para o transportador de alta afinidade de colina (CHTI1).
Apresentavam também um aumento de 5 vezes no conteido de acetilcolina
citoplasmatica, o que poderia contribuir para uma possivel liberacdo desse
neurotransmissor independentemente do VAChT ( artigo n°2 - de Castro et al., 2009).
Com relagdo ao elemento poOs-sindptico, analise dos receptores nicotinicos para a
acetilcolina (nAChR) utilizando bungarotoxina revelaram uma distribui¢do
desorganizada dos agrupamentos desses receptores em preparacdes de jungdo
neuromuscular de diafragma. Além disso, foi observado um aumento na area dos
agrupamentos de receptores nicotinicos nos animais com aboli¢do da expressdo do
VAChT (artigo n°2 - de Castro et al., 2009).

Diante das observagdes e resultados relatados nesta se¢do, tornou-se de grande
relevancia investigar quais sdo as implicagdes da expressdo reduzida ou total auséncia
da expressdao do VAChT sobre a biogénese e ciclo de vesiculas sindpticas. Também
tornou-se importante investigar a possibilidade de modificagdes compensatdrias no

componente pré-sindptico como alteragdes na quantidade de vesiculas sindpticas, no
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numero ou na area de terminagdes motoras. Portanto, em um primeiro momento nesse
trabalho de tese, investigou-se o ciclo de vesiculas sindpticas em jungdes
neuromusculares de animais com alteracdo na expressdo do transportador vesicular de

acetilcolina (VACOT knockdown e VACOT nocaute).

1.5 — Influéncia da Ouabaina sobre o ciclo de vesiculas sinapticas

A Ouabaina ¢ um potente derivado esterdide, cardiotonico, obtido a partir de
sementes maduras de Strophantus gratus e Acokanthera ouabaio, plantas de origem
africana. No entanto, alguns trabalhos indicam possivel sintese enddgena e também
apontam a existéncia de esterdides semelhantes a ouabaina em tecidos de mamiferos.
Em 1991, um isémero da ouabaina foi identificado como um hormoénio enddgeno
sintetizado pela glandula adrenal e também pelo hipotdlamo, contudo o seu mecanismo
de agdo e sua significincia fisiologica ndo foram ainda precisamente determinados
(Hamlyn et al., 1991; Hamlyn et al., 2003; Boulanger et al., 1993; Scheneider et al.,
1998; Kawamura et al., 2001).

O glicosideo ouabaina ¢ usado freqiientemente em pesquisas biomédicas como
inibidor especifico da Na",K'-ATPase da membrana plasmatica, proteina que catalisa o
transporte ativo acoplado de Na" e K', estabelecendo um gradiente eletroquimico
através da membrana plasmatica. Portanto, diferentemente de outros esteroides, a
ouabaina liga-se a uma proteina de membrana. Considerando que a Na",K -ATPase é o
principal sistema de transporte ativo na maioria das células animais, promovendo a
extrusdo de trés ions Na' e a entrada de dois ions K', sua inibi¢do gera uma condigdo
que favorece o acimulo intracelular de Na" (Birks & Cohen, 1968; Gomez et al., 1975;
Aizman et al., 2001; McFadden ef al., 2001).

Birks (1962) demonstrou que preparagdes de ganglio simpatico de gato
submetidas a tratamento com digoxina, um glicosideo cardiaco assim como a ouabaina,
apresentavam importantes modificagcdes ultraestruturais quando visualizadas ao
microscopio eletronico de transmissdo. No ganglio, as células neuronais apresentavam-
se dilatadas, ocorria uma reducdo das dimensdes mitocondriais com pronunciado
aumento da eletrondensidade dessas organelas. Era possivel também observar um
aumento de volume da substancia de Niss/ e que o citoplasma tinha aspecto mais claro
do que em células ndo tratadas. As terminagdes axoOnicas também se apresentavam

dilatadas, possuiam mitocondrias com estrutura alterada e as vesiculas sinapticas eram
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praticamente ausentes. Algo semelhante era observado com as jun¢des neuromusculares
tratadas com ouabaina (Haimann et al.,1985). Em ambos os modelos experimentais, a
reducdo dos niveis de sodio extracelular inibia o aparecimento das alteragdes
morfologicas descritas.

Vérios trabalhos demonstraram que a ouabaina induz uma liberagdo
pronunciada de neurotransmissores. Experimentos realizados com o modelo de fatias
corticais de cérebro de rato indicaram que a ouabaina promove liberacdo de acetilcolina
marcada radioativamente, independentemente da presenca de Ca®" no meio extracelular
e da ativacdio de canais para Na™ e Ca”" sensiveis a voltagem (Vizi, 1972; Gomez et al.,
1975; Casali, et al., 1995). Contudo, a liberagdo de neurotransmissores induzida pelo
glicosideo mostrou-se dependente da presenca de Na' no meio extracelular e mediada
pelo recrutamento de estoques intracelulares de Ca>" (Elmqvist & Feldman 1965a and b;
Baker & Cawford, 1975; Deri & Adam-Vizi, 1993; Lomeo et al, 2003). Apesar das
evidéncias indicando que a liberagdo de neurotransmissores evocada pela ouabaina
tenha precisa relacdo com os niveis de sodio e determine recrutamento de estoques
intracelulares de calcio, experimentos utilizando preparacdes de ganglio simpdtico de
gato demonstraram que a liberacdo de neurotransmissor evocada pela ouabaina
mostrou-se dependente do calcio extracelular (Prado et al.,1993).

Em jun¢do neuromuscular de ra, andlises eletrofisiologicas demonstraram que
a ouabaina determina um aumento da amplitude de potenciais pos-sinapticos evocados
(EPPs) e aumento da freqiiéncia de potenciais poOs-sindpticos em miniatura (MEPPs).
Por sua vez, andlise ultraestrutural das jun¢des neuromusculares apos incubacdo com
ouabaina evidenciou deplecio dos agrupamentos de vesiculas sindpticas,
comprometimento da endocitose e dilatagdo mitocondrial (Birks & Cohen, 1968; Baker
& Crawford, 1974; Haimann et al.,1985).

Com a utilizagdo do marcador FM1-43 para monitorar o ciclo sindptico em
jungao neuromuscular de ra, foi possivel observar que a ouabaina promovia liberagdo
vesicular com conseqiiente desmarcacao de jungdes contendo FM1-43 (artigo n® 3 -
Amaral et al., 2009). Observou-se, também, que a liberagdo vesicular induzida pela
ouabaina ocorreu independentemente da presenca de ions céalcio no meio extracelular
(artigo n° 3 - Amaral et al., 2009) um mecanismo distinto da descricdo classica de
exocitose mediada pelo influxo de ions célcio apds passagem de um potencial de agdo
pela terminagdo axoOnica. Contudo, a cinética de liberagdo vesicular evocada pela

ouabaina ¢ bem mais lenta que a cinética da exocitose evocada por estimulo elétrico.
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Além disso, a exocitose evocada pela ouabaina mostrou-se dependente da presenca de
jons Na' na solugdo salina (artigo n° 3 - Amaral ez al., 2009) ja que o glicosideo exerce
seus efeitos através da inibicio da Na',K'-ATPase, favorecendo o acimulo intracelular
de sdédio. Contudo, apesar de promover exocitose, a incubagao com a ouabaina inibiu a
endocitose compensatoria (artigo n° 3 - Amaral et al., 2009). A liberagdo vesicular
independente de célcio extracelular promovida pela ouabaina sugere a ocorréncia de
recrutamento de estoques intracelulares de célcio no mecanismo de acgdo desse

glicosideo. Investigar essa possibilidade constituiu um dos objetivos desta tese.

1.6 — Colesterol e ciclo de vesiculas sinapticas

Segundo o modelo do mosaico fluido proposto por Singer e Nicolson (1972),
os fosfolipideos e proteinas de membrana estavam globalmente distribuidos pelas
membranas celulares. Contudo, nas Ultimas duas décadas, muitos trabalhos apontam a
existéncia de microdominios de membrana ricos em colesterol, glicolipideos e
esfingolipideos (para uma revisdo veja Lingwood et al., 2009). Estes microdominios
foram designados como balsas lipidicas (/ipid rafts). Nas balsas lipidicas,
esfingolipideos se associam lateralmente um ao outro, provavelmente através de
interagdes fracas entre as cabecas de carboidratos de glicoesfingolipideos. As cabecas
globulares dos esfingolipideos ocupam maiores areas no folheto de membrana que suas
finas caudas constituidas predominantemente por cadeias de hidrocarbonetos saturados.
Portanto, os espagos existentes entre as caudas dos esfingolipideos sdo ocupados por
moléculas de colesterol. O arranjo apertado entre as moléculas de colesterol e os
esfingolipideos faz com que o conjunto se comporte como bloco dentro da monocamada
externa das membranas enquanto as regides fluidas entre as plataformas lipidicas sdao
constituidas por moléculas insaturadas de fosfatidilcolina (Simons & Ikonen, 1997).
Glicoesfingolipideos normalmente apresentam uma longa cauda de &cido graxo que
pode se interdigitar com os esfingolipideos da monocamada interna da membrana.
Como o colesterol esta presente em ambos os folhetos, ele funciona como um espagador
também no folheto citoplasmatico, preenchendo areas vazias criadas pela interdigitagao
das cadeias carbonicas dos acidos graxos (Simons & Ikonen, 1997). Embora a natureza
dos fosfolipideos ocupando o lado citoplasmatico das balsas ndo seja totalmente
conhecida, eles provavelmente também possuem longas cadeias de 4acidos graxos

saturados para otimizar a agrega¢do do microdominio (Simons & Ikonen, 1997).
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Os microdominios ricos em esfingolipideos e colesterol sdo insoluveis ao
detergente Triton X-100 a 4°C. Em virtude do seu elevado contetdo lipidico, esses
complexos insoluveis a detergentes flutuam para uma regido de baixa densidade durante
centrifugacdo por gradiente de densidade, fato que possibilita a separacao de proteinas
associadas as balsas lipidicas (Simons & Ikonen, 1997).

Entre as proteinas que podem se associar as plataformas lipidicas podemos
citar, por exemplo, proteinas com ancora de glicosilfosfatidilinositol (GPI) e tirosinas
cinases da familia Src (Simons & lkonen, 1997). Algumas proteinas relacionadas ao
controle do ciclo de vesiculas sindpticas também mantém intima associagdo com
microdominios de membrana ricos em colesterol. Em experimentos realizados com o
modelo de células neurosecretorias PC12, Chamberlain et. al. (2001) demonstraram que
SNAP-25, sintaxina-1 e sinaptobrevina/VAMP-2, proteinas do complexo SNARE, estdo
associadas as plataformas lipidicas. Além disso, o seqiiestro de colesterol da membrana
por metil-B-ciclodextrina determinava reducao da liberacdo exocitica de dopamina pelas
células PC12. Esta constatacdo fornece forte evidéncia de que balsas lipidicas
desempenham importante funcdo na fusdo de membranas e exocitose regulada. Estes
microdominios ricos em colesterol parecem organizar proteinas do complexo SNARE
em sitios especificos da membrana, criando condi¢des mais favordveis a fusdo
vesicular.

Lang et. al. (2001), em experimentos com células PC12, relataram que
sintaxinas estavam concentradas em agregados dependentes de colesterol com
aproximadamente 200nm de largura. Nestes locais ocorriam preferencialmente o
ancoramento e fusdo vesicular. Eles demonstraram também que agregados de SNAP-25
tinham co-localizag¢do parcial com os microdominios ricos em sintaxina. A reducdo do
colesterol de membrana por metil-B-ciclodextrina desencadeava a dispersao dos
agregados de SNAP-25 e sintaxina com conseqiiente redugdo dos niveis de exocitose,
sugerindo que altas concentragdes de t-SNAREs em areas especificas da membrana
plasmatica sdo necessarias para eficiente liberagdo vesicular.

Lafont et. al. (1999) observaram que a sintaxina-3 e a sinaptobrevina estavam
associadas a balsas lipidicas em células MDCK, sugerindo que a associagdo de
SNAREs com microdominios ricos em colesterol ndo ¢ algo restrito as células PC12.
Somando-se a esta observacao, trabalhos recentes demonstraram a presenca de SNAREs
em balsas lipidicas em adipdcitos, mastocitos, células HelLa e sinaptossomos de cortex

cerebral (revisado por Salaiin et. al., 2004).
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Thiele et. al. (1999) descrevaram a existéncia de interagcdo entre o colesterol e
a sinaptofisina, uma proteina da membrana de vesiculas sinapticas e granulos
secretorios. Eles observaram que, apds remog¢do parcial do colesterol de membrana,
ocorria bloqueio da reciclagem e biogénese de vesiculas a partir da membrana
plasmatica em células PC12. Diante disso, eles propuseram que interacdes especificas
entre colesterol e proteinas de vesiculas sindpticas, como a sinaptofisina, devem
contribuir para o mecanismo de endocitose.

Rodal et. al. (1999) investigaram o papel do colesterol para a endocitose em
diferentes linhagens celulares. Eles constataram que, apds tratamento com metil-p3-

ciclodextrina, a endocitose de ricina-1'** e transferrina-1'*

, mediadas por capa de
clatrina, eram fortemente inibidas. Por outro lado, a endocitose de fator de crescimento
endotelial (EGF-I'*), processada por mecanismo independente de clatrina, era menos
afetada. A inibicdo da endocitose de transferrina e ricina era reversivel ao longo do
tempo apds remocdo da metil-B-ciclodextrina, contudo a adicdo de lovastatina para
impedir sintese de novo colesterol bloqueava a recupera¢do da endocitose. Analise
ultra-estrutural revelou comprometimento na formacao de invaginagdes de membrana
durante reciclagem vesicular, resultando no acumulo de depressdes rasas cobertas por
clatrina ao longo da superficie da membrana plasmatica. Subtil et. al., (1999) também
observaram comprometimento da endocitose de transferrina apds seqiiestro de
colesterol da membrana. Os dois grupos citados neste paragrafo sugerem um papel
essencial do colesterol na reciclagem de vesiculas por endocitose mediada por capa de
clatrina.

Zamir & Charlton (2006) observaram, em placa motora de lagostim, falha na
transmissdo neuromuscular por bloqueio da propagacdo do potencial de agdo apos
seqliestro de colesterol. Eles constataram também um aumento na freqiiéncia de
potenciais em miniatura (MEEPs). Estas alteragdes decorrentes do tratamento com
metil-B-ciclodextrina sdo reversiveis apds reposi¢do do colesterol de membrana com o
conjugado MBCD-colesterol. Estes achados indicam que os niveis de colesterol na
membrana da terminagdo pré-sinaptica podem modular passos essenciais na liberacao
de neutortransmissor.

Tendo em vista a associagdo de proteinas que regulam o ciclo sinaptico com
microdominios ricos em colesterol e as alteracdes na transmissao neuromuscular apos
tratamento com metil-B-ciclodextrina, investigou-se, em um terceiro momento deste

trabalho de tese, o papel do colesterol na biogénese e ciclo de vesiculas sinapticas em
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preparacao de jun¢do neuromuscular de ra (artigo n® 4 - Amaral et al., em preparagao).
Para tanto, foram utilizadas preparacdes ex-vivo marcadas com FM1-43. Essa
ferramenta possibilitou monitorar dinamicamente as implicacdes do seqiiestro de
colesterol sobre as etapas de exocitose e endocitose. Experimentos utilizando
microscopia eletronica e técnicas de eletrofisiologia também foram utilizados nessa

etapa do trabalho de tese.
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Summary

An important step for cholinergic transmission in-
volves the vesicular storage of acetylcholine (ACh), a
process mediated by the vesicular acetylcholine trans-
porter (VAChHT). In order to understand the physiclog-
ical roles of the VAChT, we developed a genetically
altered strain of mice with reduced expression of this
transporter. Heterozygous and homozygous VAChT
knockdown mice have a 45% and 65% decrease in
VAChHT protein expression, respectively. VAChT defi-
ciency alters synaptic vesicle filling and affects ACh
release. Whereas VAChT homozygous mutant mice
demonstrate major neuromuscular deficits, VAChT
heterozygous mice appear normal in that respect and
could be used for analysis of central cholinergic func-
tion. Behavioral analyses revealed that aversive learn-
ing and memory are not altered in mutant mice; how-
ever, performance in cognitive tasks involving object

*Correspondence: m.caron@cellbio.duke.edu (M.G.C); mprado@
icb.ufmg.br (M.AM.P.)

®Present address: Department of Pharmacology, College of Medi-
cine, Dankook University, San-29, Anseo-dong, Cheonan, Choong-
nam 330-714, Korea.

and social recognition is severely impaired. These
observations suggest a critical role of VAChT in the
regulation of ACh release and physiological functions
in the peripheral and central nervous system.

Introduction

Acetylcholine (ACh) plays a crucial role in controlling a
number of physiological processes in both the periph-
eral and central nervous system. Synthesis of ACh
requires efficient uptake of choline by the high-affinity
choline transporter and choline acetylation by the en-
zyme choline acetyltransferase (ChAT) (Ribeiro et al.,
2006). Efficient release of ACh from nerve endings de-
pends on its storage in synaptic vesicles, a step reliant
on the activity of a vesicular acetylcholine transporter
(VAChKT) (Parsons, 2000). VAChHT is a twelve-transmem-
brane domain protein that uses the electrochemical gra-
dient generated by a V-type proton ATPase to accumu-
late ACh in synaptic vesicles. VAChT and the vesicular
monoamine transporters (VMATSs) share a high degree
of homology in their ransmembrane domains and be-
long to the SLC18 (or solute carrier) family of proton/
neurotransmitter antiporters (Erickson et al., 1994; Re-
imer et al., 1998; Roghani et al., 1994).

The ACh transporter is likely to provide stringent con-
trol of the amount of neurotransmitter stored and re-
leased by cholinergic nerve endings (Prado et al.,
2002). VAChKT trafficking to secretory vesicles appears
to be the target of cellular regulation, and phosphoryla-
tion by protein kinase C (PKC) influences delivery of
VAChT to synaptic-like microvesicles in PC12 cells
(Cho et al., 2000; Krantz et al., 2000). However, the con-
sequences of reduced targeting of VAChT to synaptic
vesicles for ACh output in vivo are unknown.

Deficits in central or peripheral ACh neurotransmis-
sion have been described in several human disorders,
including Alzheimer's disease (AD), in which certain be-
havioral and cognitive abnormalities have been related
to brain cholinergic dysfunction (Bartus et al., 1982;
Mesulam, 2004). However, the relationship between
cholinergic decline and specific behavioral deficits is
still not completely appreciated. Basal forebrain lesions
in rats, with immunctoxins targeting the p75 neurotro-
phin receptor, indicate that ACh plays an essential role
in attention (Sarter and Parikh, 2005), whereas it seems
to participate, but it is not essential, in hippocampal-
dependent spatial learning and memory (Parent and
Baxter, 2004).

To investigate the consequences of reduced expres-
sion of VAChT on ACh neurotransmission and function,
we genetically modified mice to produce a knockdown
(KD) of VAChT gene expression. We observed a strong
relationship between the levels of VAChT expression
and ACh release in both the peripheral and central ner-
vous systems. A marked reduction of VAChT expression
was necessary to affect neurotransmission at the neuro-
muscular junction, while even modest deficiency was
sufficient to interfere with brain ACh release and affect
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behavior. Moreover, these investigations revealed a role
for cholinergic tone in processing complex cues, which
manifested as cognitive deficits in mutant mice for ob-
ject and social memory.

Results

Molecular Analysis

To investigate the physiological consequences of al-
tered expression of VAChT as related to vesicle filling
and ACh release, we generated a mouse line with de-
creased expression rather than complete deletion, of
this transporter, so we could investigate the conse-
quences of reduced cholinergic tone in vivo (Figures
1A and 1B for wild-type and mutant alleles, respec-
tively). PCR and Southern analyses confirmed homolo-
gous recombination and targeting of the 5’ untranslated
region of the VAChT gene in genetically altered mice
(Figures 1C and 1D). Mutant mice were born at the
expected Mendelian frequency, survived, and exhibited
no gross abnormalities.

Northern analysis of spinal cord indicated that the
major mRNA species for VAChT (V1, 2.6 kb) was signifi-
cantly reduced by 40% and 62% in VAChT KD"®T and
KD"®™ mice, respectively [F(2,11) = 11.09, p < 0.005,
one-way ANOVA, Figures 1E and 1F]. Surprisingly, a
second VAChT species of 3.0 kb, which was especially

apparent in spinal cord, was significantly increased in
VACHhT KD mice, suggesting that compensatory tran-
scriptional mechanisms operate in response to changes
in VAChT expression. The changes in mRNA were spe-
cific for VAChHT transcripts, as we detected no significant
changes in mRNA levels for ChAT [F(2,3) = 0.0311, p =
0.970] and CHT1 [F(2,12) = 0.0921, p = 0.9127] in mutant
mice (Figures 1E and 1F). These results agree with the
lack of significant alterations found in ChAT activity
and high-affinity choline transport in mutant mice (see
Figure S1 in the Supplemental Data). Control experi-
ments using kidney mRNA demonstrated the specificity
of the probes (Figure 1E).

We investigated the consequences of altered expres-
sion of VAChT mRNA in VAChT KD mice by probing
protein expression by immunoblot analysis. These ex-
periments show a reduction of close to 50% in immuno-
reactivity for VAChT in the hippocampus [two-way
ANOVA followed by Bonferroni post hoc, F(2,23) = 70.95,
p < 0.001, Figures 2D and 2E] and in other brain regions
(Figures 2A-2E) of VACHhT KD"ET mice compared to
wild-type control mice. In contrast, levels of other pre-
synaptic proteins were not altered (Figures 2A-2E). Re-
sults were similar in all brain regions and in spinal cord
(Figure 2E, overall decrease in all tissues was 56% =
4% ofthe wild-type levels, n = 20). These results indicate
a significant reduction in VAChT protein in VAChTKD™&"
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mice. VAChT KD"®™ mice showed further decrease in
VACHhT protein levels (65% to 70%, Figures 2A-2E).
Thus, VAChT KD"°™ mice present an even larger de-
crease in levels of transporter than VAChT KDYET mice,
but VAChT expression in homozygous mutant mice is
sufficient for survival.

Electrophysiological Analysis and Meuromuscular
Function

In order to evaluate the impact of reduced VAChT ex-
pression on quantal ACh release, we examined neuro-
muscular transmission. Miniature end-plate potentials
(MEPPs) were readily recorded at neuromuscular junc-
tions from either wild-type, VAChT KD"ET, or VACHT
KDH°™ mice. To compare quantal size we recorded at
least 100 MEPPs from each of five fibers from five to
seven animals of each genotype. MEPPs from mutant
mice were smaller than those from wild-type, as can
be seen in histograms of MEPP amplitudes (Figure 3A).
To avoid possible histogram binning artifacts, we also
analyzed the cumulative distribution of MEPP ampli-
tudes, which showed a similar shift to smaller MEPPs
in mutant animals (Figure 3B, p< 0.001 for VAChT
KDHPM b < 0,05 for VAChT KD"ET, Kolmogorov-Smirnoff
test). Further statistical analysis using ANOVA on aver-
ages of either the peak amplitude or the area of MEPPs
confirmed the statistical significance of the differences
in quantal sizes between wild-type and VAChT KDHoM
animals [F(1,71) = 8.7, p < 0.005]. Therefore, mutant
mice appear to pack less ACh in each synaptic vesicle.

In addition to quantal size, MEPP frequency was also
strongly reduced in VAChT KD"®" animals, as shown in
Figure 3C. The frequency of MEPPs was 0.69 + 0.08 s~
in wild-type animals (40 synapses from seven animals),
0.79 £ 0.18 s~ in VAChT KD"ET animals (30 synapses
from five animals), and 0.37 = 0.05s " in VAChT KDH°M
mice (41 synapses from seven animals). The difference
in MEPP frequency between wild-type and VAChT
KD™™ mice was statistically significant [two-way
ANOVA followed by Bonferroni post hoe, F(1,18) =
10.3, p < 0.0085].

The observed decrease in MEPP frequency at junc-
tions from KD™"®™ mice could be due to a reduction in
the number of synaptic vesicles available for release, a
reduction in vesicle release probability, or a population
of synaptic vesicles whose ACh load is below our detec-

Sponsl Cord  Hippocsmpus.

Figure 2. Gene Targeting Alters VAChT Pro-
tein Levels

Woestern blot analysis of VACKT, synaptophy-
sin, and syntaxin in the cortex (A), striatum
(B), spinal cord (C), and hippocampus (D) of
wikd-type {lane 1), VAChT KD (lane 2),
and VACHT KD"™™ mice (lane 3). (E) Quantifi-
cation of protein levels, Actin immunoreactiv-
ity was used to correct for protein loading be-
tween experiments. Data are presented as a
percentage of wild-type levels. (') indicates
statistical significant difference (one-way An-
ovawith Bonferroni post hoc [cortex, F(2.9) =
49,11, p < 0.001; striatum, F{2,6) =27.24, p<
0.001; spinal cord, F(2,9) = 95.75, p < 0.001;
Hippocampus, F(2,23) = 70.95, p < 0.001]).

tion limit. To investigate these possibilities, we measured
evoked end-plate potentials (EPPs) during 100 Hz trains
after cutting the muscle fibers to avoid contraction. Un-
der these conditions, EPP amplitudes during a train rap-
idly fell from their initial level to a depressed steady state
over the course of thefirstten stimuli (Figure 3D). Overall,
initial depression of normalized EPPs was similar in re-
cordings from wild-type and KD"°™ animals, suggesting
similar release probabilities. Quantal content of each
EPP during a train was calculated based on measured
MEPP amplitudes, thus permitting an estimate of the
size of the readily releasable pool of vesicles as de-
scribed (Elmqvist and Quastel, 1965). This analysis con-
sidered only the first eight responses during a train for
which the relationship between EPP versus cumulative
EPP was linear. With this method, the readily releasable
pool was similar for both genotypes and estimated at
439 + 73 vesicles in synapses from wild-type animals
and 550 = 59 vesicles in VAChT KD"®™ synapses (p =
0.52, two-tailed Student’s t test). In contrast, the extent
of steady-state depression of EPPs was significantly
greater in VAChT KD"®™ animals compared with wild-
type [one-way ANOVA, F(1,70) = 197, p < 0.001].
Assuming constant quantal size, the increase in de-
pression uncovered in the above experiments would
suggest a defect in mobilizing or recycling of ACh-filled
vesicles; however, the assumption of constant quantal
size during the stimulus train may not be valid for mutant
animals. Therefore, we attempted to directly test
whether synaptic vesicle exo- and endocytosis would
be altered in mutant mice. For this we performed exper-
iments with the vital dye FM1-43 (Richards et al., 2000),
which provides the opportunity for optical detection of
both exocytosis and endocytosis of synaptic vesicles.
Labeling of nerve terminals in junctions from both wild-
type and KD"™ animals in respense to 60 mM KCI
(10 min) was indistinguishable, and no differences were
detected upon quantification of fluorescent spots (Fig-
ure 3E), suggesting that endocytosis occurs to the same
extent in both genoytypes. Destaining of fluorescent
spots in response to 60 mM KCl was calcium dependent
(not shown), and was not different between wild-type
and KD™®™ animals (Figure 3F), indicating that synaptic
vesicle exocytosis is not changed in VAChT KDQoM
mice. Thus, taken together, our observations would sug-
gest that the alterations in MEPP frequency and EPP
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Figure 3. Neuromuscular Transmission in VACHhT KD"ET and VACHT
KD"™M Mice

(A) Mormalized histogram of MEPP amplitudes for wild-type (black
line, 3302 MEPPs), VAChT KD"ET (blue line, 4319 MEPPs), and
VACHT KD"®™ (red line, 3690 MEPPs) mice. Data are from five syn-
apses from five to seven animals for each genotype.

(B} Quantal size of the three genotypes quantified by plotting the cu-
mulative frequency of MEPP amplitudes. Black line, wild-type; blue
line, VAChT KDO"ET; red line, VAChT KDHOM,

(C) Frequency of MEPPs at synapses from the three genotypes. (%)
indicates statistically significant difference from control wild-type
mice {two-way ANOVA followed by Bonferroni post hoc; F(1,18) =
10.3, p < 0.005).

(D) Normalized EPP amplitude (to the first stimulus) for wild-type
[black line) and VAChT KD"™ (red line) mice in response to a train
of 100 Hz (0.5 s). Data are from ten synapses from three wild-type
animals and 16 synapses from three KD"™ animals.

(E) Merve terminals from wild-type and VAChT KO"™ mice were la-
beled with FM1-43 and show similar patterns of staining. Data are
mean += SEM of 109 fluorescent spots from 21 nerve terminals of
wild-type mice and 111 fluorescent spots from 26 nerve terminals
from VACHT KD"®™. Scale bar, 10 pm.

(F) Destaining of FM1-43-abeled nerve endings from wild-type
(black line) and VAChT KoM (red ling). Data are mean = SEM of
26 fluorescent spots (wild-type mice) and 21 fluorescent spots
(VACHT KD"™) from four mice per genotype.

depression in VAChT KDY are more than likely a con-
sequence of decreased transport of ACh by synaptic
vesicles.

To evaluate whether the alterations detected in neuro-
muscular transmission may affect neuromuscular func-
tion, we tested the performance of wild-type and mutant
mice in motor tasks (Figure 4). In the wire-hang test
(Figure 4A), wild-type and VAChT KD"ET mice show no
differences in performance; however, VAChT KD"°M
mice were significantly impaired [F(2,37) = 28.77, p <
0.001]. This altered performance of VAChT KDY ani-
mals is likely the result of altered neuromuscular force,
since these mutants were also severely impaired in a

grip strength test when compared with wild-type mice
[Figure 4B, F(3,48) = 9.52, p < 0.001]. By comparison,
VACHT KD"F" mice present no deficit in neuromuscular
function as assessed in this test. Importantly, reduced
grip strength in VAChT KD"™ mice was improved by
prior injection of one of three cholinesterase inhibitors:
pyridostigmine (i.p., 1 mg’kg). galantamine (s.c., 1 ma/kg)
or physostigmine (i.p., 0.3 mg/kg) [Figure 4B, F(3,47) =
8.323, p < 0.05). No change in grip force was observed
in wild-type mice treated similarly with any of the above
cholinesterase inhibitors at the doses used (not shown).
Since pyridostigmine is charged and should not cross
the blood-brain barrier, its efficacy in improving grip
force observed in homozygous mutant mice directly
implicates peripheral cholinergic transmission in this
effect.

To further study neuromuscular output, we examined
performance of VAChT mice on therotarod. Thistestde-
pends notonly on the ability of mice to learn motor skills,
but also on their ability to maintain prolonged motor
function. Wild-type mice were able to learn this motor
task, and after five trials their performance was signifi-
cantly better than their performance during the first trial
[Figure 4C, repeated measures ANOVA, F(13,195)=16.9,
p < 0.05]. The performance of VAChT KDHET mice im-
proved significantly only after 12 trials on therotarod [re-
peated measures ANOVA, F(13,117) = 4.63, p < 0.05]. In
contrast, VAChT KD"™ mice never learned this motor
task [Figure 4C, F(13,91) = 0.653] and their performance
was significantly worse than those of wild-type and
VACHT KDMET mice [F(2,434) = 60.16, p < 0.05 on trials
12,13, and 14, two-way ANOVA followed by Bonferroni
post hoc tests].

The performance of VAChT KD"®™ mice may indicate
either motor learning deficits on the rotarod or that mu-
tant mice are incapable of sustained physical activity. To
evaluate the latter possibility, we used a treadmill to
evaluate the performance of wild-type, VAChT KDMET,
and VAChT KD"®™ mice in exhaustive physical activity.
Figure 4D shows that VAChT KD"® mice were not able
to maintain long periods of physical activity and per-
formed poorly compared with wild-type or VAChT KDHET
mice [one-way ANOVA followed by Bonferroni post hoc,
F(2,28) = 22.09, p < 0.001]. Indeed, VAChT KD"°" mice
could run for no more than 5 min on the treadmill,
whereas wild-type or VAChT KD"ET mice could usually
run for longer than 60 min. These results indicate that
VACHhT KD"®™ mice are unable to perform on the rotarod
due to their decreased capacity to maintain physical
activity. They also indicate that VAChT KDMET mice ap-
pear as physically fit as wild-type control mice under
the conditions tested.

Neurochemical Analysis
VACHT KD"®™ mice display significant neuromuscular
deficiency, which may confound the outcomes of com-
plex behavioral tests aimed at assessing consequences
of central ACh deficiency. In contrast, VAChT KDYET mice
have essentially normal neuromuscular transmission,
thereby indicating their potential usefulness as test sub-
jects for investigating the behavioral consequences of
mild reductions of central cholinergic function.

To investigate the functional consequences of reduced
VACHT expression, we first used brain microdialysis to
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establish extracellular levels of ACh in freely moving
VACHhT KDM"ET mice. Because all brain regions examined
appeared to show similar reductions in VAChT expres-
sion, we chose to determine extracellular ACh levels in
frontal cortex and striatum. Frontal cortex was selected
because this brain region receives innervation from nu-
cleus basalis and substantia innominata, areas known
to be affected in Alzheimer's disease. Striatum was cho-
sen because it contains the largest concentration of cho-
linergic nerve endings and is therefore particularly suit-
able to evaluate possible decreases in extracellular
ACh. The quantitative “low perfusion rate” microdialysis
approach, which allows precise determination of a given
extracellular neurotransmitter (Gainetdinov et al., 2003),
revealed that levels of extracellular ACh were depressed
by more than 35% in frontal cortex [t{1,19) = 2.642, p <
0.016] and by approximately 31% in striatum [t(1,18) =
2.560, p < 0.020] of VAChT KD" " mice (Figure 5A).
Next, by using the conventional microdialysis approach,
we examined the dynamic responses to KCI-stimulated
ACh release in the striatum. After establishing basal ex-
tracellular ACh levels, artificial cerebrospinal fluid (CSF)
containing 60 mM [K*] was perfused through the micro-
dialysis probe over the next 40 min, and the probe was
returned to normal artificial CSF for the remaining
40 min of the experiment (Figure 5B). A repeated mea-
sures ANOVA revealed a significant main effect of time
[F(5,60) = 31.541, p < 0.001] and a significant time by
genotype interaction [F{5,60) = 7.502, p < 0.001]. Bonfer-
roni-corrected pairwise comparisons showed genotype
effects at 40 (p < 0.044), 60 (p < 0.023), and 80 min (p <
0.026). Hence, both genotypes responded to KCI depo-
larization; however, stimulated release in KD'E' striatum
was reduced relative to that of the wild-type controls.

Figure 4. Neuromuscular Function of VAChT
KD"ET and VAChT KD"OM Mice
{A) Time spent hanging upside-down from a
cage by wild-type, VAChT KD, and VAGHT
KD"OM mice. *p < 0.05 from wild-typecontrols
(one-way ANOVA followed by Bonferroni post
hoe; F[2,37]= 28,77, p< 0.05, n =20 wild-type,
n=12VACHT KD"ET, and n= 8VACHT KDM?™).
(B) Grip force measured for wild-type, VACGHT
KD"ET, VACHhT KD™™, and VAChT KD"°™
mice treated with pyridostigmine {i.p., 1 mg'kag),
galantamine (s.c., 1 mg/kg) and physostig-
mine (i.p., 0.3 mg/kag) 30 min prior to the test.
(*) indicates statistical difference when com-
pared with VACHT KD"™™ mice without cho-
linesterase treatment.
(C) Performance of wild-type (clear squares),
VAChT KD"F' (gray squares), and VACHT
KD mice (black squares) on the rotarod
task. (%) indicates statistically significant dif-
ferences compared with the first trial for
each genotype (repeated measures ANOVA,
p < 0.05). (#) indicates statistically different
Kot performance when compared with wild-type
mice [two-way ANOVA shows an effect of
genotype; F(2,434) = 60.16, p < 0.05].
(D) Exercise capacity of wild-type, VAChT
KO"ET and VACHT KD"®™ mice, Mice were
trained on the treadmill with a protocol that
evaluated physical capacity (see Experimen-
tal Procedures). After training mice, were
tested for performance, and the work (in J)
donewas calculated.

Since VACHT is responsible for sequestering ACh into
secretory vesicles, we evaluated the effects of de-
creased VAChT expression on total ACh levels in brain
tissue. When tissue concentrations of ACh were mea-
sured by high-performance liquid chromatography
(HPLC) with eletrochemical detection (HPLC-EC), levels
in frontal cortex and striatum of VAChT KD"®" mice were
significantly increased by approximately 49% [#(1,25) =
4.082, p < 0.001] and 30% [t{1,10) = 3.408, p < 0.007],
respectively, over that of the wild-type controls (Fig-
ure 5C). These data were replicated in a complementary
chemiluminescence assay in a separate group of mice
using both striatum and hippocampus (Figure 5D; p <
0.05). Moreover, VAChT KD"®™ mice show an even
larger increase in ACh content in the brain, and this in-
crease was statistically different from that of VAChT
KD"E" mice or wild-type mice (Figure S1C; p < 0.05).
This increase in ACh content for mutant mice cannot
be attributed to an increase in ChAT activity (Figure S14),
high-affinity choline transporter activation (Figure S1D),
or increased levels of expression of ChAT (Figures S1B
and S1E) or CHT1 (Figure 1E). Whereas the mechanism
of such an increase in total tissue ACh content it is not
immediately apparent, it is important to emphasize
that the functional “releasable” ACh pool seems to be
decreased, as evidenced by in vivo microdialysis exper-
iments and quantal analysis at the neuromuscular junc-
tion. All together, these results demonstrate that a
reduction of approximately 50% in the levels of VAChT
expression in the brain results in a significant decrease
in the release of ACh in vivo, despite enhanced intracel-
lular content of neurotransmitter. These cbservations
suggest a complex relationship between the control of
storage and release of ACh in CNS neurons.
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Figure 5. Neurochemical Alterations in VAChT KDYET Mice

(&) Extracellular ACh levels as determined by quantitative low perfu-
sion rate micredialysisin frontal cortex and striatum. n = 10 mice per
genotype per brain region.

(B) KCl-stimulated release of ACh in striatum of freely moving mice.
Following 40 min of baseline collection of ACh, 60 mM [K'] was
infused through the microdialysis probe for 40 min, and artificial
CSF was infused over the last 40 min of the experiment. n =7 mice
per genotype. *p < 0.05 for wild-type controls.

(G} Tissue ACh contents in frontal cortex (FC) and stratum (ST) of
wild-type and KD"ET mice measured by HPLC with electrochemical
detection. FC: n = 14 (wild-type), n = 13 (KD"T); 8T:n = 6 mice per
genotype.

(D} Striatal (ST) and hippocampal (HIP) tissue ACh levels assayed by
chemiluminescent detection in wild-type (open bars) and VAChT
KD"ET (gray bars) mice (n = 5). In all panes, data are mean + SEM.
‘P < 0.05 for wild-type controls.

Behavioral Evaluation

After documenting normal performance of VAChTKI
mice in tests of neuromuscular strength, despite re-
duced cholinergic tone in the brain, we proceeded to
evaluate performance of mutants in behavioral tasks
reflecting CNS cholinergic function. VAChT KD"ET mice
were tested for performance in the step-down inhibitory
avoidance task, a task that depends upon hippocampal
and amygdala networks and may be sensitive to manip-
ulations in central cholinergic function (lzguierde and
Medina, 1997). Both genotypes exhibited learning, as la-
tency to step-down from the platform increased from
10 to 15 s to approximately 80 to 100 s after training.
In parallel experiments, we determined in another cohort
of mice that the unconditioned stimulus was essential
for both genotypes to learn the task (data not shown).
VAChT KD performed as well as wild-type littermates
on this task on a short-term (1.5 hr after learning) and
long-term (24 hr after learning) memory test, suggesting
that this specific aspect of learning and memory is pre-
served in animals with a mild decrease in cholinergic
tone (Figure 6A).

A second test for memory, based on the ability to dis-
criminate novel objects, was used to evaluate the per-
formance of mutant mice. In the object recognition
task, mice explore two objects, and after a latency of
1.5 or 24 hr they are presented with one of the familiar

DHE‘I’

objects and a nonfamiliar object. Initial exploration
time oftwo objects was identical for both genotypes, in-
dicating that they both show preference for novelty (data
not shown). However, whereas wild-type mice exhibited
asignificant increase in the exploration of the unfamiliar
object, mutant mice performed poorly compared to
wild-type mice in their ability to remember the familiar
object both 1.5 and 24 hr after learning (Figure 6B, p <
0.05, Kruskal-Wallis analysis of variance and Mann-
Whitney U tests, n = 12-18). Thus, VAChT KD"ET mice
appear to have a cognitive deficit that impacts behavior
in this test.

Recognition of a familiar conspecific is the basis of
several social interactions, including hierarchical social
relationship and mate choice (Winslow and Insel,
2004). There is evidence for the participation of nicotinic
and muscarinic central systems in social recognition in
rodents (Prediger et al., 2006; van Kampen et al., 2004;
Winslow and Camacho, 1995), and social recognition
deficits may relate to cholinergic decline in a mouse
model of AD (Ohno et al., 2004). We evaluated social
interactions of VAChT KD"®" mice in a habituation-dis-
habituation paradigm using a mouse intruder (Choleris
et al.,, 2003). Wild-type control mice showed extensive
exploration of the intruder (e.g., sniffing) during first con-
tact. This response decreased with subsequent expo-
sure to the same juvenile [F(4,11) = 60.93, p < 0.01], indi-
cating that wild-type control mice readily habituated to
the conspecific (Figure 6C). Hence, after four exposures
to the same juvenile, wild-type mice explored the in-
truder for only one-third of the length of time of the initial
exploration. Upon changing to an unfamiliar mouse,
wild-type animals showed a renewed interest in investi-
gation, and explored the new mice as much as they ex-
plored the original intruder during the first contact (Fig-
ure 6C). These results indicate that lack of interest in
exploring the first intruder upon recurring exposure
was not attributable to lack of motivation, but appears
to be due to habituation, i.e., learning. Exploration of
the intruder mice by VACHT KDMET mice on the first con-
tact was slightly less than that observed for wild-type
animals (p < 0.05, two-way ANOVA with Bonferroni
post hoc). Upon subsequent exposures, VAChT KDHET
mice show statistically significant differences in explo-
ration of the intruder mice as compared with wild-type
mice (p < 0.001, two-way ANOVA with Bonferroni post
hoc). In sharp contrast to wild-type littermates, VAChT
KD"ET mice failed to habituate to the juvenile intruder
in the subsequent exposures after the initial contact,
and only after the fourth contact was there a significant
difference in exploratory behavior compared with the
first encounter [F(4,10) = 5.293, Figure 6C)]. Introduction
of an unfamiliar mouse led VAChT KD"T mice to in-
crease their exploration, indicating that the decrease
in exploration during the fourth exposure for the first
intruder was not due to nonspecific effects such as
physical exhaustion or motivation.

One possible explanation for the inability of VAChT
KDMET mice to habituate to a conspecific is that mutant
mice have olfactory deficits. In a control experiment,
we evaluated olfactory responses in these mice. How-
ever, both wild-type and VACHhT KD"®T mice showed
similar abilities in finding a hidden food reward (data
not shown), suggesting that the differences observed
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(D) Olfactory function of wild-type and VACHT
KO"E" mice. Mice were presented a straw-

berry essence for 1 min in 4 sequential trials with an intertrial interval of 10 min. On the 5™ trial, vanilla essence was presented, *p < 0.05 from
the first trial within genotype. No between group differences were observed.

(E} Social preference of wild-type (open bar) and VAChT KO"® mice. Only the percentage of exploration for the social stimulus is shown.

(F) Social memory of wild-type (open bars, n =14), VACHhT KD"ET (gray bars, n=14), and VACHT KD"® mice treated withgalantamine (s.c., 1 mg/kg)
30min priorto the first exposure to an intruder (hatched bars, n= B). Theintruder is presented in each of two 5 min trials with an intertrial interval of
30min. *p < 0.05 for the first trial within the genotype. Unless otherwise stated, data are mean + SEM.

in social recognition do not relate to deficits in olfactory
function. In addition, wild-type and VAChT KD"ET mice
habituated to a test odor similarly [wild-type, F(4,6) =
11.35, and VAChT KD"ET mice, F(4,6) = 18.11, p < 0.05
by repeated measures ANOVA]. There were no differ-
ences between the two genotypes in olfactory habitua-
tion or in their ability to discriminate between two test
odors (Figure 6D).

A second possibility to explain the deficit in social ha-
bituation is that VAChT KD"® mice are more social than
wild-type mice, i.e., they prefer the company of intruder
mice more than wild-type mice do. This would be the
converse of the autistic-like behavior found in PTEN mu-
tant mice (Kwon et al., 2006). To specifically test this
possibility, we evaluated the choice of wild-type and
VACKhT KDMET mice for a social stimulus (an adult mouse
in an acrylic cage that allowed minimum tactile explora-
tion but allowed olfactory exploration) against a nonso-
cial stimulus (an identical acrylic cage which was never
previously presented to the mice). This experiment
was done in specially designed boxes containing two
separate rooms, each of which the mice had to enter
to explore the social or nonsocial target, respectively
(Kwon et al., 2006). As expected from the previous ex-
periment, both genotypes had a stronger preference
for the social against the nonsocial stimuli (Figure 6F);

however, VAChT KD"6T mice expended significantly
less time with the social stimulus and consequently
more time with the nonsocial stimulus than wild-type
control mice did (p < 0.05, Student's t test). Therefore,
increased social preference of VAChT KD"ET mice can-
not explain the lack of habituation observed in the social
recognition test. If anything, the data indicate that
VACHhT KDY mice are less social than control mice.
The results above suggest that VAChT KD™ mice
have a deficit in social memory. This deficit could be a
consequence of decreased ACh release, or it could re-
sult from adaptative changes in brain neurochemistry
during development in response to the decreased ex-
pression levels of VACHT. If the deficits in social recog-
nition are related to decreased acetylcholine output,
acute inhibition of cholinesterase, which preserves
ACh in the synapse, might rescue the phenotype. There-
fore, we retested mice in the social memory task using
aparadigm that allowed us to treat mice with a cholines-
terase inhibitor prior to the experiment. The social rec-
ognition memory lasted at least 30 min, as wild-type
mice exposed to an intruder for 5 min twice, with an
intertrial interval of 30 min, explored the intruder signifi-
cantly less in the second exposure [F(5,70) =17.21, p <
0.001] (Figure 6F). In contrast, there was no difference
for VAChT KD"®T mice between the first and second
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exposure to intruder mice with this protocol (Figure 6E).
We repeated these experiments after injecting mice with
either saline or galantamine (Figure 6F). The dose of gal-
antamine used (s.c., 1 mg/kg) has been shown to be
effective in improving chelinergic function in mice (Cser-
nansky et al., 2005), and it was sufficient to improve the
performance of VAChT KDYET in this social recognition
task (Figure 6F). Injection of saline had no effect on the
performance of wild-type or VAChT KD"ET mice, ruling
outthat prior manipulation of mice affected the cutcome
of these experiments {data not shown). In addition, gal-
antamine did not alter the response of wild-type mice
{data not shown). It should be noted that the deficit in
social recognition memery was also observed in a small
number of VAChT KDY mice studied with an identical
protocol (Figure $2), thus confirming this phenotype for
the two mutant genotypes. Hence, it appears that
VACHT KDYET mice have a deficit in social memory due
to decreased cholinergic tone.

Discussion

To define the role of VAChT and ACh in physiological
functions and behavior, we generated a mouse line
with reduced expression of this transporter. The partial
decrease in VAChT expression is essential in these in-
vestigations as complete lack of the vesicular trans-
porter is likely to be incompatible with life, as shown
for other presynaptic cholinergic genes (Brandon et al.,
2004; Ferguson et al., 2004; Misgeld et al., 2002). Thus,
this reduced expression mouse line allowed us to exam-
ine the consequences of reduced cholinergic tone in
function, behavior, and cholinergic neurochemistry.

It has been demonstrated that several putative mRNA
species exist for VAChT, although V1 is predominant in
cholinergic tissues (Bejanin et al., 1994). In the present
experiments, we show that VAChT KD"E and kD™M
mice have reduced levels of this major VAChT mRNA,
whereas anincrease in a less common mRNA for VAChT
was detected, suggesting the existence ofa compensa-
tory mechanism in mutant mice. The open reading frame
of VACHT is within thefirst intron of the ChAT gene. Inter-
estingly, we detected no changes in ChAT mRNA levels
in all CNS regions investigated, even though ChAT and
VACHT transcripts might be, under certain conditions,
coregulated (Eiden, 1998). In vertebrates, regulation of
the cholinergic gene locus expression is complex;
ChAT- and VAChT-specific mRNAs can be produced ei-
ther from different promoters or by alternative RNA
splicing (Oda, 1999).

In addition to the decrease in VAChT transcript, we
detected a 45% reduction in VAChT protein levels in
several CNS regions in VAChT KD"ET mice, whereas
the reduction of VAChT protein levels in homozygous
mutant mice was 65%=70% ofthat found in wild-type lit-
termates. Therefore, the data indicate that protein levels
of VAChT closely follow the reduction of the major
VACHhT mRNA species.

Te evaluate how a decrease in VAChT levels affects
transmitter release, we examined quantal secretion of
ACh at the neuromuscular junction. Surprisingly, we ob-
served relatively mild alterations in the distribution of
quantal sizes in VAChT KD"ET mice. A robust change
in quantal size distribution for VAChT KD™™ mice was

detected; however, a very pronounced decrease in the
frequency of MEPPs was also observed. This decrease
in MEPP frequency is not the result of alterations in the
readily releasable pool of vesicles. It also seems unlikely
that the alteration in MEPP frequency is the result of de-
creased exocytosis, endocytosis, and total pool of ves-
icles, as FM1-43 experiments have shown no difference
in these parameters between wild-type and VAChT
KD"®™ mice. We hypothesized that, if in synapses, the
number of copies of VAChT per synaptic vesicles is
low (Parsons et al., 1993; Van der Kloot, 2003), a reduc-
tion in VAChT abundance could result in electrophysio-
logically “silent” vesicles, and thus a decrease in MEPP
frequency. Prior experiments have demonstrated that
overexpression of VAChT in immature Xenopus spinal
neurons increases not only the amplitude but also the
frequency of miniature excitatory postsynaptic currents
(Song et al., 1997), indicating that, at least under certain
conditions, VAChT expression levels can affect electro-
physiological detection of exocytosis. Similarly, in Dro-
sophila mutants with decreased neuromuscular expres-
sion of the vesicular glutamate transporter, there are
major deficits in frequency of miniature end-plate cur-
rents, but no alterations in quantal size (Daniels et al.,
2006). Remarkably, VAChT phosphorylation by PKC af-
fects its trafficking to secretory vesicles, suggesting
that alterations in VAChT expression in synaptic vesicles
could occur physiologically (Krantz et al,, 2000).

The results herein with VAChT mutant mice also indi-
cate that synaptic vesicle exocytosis is not altered by
decreased levels of the transporter; in this regard, these
results agree with similar observations in VMAT 2-defi-
cient mice (Croft et al., 2005), which also present no
deficits in monoaminergic vesicle exocytosis. Nonethe-
less, the data show that VAChT KD"ET mice have mild
changes in ACh release at the neuromuscular junction,
whereas VAChT KD"®™ mice have a more profound
deficit in transmitter release.

Analysis of neuromuscular function in the three geno-
types corroborated these electrophysiological data.
VACHhT KD"ET mice performed as well as wild-type
mice in tests of motor function, whereas VAChT KDHOM
mice were significantly impaired in grip strength and
ability to hold their weight. Importantly, the deficit in
grip strength could be ameliorated by prior treatment
of mutant mice with cholinesterase inhibitors. The effect
of pyridostigmine, which is used to treat myasthenia,
is of particular importance, as it indicates that a periph-
eral cholinergic deficit due to alteration inneuromuscular
transmission is the cause of neuromuscular dysfunction.

Investigation of VAChT KD mice on the rotarod, a task
that depends upon motor learning and physical endur-
ance, reveals that VAChT KDM"ET are slower to learn
this motor task than wild-type control mice, but the for-
mer are able to reach the same level of performance in
time. In contrast, VAChT KD"™ mice are significantly
impaired and never improve their performance. That
VACHT KDH®™ mice have limited capacity for exercise
is clearly observed on the treadmill, indicating that per-
formance of the homozygous mutants on the rotarod
also reflects their inability to maintain prolonged physi-
cal activity. These results suggest that VAChT KDHOM
mice may provide a model for study of the effects of
markedly reduced ACh release on neuromuscular

43



gﬂnnguse Model of Cholinergic Dysfunction

function, such as the ones observed in certain types of
congenital presynaptic myasthenia (Ohno et al., 2001).

In contrast, we were unable to detect any alteration in
neuromuscular function in VAChT KD"®" mice. Release
of ACh accompanied the reduction of protein expres-
sion in the brain for VAChT KD"®" mice, and both basal
and stimulated extracellular levels were affected. This
decrease in ACh release appears to be related to the
reduction of VAChT expression, as ChAT activity was
not decreased in these mutants. Overall, the approxi-
mately 45% reduction in VAChT expression appears to
decrease ACh secretion to a similar extent in the brain.
Unexpectedly, tissue ACh was significantly increased
in several brain regions from VAChT KD"®T and VACHT
KDM®M mice, indicating a previously unrecognized con-
nection between ACh storage, nonvesicular ACh pools,
and tissue content. Molecular mechanisms responsible
for this increased tissue ACh content have not been un-
covered yet, but it does not seem to be due to altered
ChAT activity or high-affinity choline uptake. It is inter-
esting that pharmacological experiments with vesami-
col, an inhibitor of VAChT, have revealed a similar rela-
tionship, whereby decreased secretion of ACh leads to
accumulation of intracellular transmitter during nerve
stimulation (Collier et al., 1986).

Whereas VAChT KD"ET mice present only mild defects
in neuromuscular neurotransmission, there is arelatively
larger deficiency in central ACh release in vivo. Neuro-
muscular transmission has a high safety margin, and
neuromuscular weakness is not observed until a signifi-
cant proportion of neuromotor units are compromised
(Paton and Waud, 1967; Waud and Waud, 1975). There-
fore, it is reasonable to envision that a partial decrease
in VAChT expression will cause more profound conse-
guences on cholinergic transmission in the brain, where
a relatively small number of synaptic vesicles (100-200
vesicles) need to be constantly recycled and refilled
with neurotransmitter. In contrast, at neuromuscular
synapses, there is a very large population of vesicles;
fast refilling of vesicles may not be as crucial for neuro-
transmission at the neuromuscular junction as it is for
brain synapses, at least when under low neuromuscular
demand.

The VACHhT KD"ET mice present a unique oppertunity
to investigate the consequences of homogeneous de-
crease of ACh tone in cognitive tasks, as the results
show that these mice represent a model of moderate,
predominantly central cholinergic dysfunction. We ob-
served no deficits in performance of VACHT KDMET
mice in the step-down inhibitory avoidance test. A num-
ber of experiments have demonstrated that inhibition of
nicotinic and muscarinic central receptor activity can af-
fect performance of rats in this paradigm (Barros et al.,
2002), indicating an important cholinergic contribution
toward performance in this test. It is likely that the reduc-
tion of cholinergic function in VAChT KD"ET mice was
below the threshold for detecting a learning or memory
impairment for this task. This result supports the notion
that ACh participates in, but is not essential for, some
hippocampal-dependent paradigms of learning and
memory (Parent and Baxter, 2004).

Interestingly, VAChT KD"®" mice performed worse
than wild-type mice in an object recognition test, sug-
gesting that even mild decline of cholinergic function

can affect cognitive processes required for this task. In-
deed, rats treated with 192 IgG-saporin, which leads to
cholinergic degeneration in the basal forebrain, also
present object recognition deficits (Paban et al., 2005),
and object recognition alterations are ohserved in cer-
tain mouse models of AD (Dewachter et al., 2002). It is
likely that VAChT KDMET present such deficits because
they have impairments in their ability to learn or remem-
ber the intricate cues necessary for discriminating the
novel object.

Our data also revealed an important role of cholinergic
tone in recognition of mouse conspecifics. In these
experiments, the KD"®T mice explore unfamiliar mice;
however, their preference for a social stimuli is some-
what decreased compared with wild-type mice. None-
theless, the mutant mice are not socially deficient,
but they are clearly impaired in remembering intruder
mice when compared with wild-type mice. Absence of
deficits in olfactory discrimination in VAChT KD™&'
mice supports the notion that the decreased social
memory is due to cognitive impairments rather than
a simple incapacity to process olfactory cues. An impor-
tant role of cholinergic tone in social recognition is sup-
ported by reversal of this phenotype in mice treated with
a cholinesterase inhibitor and by the fact that VAChT
KD"®M™ mice also present a significant deficit in social
recognition.

Social memory in rodents depends upon the activity
of vasopressin on V1A receptors in the lateral septum
(Bielsky et al., 2005) and upon the activity of oxytocin
(Bielsky and Young, 2004; Ferguson et al., 2000; Win-
slow and Insel, 2004). However, central muscarinic and
«7 nicotinic receptors have also been suggested to
play a role in social memory (Prediger et al., 2006; van
Kampen et al., 2004; Winslow and Camacho, 1995), indi-
cating a potential mechanism for ameliorating social
memory deficits in response to cholinergic decline.
Qur observations support the notion that reduced cho-
linergic tone in AD mouse models can indeed cause
deficits in social memory. However, based on somewhat
similar impairments found in the object and social rec-
ognition tasks, it is possible that mild cholinergic deficits
may cause a more general memory deficit for recogniz-
ing previously learned complex cues, whether social or
not. Future detailed investigations will be necessary to
further define the specific type of cognitive processing
affected by cholinergic deficits in these mutants. Such
studies in mouse models of reduced cholinergic tone
may be particularly informative for understanding the
contribution of cholinergic decline to specific behavioral
alterations observed in certain pathologies of the CNS,
and may even be helpful in understanding physiological
aging (Cummings, 2004).

In conclusion, we have generated an animal model to
study the impact of decreased VAChT expression on
peripheral and central ACh neurotransmission and
function. The presentresults iluminate the role of VAChT
in vesicular ACh release and reveal that deficits in
VAChT-mediated filling of synaptic vesicles may have
important behavioral consequences. Furthermore, these
observations indicate animportant role for ACh in cogni-
tive processes involved in object and social recognition
and memory. In this respect, a decrease in VAChT
expression is much less tolerated than a decrease in
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ChAT activity, a parameter that is used extensively to
evaluate cholinergic deficits in AD.

Experimental Procedures

Animal Care

Heterozygous mutant VACHhT mice were backerossed with C57BL/
6J animals for three generations; the N3 mice were used in most ex-
periments. Homozygous mutant VAChT mice were obtained by
intercrossing M3 heterozygous animals. Control animals were wild-
type age- and sex-matched littermates, and all behavioral and
most of the biochemical studies were conducted with researchers
“blind™ to the genotypes of the mice. For all behavioral experiments,
male mice were used.

Animals were housed in groups of three to five animals per cage in
atemperature-controlled room with a 12:12 light-dark cycles, and
food and water were provided ad libitum. All studies were con-
ducted in accordance with NIH guidelines for the care and use of
animals and with approved animal protocols from the Institutional
Animal Care and Use Committees at the Federal University of Minas
Gerais in Brazil, Pontificia Universidade Catolica de Rio Grande do
Sul in Brazil, and Duke University in the United States.

Wire-Hang, Grip Force, Rotarod, and Treadmill Tests

The wire-hang experiments were conducted as described (Sango
et al., 1996} and time spent hanging upside down was determined
with a cutoff time of 60 5.

To measure grip force, we used a custom-built force transducer
connected to a small support that could be grasped by the mouse
as described (Fowler et al.,, 2002). Five tests were performed per
mouse with a maximum period of 50 s for each animal over 2 differ-
ent days. The force transducer was coupled to a computer and a
routing was developed to record the maximal grip force exerted.

For the rotarod task, we followed the protocol described by Bran-
don et al. (1998), Mice were placed on the rotarod apparatus (Insight
Equipments, Ribeirdo Preto, Brazil) and rotation was increased from
5 to 35 rpm. Latency tofall was recorded automatically. The test was
run within the last 4 hr of the light phase of the 12112 cycle. Tentrials
were given on the first day and four trials on the second day, with
a 10 min intertrial interval. In the time between trials, mice were
placed in their home cage.

For the treadmill test (Insight Equipments, Ribeirao Preto, Brazi),
mice were trained for 4days (3 min a day). On the first day, inclination
was set to 5°. The inclination was increased by 5° for each training
day until reaching 20°. The initial training speed was 8 m/min, and
thetreadmill was accelerated by 1 m/min. |nthe second training ses-
sion, the initial speed was 10 m/min increased to 11 and 12 m/min
in the third and fourth training days, respectively. During testing,
the initial speed was set to 12 m/min, which was increased by
1m/minat2, 5,10, 20, 30, 40, 50, and 60 min after starting the exer-
cise, essentially as described by Pederson et al. (2005). The work
performed (in J) was calculated with the following formula: W(J) =
body weight (kg) x cos 20° x 9.8 (J/kg x m) x distance (m).

Step-Down Inhibitory Avoidance

The step-down inhibitory avoidance apparatus was a 50 x 25 %
25 cm acrylic box which had a floor consisting of a grid of parallel
stainless steel bars 1 mm in diameter spaced 1 cm apart. A 10 cm®
wide, 2 cm high acrylic platform was placed in the center of the floor,
Animals were placed on the platform and their latency to step down
on the grid with all four paws was measured with an automatic
device. In the training session, immediately after stepping down
on the grid, the animals received a 2.0 s, 0.3 mA scrambled foot-
shock. Retention test sessions were procedurally identical, except
that no foot-shock was given. The latency to step down during test-
ing was taken as a measure of retention. A ceiling of 180 s was
imposed in this measure, i.2., animals whose test latency was over
than 180 s were counted as 180 s. Each animal was tested twice,
once at 1.5 hr after training, to measure short-term retention, and
once at 24 hr after training, to measure long-term retention (1z-
quierdo et al., 2002; Lorenzini et al., 1996). Since the variable being
analyzed (step-down latency) does not follow a normal distribution,
the data were analyzed by Mann-Whitney U or Kruskal-Wallis non-

parametric tests, followed by Dunn's post hoc comparisons where
appropriated.

Object Recognition

All animals were given a single 5 min habituation session with no ob-
jects in the open-field arena (as described above). Twenty-four
hours after habituation, training was conducted by placing individual
mice for 5 min into the field, in which two identical objects (objects
A1 and AZ; Duplo Lego toys) were positioned in two adjacent cor-
ners, 10 cm from the walls. A minimum of 30 s exploration time for
objects was allowed in this first exposure. In a short-term memory
[STM) test given 1.5 hr aftertraining, the mice explored the open field
for Smin in the presence of one familiar (A) and one novel (B) cbject.
All objects presented similar textures, colors, and sizes, but distinc-
tive shapes. A recognition index calculated for each animal was ex-
pressed by the ratio Te/(Ta + T [T 4= time spent exploring the famil-
iar object A; Tg = time spent exploring the novel object B). Between
trials the objects were washed with 10% ethanol solution and air-
dried. In a long-term memory (LTM) test given 24 hr after training,
the same mice explored the field for 5§ min in the presence of familiar
object A and a novel object C. Recognition memory was evaluated
as for the short-term memory test. Exploration was defined as sniff-
ing or touching the object with nose and/or forepaws (de Lima et al.,
2005). Data for recognition indexes are expressed as median (inter-
quartile ranges). Comparisons among groups were performed using
a Kruskal-Wallis analysis of variance and Mann-Whitney U tests.
Recognition indexes within individual groups were analyzed with
Wilcoxon tests.

Social Recognition

Mice were housed in individual cages in a quiet room for 4 days to
establish territory dominance. Swiss juvenile male mice were used
as the intruder. To test for social interaction, the intruder was placed
inside a transparent acrylic chamber containing several holes and
introduced into the test cage exactly as described (Choleris et al.,
2003). Time spent sniffing was measured as the amount of time
that VACHT KD"® mice or wild-type littermates spent poking their
noses into the holes of the chamber, Initially, the subject tested
(wild-type or VAChT KD mouse) was exposed toan empty acrylic
chamber for 10 min; subsequently, this chamber was exchanged by
one containing the intruder and left for 5 min. The entire procedure
was repeated four times. After the fourth exposure to the same
intruder, a novel intruder was added to the acrylic chamber. The ex-
periment was videotaped and a trained researcher, blind to geno-
type, evaluated time spent sniffing in each condition.

A second experiment consisted of exposing the subject to the
same intruder twice with an intertrial interval of 30 min. The standard
measure for the statistical analysis in social recognition tests was
the time spent exploring the juvenile intruder. To evaluate the contri-
bution of acute cholinergic deficits, saline or 1 mg/kg galantamine
(s.c.) was injected 30 min before beginning of the tests.

For evaluation of sociability, we followed the protocol described
by Kwon et al. (2006). Testing was done in a three-chambered appa-
ratus (15 ® 90 = 18.5 cm divided into three chambers of 15 x 20 cm
and separated by dividers with a central 3.8 x 3.8 cm door) that of-
fers the subject a choice between a social stimulus and an inanimate
target. In the habituation session, mice were allowed to explore the
entire box for 10 min. Subsequently, mice stayed 5 min in the center
and were then allowed to interact for 10 min with an empty cage in
one chamber versus a caged social target in the opposite chamber.
Social and nonsocial stimuli were varied among the chambers and
the box was cleaned between tests. Results are presented as per-
centage of total exploration time.

Two tests to evaluate the olfactory responses of the mice were
conducted (Bielsky etal., 2005; Ferguson et al., 2000). The first con-
sisted of measuring the time that both genotypes took to find acandy
located on the surface of bedding or hidden within the bedding (Fer-
guson et al., 2000}, The second test investigated whether VACHhT
KD"ET mice presented olfactory habituation and discrimination, Ex-
periments were performed 7 days after completing the social recog-
nition tests in the same groups of mice. For this test, a microtube,
with a piece of cotton containing 10 pl of strawberry essence, was
presented to mice four times for 1 min with a 10 min intertrial interval.
On the fifth trial, the microtube was exchanged with one containing
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vanilla essence. The significance of differences between the groups
was determined by Student's t test or two-way ANOVA, and a post
hoc Bonferroni test was performed when appropriate. Changes
across trials were assessed with repeated measures ANOVA with
Bonferroni's post hoc analysis.

For all other methods, see the Supplemental Data.

Supplemental Data
The Supplemental Data for this article can be found online at http/
www. neuron.org/cgi/content/full/51/5/601/DC1 /.
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2.1.2 - Material suplementar ao artigo n° 1 — Reduc¢io da expressio do
VAChT nio determina alteragdes pré-sinapticas compensatorias em animais

knockdown homozigotos

A reducdo da expressao do VAChT nao interferiu com o ciclo exo/endocitose
e aparentemente ndo determinou reducdo do niimero de vesiculas sinapticas aptas para a
reciclagem (artigo n°l - Prado et al.,2006). Entretanto, em busca de possiveis alteragdes
pré-sinapticas compensatorias em resposta a redugdo na expressdao do VAChT, foram
feitas analises do numero, da densidade e da area de terminagdes motoras marcadas com
FM1-43 por hemidiafragma, utilizando o marcador fluorescente FM1-43fx, versdo
fixdvel do FM1-43. Apds marcacdo, as preparagdes contendo FM1-43fx eram
embebidas em solucao de paraformaldeido 4% a 4°C durante 40min (veja descricao do
método no artigo 2 — de Castro et al, 2009). Contudo, nenhuma diferenca
estatisticamente significativa foi encontrada entre camundongos knockdown

homozigotos e camundongos selvagens (Figura Suplementar 1 em seqiiéncia).
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Figura Suplementar 1: Expressio reduzida do gene VAChT nio determina alteracées compensatérias no
nimero e na area de terminacdes motoras em animais knockdown homozigotos. A e B) Jungdes
neuromusculares marcadas com FM1-43fx (analogo fixavel do FM1-43) em diafragma de camundongos selvagem e
knockdow homozigoto, respectivamente (Barra de escala: 10um). As imagens foram obtidas em microscopio de
fluorescéncia Zeiss Axiovert 200M equipado com sistema ApoTome utilizando-se filtros apropriados para a
fluoresceina C) Redugdo da expressdo do VACHT ndo altera a area das jungdes. D) Expressdo reduzida do VAChT
ndo determina alteracdo no nimero de jungdes por hemidiafragma. E) Histograma indicando a area do musculo
diafragma percorrida durante a coleta de imagens. Observe que ndo ha diferenga estatistica significativa entre as
areas analisadas. F) Reducdo na expressao do VACHT nio alterou a densidade de jungdes no musculo diafragma de

camundongoos. (n=6_. RBarra de erro: ZEPM)
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2.2 — Artigo niumero 2

The vesicular acetylcholine transporter is required for neuromuscular
development and function
DE CASTRO, B. M.; DE JAEGER, X.; MARTINS-SILVA, C.; LIMA, R. D.;
AMARAL, E.; MENEZES, C.; LIMA, P; NEVES, C. M.; PIRES, R. G; GOULD, T.

W.; WELCH, I.; KUSHMERICK, C.;, GUATIMOSIM, C.; IZQUIERDO, L;

CAMMAROTA, M; RYLETT, R. J.; GOMEZ, M. V.; CARON, M. G.; OPPENHEIM,
R. W.; PRADO, M. A.; PRADO, V. F..
Molecular and Cellular Biology, v.29, n.19, p. 5238-50, 2009.
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The vesicular acetylcholine (ACh) transporter (VAChT) mediates ACh storage by synaptic vesicles. However,
the VAChT-independent release of ACh is believed to be important during development. Here we generated
VACKT knockout mice and fested the physiological relevance of the VAChT-independent release of ACh.
Homozygous VAChT knockout mice died shortly after birth, indicating that VAChT-mediated storage of ACh
is essential for life. Indeed, synaptosomes obtained from brains of homozygous knockouts were incapable of
releasing ACh in response to depolarization. Surprisingly, electrophysiological recordings at the skeletal-
neuromuscular junction show that VAChT knockout mice present spontaneous miniature end-plate potentials
with reduced amplitude and frequency, which are likely the result of a passive transport of ACh into synaptic
vesicles. Interestingly, VAChT knockouts exhibit substantial increases in amounts of choline acetyltransferase,
high-affinity choline transporter, and ACh. However, the development of the neuromuscular junction in these
mice is severely affected. Mutant VAChT mice show increases in motoneuron and nerve terminal numbers. End
plates are large, nerves exhibit abnormal sprouting, and muscle is necrotic. The abnormalities are similar to

those of mice that cannot synthesize ACh due to a lack of choline acetyltransferase. Our results indicate that
VAChT is essential to the normal development of motor neurons and the release of ACh.

Cholinergic neurotransmission has key functions in life, as it
regulates several central and peripheral nervous system out-
puts. Acetylcholine (ACh) is synthesized in the cytoplasm by
the enzyme choline acetyltransferase (ChAT) (16). Choline
supplied by the high-affinity choline transporter (CHTI) is
required to maintain ACh synthesis (52). A lack of ChAT (4,
35) or the high-affinity choline transporter (21) in genetically
modified mice is incompatible with life. ACh plays an impor-
tant role in wiring the neuromuscular junction (NMJ) during
development (38, 43). Embryonic synthesis of ACh is funda-
mental for the development of proper nerve-muscle patterning
at the mammalian NMJ, as ChAT-null mice present aberrant
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nicotinic ACh receptor (nAChR) localization and increased
motoneuron (MN) survival, axonal sprouting, and branching
(4, 35).

The vesicular ACh transporter (VACHT) exchanges cytoplas-
mic ACh for two vesicular protons (37, 41). Previously reported
electrophysiological studies showed that quantal size is decreased
by vesamicol, an inhibitor of VAChT, but only in nerve terminals
that have been electrically stimulated (19, 59, 60, 63). VAChT
overexpression in developing Xenopus MNs increases both the
size and frequency of miniature-end-plate currents (54). In Cae-
norhabditis elegans, mutations in VAChT affect behavior (65).
Moreover, a decrease in VACHT expression has functional con-
sequences for mammals, as mutant mice with a 70% reduction in
the expression levels of this transporter (VAChT knockdown
[KD"M] mice) are myasthenic and have cognitive deficits (47).
Hence, vesicular transport activity is rate limiting for neurotrans-
mission “in viva™ (18, 47).

Exocytosis of synaptic vesicle contents is the predominant
mechanism for the regulated secretion of neurotransmitters
(55). However, alternative mechanisms of secretion have been
proposed (20, 56, 61). Quantal ACh release, comparable to
that seen in developing nerve terminals, has been detected in
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myocytes and fibroblasts in culture, which presumably do not
express VACKT (14, 24). More recently, it was found that the
correct targeting of Drosophila photoreceptor axons is dis-
rupted in flies with null mutations in ChAT (64). Remarkably,
the inactivation of VACIT did not produce the same result
(64). The result suggests that the release of ACh during de-
velopment is not dependent on VACHT, perhaps because it is
nonvesicular or because vesicular storage can occur without
VACHT.

To test if the VAChT-independent secretion of ACh has any
physiological role in the mammalian nervous system, we gener-
ated a mouse line in which the VAChT gene is deleted. These
mice lack the stimulated release of ACh from synaptosomes, die
after birth, and show several alterations in neuromuscular wiring
consistent with a severe decrease in the cholinergic input to mus-
cles during development. These experiments indicate that
VACT has an important role in maintaining activity-dependent
ACh release that supports life and the correct patterning of in-
nervation at the NMJ.

MATERIALS AND METHODS

Generation of VACKT knockout mice. The isolation of a VAChT genomic
clone was deseribed elsewhere previously (47). This genomic clone was used to
construct a gene-targeting vector in which we added LoxP sequences flanking the
VACNT open reading frame (ORF) and the TK-Neo cassette. One LoxP se-
quence was added 260 bp upstream from the VACRT translational initiation
codon, and a second LoxP was added approximately 1.5 kb downstream from the
stop codon. The TK-Neo cassette was added immediately after the second LoxP
and was followed by a third LoxP (51). Note that this is a vector distinet from
what we previously reported for the localization of the TK-Neo cassette (47). The
lingarized targeting vector was electroporated into J1 embryonic stem cells de-
rived from 129/terSv mice, and selected embryonic stem cell clones harboring
homologous recombination (determined by PCR and Southern blotting [not
shown]) were injected into CS7BL/E) blastocysts to produce chimeric mice.
Germ line transmission was achieved, and mice were bred to CS7BL/6] mice to
praduce heterozygote mutant mice (VACKT™1%), Prior to breeding VACKT™™
mice to transgenic mice constitutively expressing Cre, we bred VAChT™™ mice
with CaMKllalpha-Cre mice (Cre expression is driven by a fragment of the
CaMKllalpha promoter, kindly donated by Scott Zeitlin [17]) in an attempt to
generate brain region-specific conditional knockout mice (these will be reported
elsewhere). However, we noted that the progeny of mating berween
VACHTwVfloxers+-CaMEIpha mgleg and VACKT™® females inherited a re-
combined floxed allele (VAChT-deleted allele, or VAChT®'). This allele would
be identical to that obtained by crossing the VAChT'™ mice to Cre mice that
constitutively express Cre. This recombination happened because there is ectopic
expression of CaMKIalpha-Cre in the testes, which can be detected by quanti-
tative reverse transcription-PCR (data not shown). The presence of Cre within
the testes allows the recombination of the floxed allele, probably during sper-
matogenesis, and therefore, the VACKT®! allele is transmitted to the progeny.
The ectopic expression of Cre in the testes was also previously described for
other Cre lines (e.g., synapsin-Cre [49]), indicating that this is likely to be a
common phenomenon. We backcrossed the progeny (VACHT®!) 1o CSTBL/]
mice (N4) and confirmed that they were capable of germ line transmission for the
VACHT® allele. We then intercrossed VACHT™< mice to generate
VACHT® %! mice, i.e., a potential homozygous VAChT-null mutant (see be-
low). For comparison purposes, we also obtained ChAT-null mice as a kind gift
from Kuo-Fen Lee and Fred H. Gage, Salk Institute (4).

Animals were housed in groups of three to five mice per cage in a temperature-
controlled room with 12-h light-12-h dark cycles, and food and water were
provided ad libitum. Unless otherwise stated, the experiments were always done
using embryonic day 18.5 (E18.5) embryos. All studies were conducted in accor-
dance with NIH guidelines for the care and vse of animals and with approved
animal protocols from the Institutional Animal Care and Use Committees at the
Federal University of Minas Gerais and the University of Western Ontario.

Genotyping, Southern blotting, and sequencing, Genotyping by PCR was
performed using tail DNA as a template. The set of three primers used were P1
(5-TACTTGTCTGTCTGCCTGCCTGTC-3"), P2 (5'-AAGGAGTTGGTTGG
CCACAGTAAG-Y'), and P4 (5'-TCATAGCCCCAAGTGGAGGG AGA-3').

VAChT AND NEUROMUSCULAR DEVELOPMENT 5239

Oligonucleotides P1 and P2 amplified a 247-bp frapment in the wild-type (wt)
allele, while primers P4 and P2 amplified a 329-bp fragment in the del allele. The
329-bp fragment amplified by primers P4 and P2 was purified from agarose gel
using the OlAquick gel extraction kit (Qiagen) and cloned into the pCR 2.1
vector using the TA cloning kit (Invitrogen). The sequence of the cloned frag-
ment was determined by automated DNA sequencing,

For Southern blot analysis, genomic DNA was digested with the enzymes
BamHI and Sacl. Digested DNA was subjected to electrophoresis in a 1.5%
agarose gel and transferred onto a nylon membrane. After UV cross-linking,
DNA on the membrane was hybridized to the Ndel Pmel VAChT DNA frag-
ment (see¢ Fig. 1 for the position of the probe fragment). Detection was done
using the Alkphos direct labeling and detection system kit {GE) according to the
manufacturer's instructions.

¢PCR. For real-time quantitative PCR (gPCR), total RNA was extracted using
Trizol (Invitrogen, Sdo Paulo, Brazil) treated with DNase I (Ambion, Austin,
TX), and first-strand cDNA was synthesized using a High Capacity cDNA tran-
scription kit (Applied Biosystems, CA) according to the manufacturer’s instruc-
tions, cDNA was subsequently subjected to gPCR on a 7500 real-time PCR
system (Applied Biosystems, CA) using Power SYBR green PCR master mix
(Applied Biosystems, CA). For each experiment, a nontemplate reaction was
used as a negative control. In addition, the absence of DNA contaminants was
assessed in reverse transcription-negative samples and by melting-curve analysis.
The specificity of the PCRs was also confirmed by size verification of the am-
plicons by electrophoresis in acrylamide gels. Relative quantification of gene
expression was done with the 27247 method using P-actin gene expiession to
normalize the data. The sequences of the primers used are available upon
request.

Western blotting. Immunoblot analysis was carried out as described previously
using spinal cord extracts from E18.5 mice (47). Antibodies nsed were anti-
VACHKT (Synaptic Systems Gottingen, Germany, and Sigma Chemical Co., 3o
Paulo, Brazil), anti-CHTI (51), anti-synaptophysin (Sigma Chemical Co.), and
anti-actin (Chemicon, CA). Images were acquired and analyzed using Image-
Quant TL (GE Healthcare).

Recombinant ¢DNA construet preparation, cell culture, and transfection. Rat
CHT! subeloned into the expression vector pcDNAZJL(—) and mutated in
dileucine-like motif L331A was described previously (51). Human embryonic
kidney HEK293 cells were acquired from the Cell Bank, Rio de Janeiro, Brazil.
HEK293 cells were grown in Dulbecco’s modified Eagle’s medium (Gibco)
supplemented with 10% (volvol) heat-inactivated fetal bovine serum (Gibco)
and 1% penicillin-streptomycin (Gibeo). For transient transfections with empty
vector (peDNAZ.L) or mutant CHT1 (L531A), HEK293 cells were seeded into
f-mm dishes (Falcon) and transfected using a modified calcium phosphate
method (23). Choline and ACh uptake assays were performed at 48 h after
transfection.

Choline and ACh uptake assayvs and ACh release. Choline and ACh uptake
assays were performed as described previously (50). Briefly, cells plated into
60-mm dishes were washed twice with Krebs-HEPES medium (124 mM NaCl, 4
mM KCL 1.2 mM MgS0,, | mM CaQl,, 10 mM glucose, 25 mM HEPES [pH
7.4]) containing 10 mM paraoxon to inhibit acetylcholinesterase. Cells were then
incubated with Krebs-HEPES containing 10 pM paraoxon and [*H]choline chlo-
ride (1 wM; diluted to 1| mCijwmol) or PHJACh (1 mCijumol) for 10 min at
37°C. When hemicholinium-3 {1 wM) was used, the drog was added during this
incubation step and maintained during the course of the experiment. Subse-
quently, cells were washed three times with 1.0 ml of cold Krebs-HEPES with
paraoxon (10 pM) and lysed with 500 pl of 5% trichloroacetic acid (TCA)
solution, Lysates were centrifuged for 10 min at 10,000 x g at £°C. Pellets were
used to measure protein content (3), and radioactivity was measured in the
supernatants (100 pl) by liquid scintillation spectrometry to determine choline
and ACh uptakes. In the competition assay, choline uptake was performed in the
presence of crescent amounts of ACh (3 mM, 10 mM, or 30 mM).

The TCA supernatants obtained as described above were used to determine
the [*HJACh content (43). Briefly, TCA was removed with ether, and quaternary
amines were extracted using sodium tetraphenylboron in butyronitrile { 10 mg/
ml}, the organic phase separated by centrifugation was reserved, and tetraphe-
nylboron was precipitated with AgNO; in water. The suspension was homoge-
nized and centrifuged. The organic phase was transferred info a new plastic ube
containing MgCly in water to precipitate excess Ag*. After centrifugation, the
solution containing quaternary amines was taken to dryness under a vacuum. The
[*H]choline present in dried samples was resuspended and oxidized using choline
oxidase (Sigma-Aldrich) in glycylglycine buffer (pH 8). [PHJACh was extracted
using tetraphenylboron in butyronitrile similarly to the procedure described
above. Tritium in the organic (predominantly ACh) and aqueous (corresponding
predominantly to choline) phases was measured by liquid scintillation spectrom-
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etry. Choline and ACh standards (0.1 to 0.5 pCi/ml) were processed in paralle]
with the samples to assess yield and cross-contamination. The later values were
used to correct results of sample analyses. Protein content determined by the
method of Bradford was used to normalize the data (3). Choline or ACh uptake
into cells that was dependent on CHT1 was measured as a percentage of trans-
port in cells transfected with empty vector. Each n value represents the average
of data for triplicate samples.

KCl-induced release of [PHJACh in brain synaptosomes. Crude synaptosomes
from whole brains of individual mice were homogenized in ice-cold buffer (0.32
M sucrose, 10t mM EDTA, Tris-HCl [pH 7.4]), and P2 pellets were abtained as
described previously (2), washed, and then incubated in a depolarizing solution
(90 mM NaCl, 50 mM KCL 5 mM NaHCOs, 1 mM MgCly, 1.2 mM NaHPO,,
10 mM glucose, 20 mM HEPES, 2 mM CaCl,, 0.02 mM paraoxon [pH 7.4]) for
5 min at 30°C. Subsequently, samples were centrifuged at 5,500 x g for 5 min at
4°C, and pellets were incubated in Krebs-HEPES medium (140 mM NaCl, 5 mM
KCly containing 100 oM of FH|choline, 3 mM NaHCO,, 1 mM MgCl,, 1.2 mM
Na,HPO,, 10 mM glucose, 20 mM HEPES, 2 mM CaCl,, and 0.02 mM paracxon
(pH 7.4) for 15 min at 30°C for choline uptake. After centrifugation, synapto-
somes were washed three times with choline in ice-cold buffer (30 nM), and
pellets were resuspended in ice-cold buffer. Each sample was separated into four
aliquots. Two aliquots were incubated in Krebs-HEPES medium, and the other
twao aliquots were incubated in depolarizing solution containing hemicholinium-3
(1 pM) for 5 min at 30°C. The ['H]ACh released was collected after centrifu-
gation, pellets were digested with 3% TCA, and the radicactivity of both samples
was measured using liquid scintillation counting. Total radioactivity (supernatant
and pellet) was calculated and then normalized by protein content. For each
sample, the average values obtained under depolarizing or nondepolarizing con-
ditions was divided for the total radioactivity. The release of newly synthesized
[FH]JACh is predominant under this condition (2); the results are shown as
fractional release above baseline release obtained under nondepolarizing condi-
tions.

Tissne ACh measurements. Brains were dissected rapidly, homogenized in 5%
TCA, and centrifuged (10,000 x g for 10 min) at 4°C. Supernatants were frozen
at —80°C until use. For ACh determinations, TCA was removed with ether, and
a chemiluminescent assay was done with choline oxidase as described previously
(44). The data are presented as means and standard errors of the means (SEM).
One-way analysis of variance (ANOVA), followed by Bonferroni's test, was used
to analyze the differences in tissue ACh concentrations in VAChT™™™!
VACKT* ! and VACNT*"#! mice; a P value of <003 was considered to be
statistically significant.

Electrophysiology, Electrophysiology experiments were performed similarly to
methods described elsewhere previously (47). Hemidiaphragms were isolated
from E18.5 embryos, and the muscle with attached nerve was pinned to a Sylgard
pad in a 5-ml acrylic chamber continuously perfused at a rate of 1 mi/min with
Tyrodes solution containing 137 mM NaCl, 26 mM NaHCO,, 5mM KCI, 1.2 mM
NaH,PO,, 1.3 mM MgCl,, 2.4 mM CaCl,, and 10 mM glucose equilibrated with
95% 0,~3% CO, at pH 7.4. During recording, tetrodotoxin (3 wM) was included
to avoid contractions. Microelectrodes were fabricated from borosilicate glass
and had resistances of § to 15 M{ when filled with 3 M KC1. Standard intracel-
lular recording techniques were used to record miniatre end plate potentials
with an Axoclamp-2A amplifier. Recordings were band-pass filtered (0.1 Hz to
10 KHz) and amplified 200 times prior to digitization and acquisition on an IBM
computer running WinEDR (John Dempster, University of Strathclyde). The
membrane potential was recorded and used to correct MEPP amplitudes and
areas o a standard resting potential of —60 mV. At the end of experiments, 5
M d-tubocurarine was applied to verify that the observed events were due to
nicotinic receplors.,

FM1-43 imaging. FM1-43 imaging experiments were performed as described
previously (47) except that a fixable FM1-42 analog was used. Briefly, dia-
phragms from E13.5 mice were dissected and mounted onto a Sylgard-lined
chamber containing mouse Ringer solution with the following composition: 135
mM NaCl, 5 mM KCI, 2 mM CaCl,, | mM MgCl,, 12 mM NaHCO,, 1 mM
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Na;HPO,, and 11 mM p-glucose. Solutions were aerated with 93% CO,=5% O,
and the pH was adjusted to 7.4, FM1-43fx (8 uM) was used to stain recycling
synaptic vesicles during stimulus with a high-K* solution (60 mM KCl) for 10
min with 16 pM d-tubocurarine to prevent contractions. After stimulation, the
preparation was maintained in normal K* solution for 10 min to guarantee
maximal FMI-43fx uptake. Excess FM1-43fx adhering to the muscle cell plasma
membrane was removed during a washing period in mouse Ringer solution not
containing FM1-43fx for at least 40 min; 16 pM d-tubocurarine was present to
prevent muscle contraction. Advasep-7 (1 mM) was added during the washing
period after FM1-43fx staining 1o reduce background fluorescence. Diaphragms
stained with FMI-43fxwere fixed with 4% paraformaldehyde for 40 minand then
mounted onto slides and examined by fluorescence microscopy on either an
Axiovert 200 M microscope equipped with a 40 water immersion objective
using the Apotome system or a Leica SP3 confocal microscope usinga 63x water
immersion objective and an argon laser (488 nm) for excitation. The spectrum
emission was set from 310 to 620 nm. During image acquisition, whole hemidia-
phragms were scanned, and the images were obtained from muscle areas with
stained NMJs. The total number of junctions per hemidiaphragm was defined by
the sum of junctions observed in each image after scanning the entire muscle.
The density of junctions was determined by the ratio of the number of junctions/
total area (mm?). The nerve terminal area was measured using Image J, and
the size of each terminal was expressed in pixels®, Data were analyzed using
an unpaired ¢ test. A P value of <0.05 was considered to be statistically
significant.

Immunofluorescence. Immunofluorescence was performed as described pre-
viously (4). Briefly, whole-mount diaphragms from embryos were rapidly dis-
sected and fixed in 4% paraformaldehyde—phosphate-buffered saline (PBS) (pH
7.4) for approximately 3 days. Tissues were cryoprotected with 10% sucrose-4%
paraformaldehyde, frozen with isopentane over dry ice, and kept at —80°C until
use. Muscles were rinsed two times in PBS, incubated with a 0.1 M glycine-PBS
solution for 1 N, and blocked in incubation buffer (150 mM NaCl, 0.01 M
phosphate buffer, 3% bovine serum albumin, 5% goat serum, and 0.01% thimer-
osal) overnight at 4°C. Tissues were immunostained with anti-VACKT (rabbit
polyclonal; Sigma Chemical Co.), anti-CHTI (51), or anti-neurofilament 150
(rabbit polyclonal; Chemicon) in incubation buffer overnight at 4°C. Following
three washes of 1 h each with PBS-0.5% Triton X-100, muscles were incubated
with Alexa Fluor 546-conjugated goat anti-rabbit antibody (Molecular Probes)
and Alexa Fluor 488-conjugated a-bungarotoxin (Molecular Probes) in the
buffer described above overnight at 4°C, and the washing step was repeated.
Diaphragms were flat mounted in Hydromount medium, and images were col-
lected with an Axiovert 200 M microscope using the Apotome system or a Leica
5P5 confocal microscope to acquire optical sections of the tissues. Quantitative
analyses of nAChR or CHTI fluorescence were carried out with Metamorph
software (Molecular Devices, Downingtown, PA). For each set of experiments, a
threshold was caleulated by using a background area of the image. This threshold
value determined for VAChT™™ was applied to images obtained with other
genotypes, and the total fluorescence intensity (integrated intensity) for bunga-
rotoxin-labeled nAChR or terminals labeled by CHT1 antibody was then de-
tected automatically, To count the number of positive terminals or junctions,
adjacent sections of the entire muscle were obtained, and the numbers of positive
labeled structures were counted with Metamorph similarly to the above-
described experiments with FM1-43.

MN quantification. Adult pregnant females were anesthetized with ketamine-
wylazine (70 mg/kg and 10 mg/kg, respectively) intraperitoneally and sacrificed by
cervical dislocation. Embryos were removed quickly, and spinal cords were re-
moved and immersed in Bouins fixative for 24 h prior to being processed for
paraffin embedding. Paraffin blocks were serially sectioned, with sections placed
onto microscope slides and stained with thionin. MNs were counted as described
previously (12).

In vivo analysis of muscle function. Locomotor activity, grip force, and wire
hang tests were performed essentially as described previously (15, 47).

FIG. 1. Generation of VAChT®"**' mice. (A) Generation of VAChT del mice using the Cre-LoxP system. Boxes represent the different exons
of ChAT or VACKT. Open boxes represent the ORF of VAChT and ChAT. Note that the VAChT gene is within the first intron of ChAT.
(B) Schematic representation of the VACKT gene locus, the flaved allele, and the def allele. P1. P2, P3, and P4 indicate the positions of PCR
primers used for genotyping, (C) Sequence analysis of the 329-bp fragment amplified with primers P2 and P4. Restriction sites and LoxP sequences
are indicated. (D) VAChT mutant mice (VACHT®*"®") died rapidly after birth in cyanosis (not shown). Embryos from E18.5 exhibited flaccid limbs
and kyphosis (hunchback). (E) Southern blot analysis confirmed the presence of the def allele in VAChT mutant mice. (F) Genotype of VAChT

mutant mice by PCR.
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FIG. 2. VACNT expression and ACh release in VAChT®“! {85 mice. (A) Quantitative analysis of VAChT mRNA levels by qPCR. PCR
products were run in a polyacrylamide gel. =, statistically different from wt; #*, statistically different from wit/del {one-way ANOVA with Bonferroni
post hoc [F(2.6 = 920)]: P < 0.0001: » = 4}. Lanes labeled with a — show the respective negative control without the sample. (B) Western blot
analysis of VACNT, synaptophysin, and tubulin in spinal cord extracts. (C) Average values for the amount of VACKT from densitometric analyses
of several Western blots. Tubulin immunoreactivity was used to normalize protein loading, Data are presented as percentages of VAChT™*
levels. =, statistically different from wt; +#, statistically different from wi/del {one-way ANOVA with Bonferroni post hoe [F(2.9 = 927.9)]; P <
0.0001; n = 4}. (D) Effects of KCl-induced depolarization on ["H|ACh release from synaptosomes. #, statistically different from wiwt (P < 0.03
by ¢ test). (E) MEPPs from the NMJ, MEPPs recorded in VACNT™*' muscle show no significant change in amplitude compared to VAChT™™
mice, VAChT-null mice showed the existence of scarce MEPPs with decreased amplitude compared to VAChT"™ and VAChT"*%! mice.
(F) d-Tubocurarine abrogated MEPPs in both VAChT*"™ and VAChT"#*! mice.

RESULTS

Generation of mice null for VAChT, We have generated
mice in which the VAChT ORF was deleted using Cre-Lox
technology (Fig. 1A and B). The deletion of the VAChT ORF
was confirmed by DNA sequencing (Fig. 1C), and we named
the VAChT-deleted allele VACHhT'. The posture of
VAChT*"¥! mice at E18.5 resembles that of ChAT-null mice,
with flaccid limbs and signs of slight kyphosis (Fig. 1D).
VAChT*! mice die rapidly in cyanosis within 2 to 5 min
after birth. Southern analysis (Fig. 1E) and PCR genotvping
(Fig. 1F) confirmed the presence of the del allele in heterozy-
gous and homozygous VAChT mutant mice. These mice are a
novel mutant line distinct from the one that we have previously
described and that presents close to 70% and 45% reductions

in VAChT expression (VAChT KD"OM and VAChT KD,
respectively). Contrary to the mouse line reported here
(VACKT*"") the VACKT KD lines survive to adulthood
(47).

To confirm that the genetic manipulation that putatively
deleted the VAChT ORF indeed suppresses VAChT mRNA
expression, we used qPCR and E185 embryos (Fig. 2A).
VAChT™*! mouse brain presented a 50% decrease in the
VACNKT mRNA level compared to VAChT™*" littermate con-
trols. No VAChT mRNA was detected in VAChT"™ mouse
brain. The reverse transcription-PCR amplicons were also
separated by electrophoresis in a polyacrylamide gel.
VACKT"¥! mice generated no DNA fragment correspond-
ing to VAChT (Fig. 2A, inset gel). VAChT*"*! mice exhibited
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 50% decrease and VAChT™!¥<! mice exhibited a 100% de-
crease in VAChT protein levels assayed by Western blotting of
spinal cord extracts (Fig. 2B and C). The amount of synapto-
physin, a protein present in synaptic vesicles, was unchanged in
the spinal cord of VAChT®!¥! mice (Fig. 2B).

To investigate the importance of VAChT for the evoked
secretion of ACh, we prepared crude synaptosomes from the
forebrain of EI8.5 wt and homozygous mutant mice. We la-
beled ACh in these synaptosomes with the precursor [*H]cho-
line and monitored the release of labeled neurotransmitter as
previously described (2, 26, 27, 32). VAChT“"! mice are
capable of producing ACh (see Fig, 5). KCl depolarization was
able to increase the release of [FH]JACh in synaptosomes ob-
tained from wt mice but not from VAChT**"“*' pice (Fig, 2D).
Therefore, this experiment indicates that in the absence of
VAChT, depolarization-evoked ACh release is hindered.

In order to analyze ACh secretion under nondepolarizing
conditions, we performed electrophysiological analysis of the
nerve-muscle diaphragm preparation. Figure 2E shows MEPPs
recorded from NMJs of VACHT*'™, VAChT*'™', and
VACHT*"*! E185 mice. VAChT™*' mice presented no
change in the amplitude of MEPPs compared to control mice
(0.99 + 0.09 mV for wt/wt and 0.92 = 0.09 for wt/del for 31
MEPPs in three and four mice, respectively). Surprisingly, we
could detect small-amplitude MEPPs in the NMJ from E18.5
embryos of VAChT*"*' mice (Fig. 2E). These experiments
were difficult to perform, as the frequency of MEPPs in
VACHT*"**! mice was noticeably low compared to that of
VACHT™™ embryos (delidel = 0.0072 = 0.0009 Hz [11
MEPPs obtained from four fibers from wo mice]; wiiwt =
0.0308 + 0.002 Hz [three fibers from three mice]; wi/del =
0.0364 * 0.008 Hz [six fibers from four mice]). MEPPs from
VAChT**"*! mice were of smaller amplitude (0.54 + 0.07
mV). However, given the overt morphological changes at the
NMJs from E18.5 VACKT"“' mice (see Fig. 6, 7, and 8),
both pre- and postsynaptic confributions to these changes are
likely. Treatment of NMJs from control littermates and ho-
mozygous VAChT mutants with d-tubocurarine (5 pM) abol-
ished miniature detection, indicating that the MEPPs were
likely recorded due to the activation of nAChR (Fig. 2F). In
agreement with the fact that VAChT""%*! mice presented no
alteration in MEPPs at the NMJ, adult VAChT*"%! mice
presented no overt neuromuscular dysfunction that could be
detected in a test of fatigue or grip force (Fig. 3A and B). In
addition, spontaneous locomotor activity was unchanged in
VACHhT™! mice (Fig, 3C).

We considered whether ACh uses another type of trans-
porter to load synaptic vesicles in the absence of VACHT. One
candidate is CHT], which has been found to reside predomi-
nantly in synaptic vesicles by us (15, 50-52) and others (22, 36).
Like other secondary active transporters for aqueous solutes,
CHT1 probably functions bidirectionally (33). “Reverse trans-
port”™ by CHT1 would be required to mediate ACh uptake by
synaptic vesicles, We tested the possibility that CHT1 trans-
ports ACh in addition to choline by using a cell line expressing
recombinant CHT1. We were not able to do the test in nerve
terminals per se, as the pharmacological blockade of CHTI
would decrease ACh synthesis and potentially produce effects
on small MEPPs not due to the inhibition of vesicular CHT1,
To untangle the multiple possible roles of CHTI, we used a
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FIG. 3. Neuromuscular function in VAChT! mice, (A) Grip
force measured for VAChT"™ and VAChT*"' mice. Thete is no
significant difference between the two genotypes. (B) Time spent hamdg-
ing upside down from a wire netting for VAChT™* and VACHT™*!
mice, No significant difference was observed. (C) Spontaneous loco-
motor activity is not changed between the genotypes.

mutant form of CHTI (L531A) that does not undergo endocy-
tosis, and which remains predominantly on the cell surface, to
transfect HEK293 cells. The strategy is expected to maximize
ACh uptake by transfected cells should CHTI be able to trans-
port ACh (51). As expected, transfected cells took up fourfold-
more choline than did nontransfected cells (Fig. 4A) (51). ACh in
concentrations similar to those found in the cytoplasm of cholin-
ergic terminals (41) inhibited choline uptake, indicating a good
likelihood that ACh competes with choline for binding to CHT1
(Fig. 4B). However, the transfected cells took up no more ACh
than did nontransfected cells (Fig. 4C). The results demonstrate
that CHT1 does not significantly transport ACh, and thus, they do
not support the possibility that CHT1 mediates the uptake of
ACh by synaptic vesicles.

The results leave open the possibility that a passive transport
system similar to that described previously for isolated cholinergic
vesicles of Torpedo is present in mammalian synaptic vesicles (8),
In the right circumstances, even the passive uptake of ACh by
synaptic vesicles might be sufficient to generate the small MEPPs
observed here, Indeed, recent experiments by Parsons and col-
laborators using synapse-like microvesicles from rat PC12 cells
found that intact vesicles loaded with ACh lose their neurotrans-
mitter content even when a high-affinity analog of vesamicol com-
pletely blocks VACKT. The result demonstrates an ACh leakage
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FIG. 4. (A) Choline uptake in HEK293 cells transiently transfected
with empty vector (pcDNA3.1) or L531A CHTI c¢DNAs. The data
represent the means = SEM of data from five independent experi-
ments (in duplicates) and are normalized to data for cells expressing
empty vector (pcDNA3.1). =, significant difference (P < 0.03 by 7 test).
(B) ACh competition assay using HEK293 cells transiently transfected
with empty vector (pcDNA3.1) or L531A CHTI cDNAs. The data
represent the means + SEM of data from four independent experi-
ments and are normalized to data for cells expressing the empty vector
(pcDNA3.T). *, significantly different from control uptake. (C) ACh
uptake in HEK293 cells transiently transfected with empty vector
(pcDNA3L) or LS31A CHTI cDNAs. The data represent the
means = SEM of data from three independent experiments and are
normalized to data for cells expressing the empty vector (pcDNA3.1).

mechanism in synapse-like microvesicles that might be bidirec-
tional (S. M. Parsons, personal communication).

However, in order for the passive uptake of ACh by syn-
aptic vesicles to be possible in VAChT*"#¢! mice, cytoplas-
mic stores of ACh must be maintained. In the absence of
vesicular storage, many neurotransmitters are degraded
(62), but in C. elegans, the mutational inactivation of
VACNT leads to an increase in the ACh content of the worm
(29). Therefore, we measured the amount of intracellular
ACh in the brains of mutant mice. In E18.5 embryos, the
amount in VAChT®*¥*! mice was more than fivefold greater
than that in VAChT*"** mice (Fig. 5A). There was also a
clear tendency for the level of ACh in the brain of VACHhT*"4!
embryos to be increased compared to that of control wt mice
(Fig. 5A). In adult VAChT*"“*! mice, the ACh content was
significantly increased compared to that of control wt mice
(Fig. 5B). Because vesicles in VAChT****! mice are likely
depleted of ACh, the concentration increase for ACh in the
cytoplasm of cholinergic terminals is probably greater than
what the bulk analysis indicates. Hence, an increased concen-
tration of cytoplasmic ACh in VAChT**"#<! mice might sup-
port the passive uptake of ACh into synaptic vesicles and
produce small MEPPs,

Why is there so much mare ACh in VAChT*"#! mice?
One possible explanation is increases in the amounts of

Mor. CeLL. BioL.

either ChAT or CHT1, which are involved in the synthesis of
ACh. To test for this possibility, we performed qPCR anal-
ysis of E18.5 embryos, Transcript levels for ChAT were
increased in a gene dosage-dependent way (Fig. 5C).
VACHhT"*! mice had nearly twofold-more ChAT mRNA
than their control littermates, whereas VAChT**"**! mice
had nearly fourfold more (Fig. 5C). In addition, we found
that VAChT*"®' mice had nearly twofold-more CHTI
mRNA than control littermates, whereas VAChTY4! mice
had no significant change (Fig. 5D). At the protein level, we
also detected an increase in the amounts of ChAT and
CHT! in homozygous mutant animals (Fig. 5E and F).
These observations suggest that increases in ChAT and
CHT! expression levels likely underlie the increase in the
amount of ACh in VAChT*"*<! mice.

Abnormal neuromuscular patterning is a major feature of NMJ
developed in the absence of ACh (4, 35). In VAChT"“! mice,
nerve terminals have fivefold-more ACh but lack the protein
responsible for the active storage of the transmitter in vesicles.
Does a lack of VACHT affect NMJ development? Can the lack of
VACKT be compensated by the excess intraterminal ACh in
VACKT mutants? In order to answer these questions, we evalu-
ated nerve branching, nAChR localization, and the genesis of
nerve terminals by labeling the NMJ of wt, VAChT**“! and
VACKT*"<! mice with distinct markers. To begin, we tested
whether NMJs of VACHT?<**! mice showed immunoreactivity
for VAChT. We found no VAChT immunoreactivity, as expected
(Fig. 6A); in comparison, CHT1 immunolabeling was easily de-
tected (Fig. 6B). Interestingly, analysis of nAChR labeling
using fluorescent a-bungarotoxin-Alexa Fluor 543 (BTX-
543) (Fig. 6, red) suggested an altered nAChR distribution
(Fig. 6A and B and higher magnification in C). Indeed,
clusters of nAChR labeled with BTX-543 showed stronger
labeling and a larger area in VAChT*"“! mice than the
corresponding labeling in control and VAChT*“! mice
(Fig. 6C and D) (the increase in labeling was close to 70%).

The rescue of MNs from physiologically programmed cell
death that follows the blockade of neuromuscular activity dur-
ing development is a well-known phenomenon (38, 39). The
disturbance of ACh synthesis also affects MN apoptosis (4). In
order to test if in the absence of VAChT MNs went through
the normal wave of apoptosis, we counted lumbar MNs from
wt and VAChT*¥*<! £18.5 embryos (Fig. 6E). Of note, there
was a significant increase in the number of MNs in VAChT
mutant mice compared to wt controls (36%), suggesting that
VAChT-independent ACh secretion did not generate the mus-
cle activity necessary for the programmed cell death of MNs
during development. The increase in MN survival was similar
to but somewhat less severe than that observed for ChAT-null
mice (Fig. 6E) (51% increase in the number of neurons com-
pared to wt controls).

To examine if the enhanced nAChR labeling and enhanced
MN numbers are accompanied by an increase in the number of
nerve terminals in VAChT**“<! mice, we quantified the num-
ber of CHT1-positive nerve terminals. Immunoreactivity for
CHTI (Fig. 7A) was increased at the NMJ, confirming the
biochemical data shown in Fig. 5D and F. We also quantified
the number of CHT1-positive nerve terminals, and we detected
a significant increase in the number of CHT1-positive nerve
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FIG. 5. Neurochemical alterations in VAChT®"*! mice. (A) Intracellular ACh contents in brains of VAChT mutant mouse embryos. Data are
means = SEM (three 1o five mice). An asterisk indicates a statistically significant difference by one-way ANOVA with Bonferroni post hoc test
[F(2,10 = 12.72)]. (B) Intracellular ACh content in brains from adult VAChT™™ and VAChT™*! mice (1 = 4 to 6 brains) (++*, P < 0.001).
(C) ChAT mRNA levels detected by PCR from E18.5 mouse brains [F(2.9 = 18.28)] (z = 4). (D) CHT1 mRNA levels detected by qPCR from
E18.5 mouse brains. =, statistically different from VAChT™™" mice; #+, statistically different from VAChT™*! mice [F(2,11 = 12.32)] (n = 3).
(E) ChAT and CHT1 protein expression in E18.5 spinal cords. (F) Quantification of protein expression (three to four animals) (P < 0.05) [CHT1
F(2.6) = 35.21; ChAT F(2,15) = 4.599]. *, statistically different from wijwt, **, statistically different from wit/del.

endings in VAChT-null mutants (Fig. 7B). To further test if
the nerve endings in the diaphragm of VAChT*"“*! mice were
able to undergo exocytosis-endocytosis, we used a form of the
activity-dependent dye FM1-43, FM1-431x, that can be used for
protocols requiring tissues to undergo fixation. Preparations to
be stained with FMI-43fx underwent KCl-mediated depolar-
ization as described previously (47, 53) and were then washed
and fixed prior to the quantification of fluorescently labeled
nerve terminals. The results show that synaptic vesicles in
VAChT*"¥! mice undergo exocytosis-endocytosis. Moreover,
muscles from homozygous mutants have an increased density
of stained nerve terminals compared to control wt mice (40%
increase) (Fig. 7C and D). Figure 7E shows an example of
terminals labeled with FM dve, and Fig. 7F indicates that in

addition to an increase in the number of terminals, the area
of the individual terminals labeled with FMI1-43 from
VACKT*"¥*! mice is also increased compared to that from
VAChT*"** mice (P = 0.0018). The increase in the number of
nerve terminals appears to be a consequence of the complete
loss of VACHT, as VAChT KD"M mice that preserve 30% of
normal levels of the transporter show no such increase (48;
data not shown). VAChT KD"“M mice also did not show an
increase in the number of MNs, suggesting that reducing
VACNT levels by up to 70% can still support enough release of
neurotransmitter during development to maintain the program
of MN cell death (data not shown).

To further examine axonal targeting at the NMJ in the
absence of VACHT, we labeled diaphragms from wt,
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FIG. 6. Alterations in MN number and in NMJ morphology in VAChT*"**! E18.5 mice. (A) VAChT immunoreactivity was easily detected in
presynaptic termini of VACKT™™! and VACRT™® diaphragms but was absent in VAChT*®*! mice, (B) CHTI immunoteactivity was detected
in all genotypes, although VAChT™"4! mice showed an altered distribution of netve endings (see below and Fig. 5). (C) Abnormal distribution
of nAChR in VACKT*=I NMJs, Images show that nAChRs from VAChT**"¥! mice present stronger labeling and are distributed over a broader
region than those from wt and VAChT*“! mice. (D) Quantification of nAChR fluorescence. Four independent experiments were performed, and
the results are expressed as means = SEM. An asterisk indicates a statistically significant difference (one-way ANOVA with Bonferroni post hoc)
[F(2.20 = 5.632)]. A\U., arbitrary units. (E) The number of lumbar MNs was significantly increased in VAChT and ChAT-null mice. Clear bars,
wt mice; dark bars, homozygous mutant mice.

VACKT™**!, and VACHhT*"*! mice with an anti-neurofila- DISCUSSION
ment antibody (Fig. 8, red) and nAChR with BTX-Alexa Fluor . ) .
488 (Fig. 8, green). These experiments show that there is no The present work addresses the role of VACT in sustaining

difference in axonal branching between wt and VAChT™<!  the release of ACh. We found that VACHT is fundamental for
mice. Axon branches from the nerves labeled with the anti- ~ ACh release in the brain and the NMJ. Moreover, in the
neurofilament antibody were of the characteristic size and gen-  absence of the vesicular transport of ACh. there are profound
erally contacted a cluster of nAChR (Fig. 8). In contrast, effects on axons, terminal numbers, and synaptic and muscle
VAChT®"*! mice had an increase in axonal sprouting and ~ morphology at the NMJ. Indeed, VAChT-null mice, despite
branching that contacted improperly arranged nACHR clusters  presenting fivefold-more ACh than control mice, recapitulate
(Fig. 8). The morphology of the NMJ from VAChT®!¥*! mjce ~ the NMJ phenotype found in mice that cannot synthesize ACh
was remarkably similar to that reported for ChAT-deficient ~ due to a lack of ChAT. These observations bear important
mice. In fact, in hematoxylin- and eosin-stained muscles, we ~ CONSE(UENCES for understanding how developing synapses
note that sheets of condensed parallel fusiform nuclei with ~ function and the mechanisms by which transmitter secretion
abundant myofibrillar tissue could be easily discerned in  during development regulates synaptic targeting,

VACKhT*** and VACKhT™"*! mice (Fig. 9A and B). In con- VACHT knockout mice do not survive postnatally. The phar-
trast, myofibrilar tissue was replaced with fragmented myofi-  macological inhibition of VACKT causes paralysis and death
brils in VAChT*****! mice (Fig. 9C). In some cases, there was ~ compatible with an NMJ blockade (5), indicating that interfer-
a complete loss of normal architecture in mutant muscles, and ~ ence with VAChT might be lethal. Given the observations that
degenerated myofibrils were replaced with fibrotic and fatty ~ ChAT-null mice have abnormal NMI development (4, 35), the
tissue (Fig. 6C). Relative to the controls, skeletal muscles from  question arises of whether it s just the presence of ACh that is
VAChT*"¥' mice showed marked atrophy. These findings  required or if the VAChT-mediated storage of ACh during
suggest that in the absence of VACKT, despite the nerve ter-  development is also important. Previous experiments with
minals having increased ACh contents, the outcome for NMJ  muncl8-1 null mice, which have no regulated secretion of a
development was as severe as the lack of ACh synthesis. neurotransmitter, also suggested that NMJ development is reg-
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FIG. 7. Synaptic alteration in VAChT*#! E185 mice. (A) Quantification of CHT1 fluorescence (arbitrary units [A.U.]) in nerve terminals.
An asterisk indicates a statistically significant difference (one-way ANOVA with Bonferroni post hoc test) [F(2,20 = 5.632)]. (B) Density of nerve
terminals immunolabeled for CHT! in hemidiaphragms from VACKT™™, VACHT™ !, and VACKT""*! mice. =, statistically different by ANOVA with
Bonferroni post hoc test [F(2,17) = 18.43]. (C) Density of nerve terminals stained with FM1-43x in hemidiaphragms of VAChT*™ and VAChT=4
mice (#, P = 0.0218 for VAChT*™ versus VAChT™®! mice by unpaired ¢ test; ;- = 6). (D) Number of nerve terminals stained with FM1-43fx per
hemidiaphragm (*, P = 0.0260 for VAChT™™" versus VACKT "' mice by unpaired ¢ test; n = 6). (E) Representative images of NMJs stained with
FMI-436x in hemidiaphragms of VAChT™™ and VACKT™'*' mice (scale bar, 10 Jmu. (F) Average area of single nerve terminals in mouse
hemidiaphragms stained with FM1-43fx (%, P = 00018 for VACKT™ versus VACKT ! mice by unpaired  test). At least 30 end plates were analyzed
for each genotype.
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FIG. & Altered morphology at the NMJ of VACKT®"*! E|&5
mice. Whole diaphragms were stained with anti-neurofilament anti-
body (red), and nAChRs were labeled with «-bungarotoxin (green).
Contocal stacks were obtained, and maximal projections are shown in

ulated by synaptic vesicle exocytosis, although for these mu-
tants, it has not been established whether ACh synthesis and
storage are affected (28). A number of previously reported
studies suggested that distinct pathways of ACh secretion
might exist at cholinergic synapses (56, 60, 61, 64). Moreover,
vesamicol-independent ACh release, presumably from synap-
tic vesicles, can be detecied in response to pharmacological
treatments (2, 7, 10, 11, 46). Hence, if VAChT-independent
mechanisms of ACh release have functional significance, they
might partially compensate for the lack of the transporter in at
least some of its physiological roles.

Interestingly, experiments with an independent mouse line,
VACKT KD"" mice, that have close to a 40% reduction in
VAChT expression levels showed that a moderate reduction in
the level of VACKT causes no neuromuscular phenotype and
only small changes in neuromuscular neurotransmission (47).

the images. The image is representative of three experiments. Note the
large increase in axonal sprouting in VAChT-null mice.

Similar results were obtained with VAChT""**! mice in the
present report, suggesting an important safety mechanism at
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FIG. 9. Muscle morphology of E18.5 embryos from VAChT*™, VAChT***!, and VAChT!*"*! genotypes. Skeletal muscles (gastrocnemius)
were stained with hematoxylin and eosin. Black arrows indicate a loss of normal myofibrillar architecture. Bar, 250 pm.

the NMJ that allows decreased VACIT expression to be com-
pensated, However, VAChT KD"M mice, with close to a
70% decrease in VACKT protein levels, do show alterations in
neuromuscular neurotransmission and motor function (47). It
should be noted, however, that synapses in the central nervous
system are more sensitive to reductions in VACKT expression,
and both VAChT KD"™ T mice (47) and VAChT""“*' mice
(our unpublished observations) present selective cognitive def-
icits in object recognition memory.

Despite this substantial compensation, the rapid postnatal
death of VAChT*"*! mice argues that the active storage of
ACh by this transporter is critical at the NMJ, as the mice
succumb to respiratory failure. In agreement with this conclu-
sion, synaptosomes from VACHhT ™ mice do not release
newly synthesized ACh in response to depolarization. Lethal
mutants of VACKT have also been generated in Drosophila
melanogaster. These mutants are apparenily expressed as well
as wt alleles, but they have affected VAChT transport activity
(31). Lethal alleles of unc-17 in C. elegans have also been
identified, indicating that VACNT is critical for survival in
several organisms (1).

VAChT regulates cholinergic synaptic development. Whereas
it is clear that ACh storage by VAChT is important for motor
function, it is possible that during development, other mecha-
nisms of ACh release, which are independent of this trans-
porter, might become relevant. In nerve-muscle cocultures, a
nonquantal release of ACh can be detected in developing
growth cones (56). Moreover, compelling genetic evidence
from Drosophila suggests that the correct axonal targeting of
photoreceptors depends on ACh synthesis but not on the ex-
pression of VAChT or on synaptic vesicle exocytosis (64).
Hence, at least in Drosophila, a VAChT-independent mecha-
nism of secretion appears to be important during development.
In the light of these findings, we examined whether neuromus-
cular development in mouse embryos depends on the VAChT-
mediated storage of ACh.

Surprisingly, recordings from the diaphragm of VACH
mice revealed small MEPPs, raising the possibility that they arise
from small quanta of ACh. Experiments with curare confirmed
that these MEPPs were due to the activation of nAChR. We
tested the possibility that CHT] can transport ACh, which might
have explained the transport of ACh in vesicles lacking VACHT.
A functional mutant of CHT1 retained on the cytoplasmic mem-

delidel

brane was expressed in HEK293 cells, and the transfected cells
were fested for an enhanced uptake of ACh. None was detected.
Moreover, at the low internal pH of synaptic vesicles, CHTI
probably cannot transport substrates (30). We cannot completely
eliminate the possibility that ATP or another vesicular constituent
is released and activates nicotinic receptors, although the block-
ade of the small MEPP by curare indicates that ACh itself is the
agent.

Early work on vesicles isolated from Torpedo electric organs
identified a passive accumulation of ACh that could account
for up to one-third of the total transport (8). More recent
unpublished data indicate that isolated synapse-like mi-
crovesicles loaded with radiolabeled ACh lose their neuro-
transmitter by a VAChT-independent pathway (S. M. Parsons,
personal communication). The experiments suggest that ACh
can permeate vesicular membranes in the absence of active
transport. Given that levels of intracellular ACh are increased
fivefold in VACKT*"™' mice, creating a very large gradient
between the cytoplasm and the lumen of synaptic vesicles, we
favor the possibility that the small MEPPs detected in
VACHT™"™' NMJs result from the passive entry of ACh into
vesicles. In fact, vesicles from VACKT*'! NMJs can be
loaded with FM1-43, confirming that “empty” vesicles undergo
exocytosis-endocytosis (9, 40). However, a stimulated release
of newly synthesized ACh from brain synaptosomes obtained
from VACHhT®'®! mice did not occur, indicating that this
putative passive transport is much less efficient and may re-
quire much more time than the active VAChT-mediated trans-
port.

1t seems unlikely that the VAChT-independent secretion of
ACh, as recently detected for Drosophila (64), has a major role
during the development of the mammalian NMJ based on our
assessment of muscle morphology, axonal patterning, MN sur-
vival, and synaptogenesis in VAChT?“! mice. It is well es-
tablished that the survival of MN, as well as proper axonal and
synaptic targeting, depends on effective competition for neu-
rotrophic support that can be modulated by muscle activity
during embryogenesis. ACh has been recognized to act as a
signal that induces proper axonal branching, nerve terminal
size, and number and maturation of synapses. It likely gener-
ates muscle activity leading to the secretion of neurotrophic
factors during embryonic development (4, 35). The pro-
grammed cell death of MNs is also regulated by ACh, and
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ChAT-null mice have an increased number of MNs (4, 6, 35).
These results are consistent with the well-known phenomenon
of increased survival of MNs after a pharmacological blockade
of muscle nAChR during development (38, 39, 42). Our ob-
servation that VAChT!"™! mice, despite having a fivefold
increase in tissue ACh levels, have alterations in neuromuscu-
lar development similar fo that seen for ChAT-deficient mice
strongly suggesis that passive uptake by vesicles or even a
leakage of ACh from nerve terminals cannot compensate for
the lack of VAChT. In fact, the increase in ChAT, CHT1, and
ACh contents should conspire to facilitate ACh leakage in
VAChT**"*! mice but apparently to no avail. It is curious,
however, that the VAChT-independent ACh secretion de-
scribed previously for Drosephila (64) does not operate in the
mammalian NMJ. The difference between mice and flies may
relate to the fact that ACh in Drosophila photoreceptors is not
the chemical transmitter of these synapses as it is for the
mammalian NMJ (64); rather, ACh in the fly photoreceptor
seems [0 function as a developmental cue, whereas histamine
is the actual neurotransmitter.

Cytoplasmic ACh in the absence of VAChT. We also find
that the removal of the VAChT gene, which is embedded in
the first intron of the ChAT gene, causes several neurochem-
ical alterations in cholinergic synapses. The large increase in
the ACh content is opposite from what happens in mice null
for vesicular monoamine transporter 2, as they have a decrease
in intracellular monoamine contents (62). C. elegans carrying a
blocking mutation of VAChT also has an increase in ACh
contents (29, 65).

The increase in the ACh content in mutant mice is likely due
to increased levels of expression of ChAT and CHTI. The
change in ChAT expression may be related to a compensatory
mechanism due to the lack of ACh release, but it might also
arise from the physical removal of a large fragment of the
ChAT gene, which includes a large part of the first intron (after
the R exon), the N exon, and part of the second intron. This
deletion physically places the M promoter of ChAT close to
the promoter for VAChT and potentially could increase the
level of expression of ChAT mRNAs. However, given the fact
that the CHT! expression level is also increased, it is possible
that the lack of evoked ACh release triggers signals that up-
regulate the ACh synthesis machinery. Moreover, the increase
in the number of MNs can also contribute 1o the increased
levels of CHT1 and ChAT in the spinal cord. Given that indi-
vidual synaptic terminals at the NMJ show increased CHT1 ex-
pression levels by immunofluorescence, we favor the possibility
that both increased expression levels and the increased number of
neurons contribute to the higher levels of CHT1 and ChAT. It
remains to be determined if cholinergic neurons in the brain
present similar changes in morphology and sprouting,

Our data suggest that changes in levels of expression of ChAT
and CHTI “in vivo™ can effectively increase the ACh content in
cholinergic terminals. Moreover, it seems that the excess ACh in
the cytoplasm can be accumulated without degradation, suggest-
ing that “in vivo,” this excessive amount of ACh does not impair
ACh synthesis. These results agree with data from previously
reported experiments performed in the presence of the VAChT
inhibitor vesamicol, which, in the superior cervical ganglion, im-
pairs ACh release and allows an accumulation of cytoplasmic
ACh (13). These data suggest that ACh synthesis is not regulated
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by mass action, as previously proposed by a number of investiga-
tors (25, 57, 58), because in the absence of ACh release, the
transmitter continues o accumulate,

Previous results indicated that both the exocytosis-endocy-
tosis of synaptic vesicles and the quantal release of the neuro-
transmitter occur in developing axons (24, 34). Our experi-
ments indicate that VAChT regulates a key step for
physiologically relevant neurotransmission during the develop-
ment of the NMJ.
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Quabain is a cardiotonic glycoside that inhibits the sodium potassium ATPase pump leading to sodium
accumulation in nerve terminals. At the frog neuromuscular junction, ouabain induces acetylcholine
release and a rapid depletion of synaptic vesicles, In the present work, we used FM1-43 vital labeling to
dissect the effect of ouabain on synaptic vesicles recycling, We first examined images of nerve-muscle
preparations that were stained with FM1-43 by electrical stimulation of the nerve and destained with
ouabain. We observed that ouabain induced exocytosis of synaptic vesicles independently of
extracellular calcium, implying a mechanism of exocytesis that can bypass the requirement for
extracellular calcium, We therefore tested the hypothesis that ouabain induces exocytosis by mobilizing
intracellular calcium and we report that calcium release from endoplasmic reticulum through ryanodine
receptors is necessary for ouabain-evoked exocytosis. In addition, the ouabain-evoked exocytosis was
dependent on calcium released from mitochondria. We also investigated if exocytosis evoked by ouabain
is followed by compensatory endocytosis. We observed that muscles incubated with FM1-43 in the
presence of ouabain did not present significant staining. In conclusion, our data demonstrate that
exocytosis evoked by ouabain is independent on extracellular calcium but dependent on calcium release
from endoplasmic reticulum and mitochondrial stores. In addition, we suggest that ouabain can be used
as a pharmacological tool to uncouple synaptic vesicles exocytosis from endocytosis at the
neuromuscular junction,

© 2009 Elsevier Ltd, All rights reserved.

1. Introduction

endocytosis to avoid vesicle depletion and consequently, paraly-
sis of neurotransmission. Therefore, many studies have focused on

One of the most defining features of a synapse is the presence of
synaptic vesicles at the presynaptic axon terminal. These
organelles are directly involved in one essential presynaptic
function; the release of chemical messengers. Synaptic vesicles
store neurotransmitters in their lumen and secrete their content
by fusion with the plasma membrane in response tocalciuminflux
(reviewed by Siidhof, 2004). A crucial step for maintaining
neurotransmission, especially during sustained activity, involves
the ability of synaptic vesicles to undergo repetitive cycles of exo-

“ Corresponding author at: Department of Morphology, Cell Biology Program,
Biological Sciences Institute, Federal University of Minas Gerais, Av. Antonio Carlos
6627, Belo Horizonte, MG 31270-901, Brazil. Tel: +55 31 34992824,
fax: +55 31 34992810

E-mail address: cguati@ich.ufmg.br (C. Guatimosim).

0197-0186/$ - see front matter @ 2009 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.neuint.2009.04.009

understanding synaptic vesicle recycling using distinct pharma-
cological tools to evoke neurotransmitter release. One tool is
ouabain, a cardiac glycoside extracted from the seeds of the
African tree Strophanthus gratus. It is a potent cardiotonic
glycoside that inhibits Na', K'-ATPase and, by increasing
intracellular sodium levels, evokes neurotransmitter release that
isusually independent onextracellular calcium and dependent on
intracellular calcium store (Birks, 1963; Elmqvist and Feldman,
1965a,b; Paton et al., 1971; Vizi, 1972; Baker and Crawford, 1975;
Gomez et al., 1975; Vizi and Vyskocil, 1979; Meyer and Cooper,
1981; Vyas and Marchbanks, 1981; Adam-Vizi and Ligeti, 1984;
Adam-Vizi et al.,, 1991; Mulkey and Zucker, 1992; Prado et al.,
1993; Casali et al., 1995; Gomez et al., 1996; Lomeo et al., 2003;
Pivovarov and Drozdova, 2003). However, the intracellular target
for ouabain action remains unknown, at least for the neuromus-
cular junction,
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In the present study, we investigated the effect of ouabain on
the synaptic vesicle cycle using vital labeling of the frog
neuromuscular junction with FM1-43 (Betz and Bewick, 1992a;
Betzet al., 1992b). The FM family of activity-dependent fluorescent
dyes has been useful for the study of exocytosis, endocytosis and
vesicle trafficking in ex vivo preparations such as the neuromus-
cular junction (Betz and Bewick, 1992a; Betz et al, 1992b;
Ribchester et al., 1994; Brumback et al., 2004). This dynamic
approach allowed us to visualize synaptic vesicles recycling
evoked by ouabain and to identify the intracellular calcium stores
involved at ouabain-evoked synaptic vesicles exocytosis at the
neuromuscular junction. In addition, we showed that ouabain
selectively inhibits compensatory endocytosis and therefore we
suggest that this glycoside might be used as a tool to uncouple
exocytosis from endocytosis.

2. Materials and methods
2.1. Drugs and chemicals

FM1-43 was purchased from Invitrogen™; ouabain, d-tubocurarine, EGTA-AM,
2-APB, azumolene, oligomycin, and CCCP were purchased from Sigma-Aldrich.
CGP37157 was obtained from Calbiochem, NJ, USA. All other chemicals and
reagents were of analytical grade.

2.2, Experimental procedures

2.2.1. Staining and destaining with FM1-43

All procedures were approved by the local animal care committee (CETEA-
UFMG). Briefly, Frog cutaneous pectoris nerve-muscle preparations were
dissected from Rana catesbeiana (~60 g} and mounted in a sylgard-lined chamber
containing frog Ringer solution {115 mM Na(l, 2.5 mM KCl, 1.8 mM CaCly, 5 mM
Hepes, pH7.2 ). FM1-43 was used at 4 M to stain the recycling pool of synaptic
vesicles (Betz et al., 1992b). FM1-43 stains the extracellular membrane and upon
stimulation, dye is internalized during cycles of exo-endocytosis. After washing
out excess dye, endocytosed vesicles can be destained by a second round of
stimulation (Betz and Bewick, 1992a). Frog nerve terminals stained with FM1-43
by tetanic stimulation (20 Hz, 10 min} present the typical pattern of fluorescent
spots over the terminal length (Betz et al., 1992b). Each spot corresponds to a
cluster of synaptic vesicles containing FM1-43 inside them ( Henkel et al., 1996;
Richards et al., 2000),

The muscles were incubated with d-tubocurarine (16 LM} to prevent contrac-
tions during electrical stimulation or image acquisition and thereafter they were
stimulated by the nerve for 10 min with tetanic stimulus (20 Hz, 0.5 ms, square
wave pulses, 4 V) fired by a suction electrode in the presence of FM1-43 (4 pM).
After electrical stimulation, the preparation was maintained at rest for 15 min to
guarantee maximal FM1-43 uptake, The excess of FM1-43 adhered to the muscle
membrane was removed during a washing period in frog Ringer without the probe
for at least 60 min. To investigate the ouabain effect on synaptic vesicles exocytosis,
the glycoside was added to the frog Ringer in concentrations ranging from 1 pM to
100 uM and the destaining of motor nerve terminals labeled with FM1-43 was
followed for 60 or 90 min. Images were acquired in intervals of 10 min until the end
of the experiments.

Experiments investigating the role of extracellular Na* and Ca®* ions on the
exocytosis induced by ouabain were performed in modified Ringer solutions with
equimolar substitution of NaCl for LiCl and equimolar substitution of CaCly for
MgCl,, respectively. EGTA (2 mM), an extracellular calcium chelator, was added to
the modified Ringer without Ca®. The preparations were incubated in modified
Ringers for 1 h before treatment with ouabain

Modified Ringer with equimolar substitution of CaCl, for MgCl, was also used to
investigate the participation of intracellular Ca®* stores on the vesicular release
evoked by ouabain. The muscles were incubated for 60 min in the modified Ringer
in the presence of EGTA-AM (50 M), an intracellular calcium chelator, before
exposure to ouabain. To elucidate the source of intracellular calcium ions related to
exocytosis evoked by ouabain, the preparations were pre-incubated for 60 min in
modified Ringer without Ca®* in which was added 2-APB (100 M), azumolene
(100 puM]) or CGP37157 (50 wM), inhibitors of inositol triphosphate receptors
(IP3R), ryanodine receptors (RyR) and mitochondrial Na'/Ca®* exchanger,
respectively.

The effects of ouabain on compensatory endocytosis were investigated by
following FM1-43 active uptake. Preparations were incubated for 30 min in frog
Ringer containing ouabain (100 uM) and FM1-43, The images were acquired after
the washing period. The same protocol was used to investigate the effectof CCCPon
compensatory endocytosis. [n another set of experiments, muscles were pre-
incubated with oligomycin (8 jpg/ml} for 60 min and then electrically stimulated by
the nerve (20 Hz, 10 min} in the presence of FM1-43 and oligomycin. The images
were collected after the washing period.

2.2.2. Huorescence microscopy and imaging analyses

Images were acquired using a fluorescence microscope {Leica DM2500) coupled
to a CCD camera (12 bits, Micromax } and visualized in acomputer. The fluorescence
microscope was equipped with water immersion objectives (63 », 0.95 NA and 40,
0.75 NA) and standard fluorescein optics {excitation 480 nm, dichroic 505 nm,
emission 535 nm long pass). Excitation light came from a 100 W Hg lamp. The
experimental parameters for collection of images were always identical in control
and test contralateral muscles in a given trial.

Image analysis was performed using the software Metamorph Imaging System
7.0 which allows to draw lines around regions of interest and can be used to
measure the brightness levels emitted from each fluorescent spot. 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 softwares Microsoft
Excel and Sigma Plot 9.0, Statistical analysis was performed using paired students t-
test. P values < 0.05 were considered statistically significant.

3. Results
3.1, Ouabain-evoked destaining of nerve terminals

Several reports suggest that ouabain induces neurotransmitters
release in distinct experimental models (Vizi, 1972; Baker and
Crawford, 1975; Gomez et al., 1975; Haimann et al., 1985; Prado
et al., 1993; Casali et al., 1995; Lomeo et al.,, 2003). To investigate
the effect of Na'/K'-ATPase inhibition induced by ouabain on
synaptic vesicles recycling, frog cutaneous pectoris motor nerve
terminals were stained with FM1-43 by electrical stimulation of
the nerve (Betz et al., 1992b). Fig. 1A, C and E shows representative
images of nerve terminals with a typical pattern of staining, i.e.,
fluorescent spots over the terminal length. Upon electrical
stimulation (20Hz, 10 min), muscle-nerve preparations stained
with FM1-43 destained (Fig. 1F), reflecting dye release from
recycling vesicles. Incubation with ouabain (100 .M, 60 min) also
induced destaining in terminals that were previously stained with
FM1-43 by electrical stimulation (Fig. 1D). Control for photo-
bleaching due to repetitive illumination was performed and there
was some fluorescence decay in terminals that were illuminated
for 60 min (Fig. 1B). To quantify the decrease in brightness that
occurred due to photobleaching, ouabain (1, 10, 50 and 100 pM)
and electrical stimulation, the mean fluorescence intensity of areas
of interest was collected as grey levels (12 bits 4096 levels) and
plotted against time (Fig. 1G). The rate of destaining of fluorescent
spots was much faster when evoked by electrical stimulation than
that evoked by ouabain, suggesting distinct mechanisms of
synaptic vesicles release. The effect of ouabain was dose-
dependent, with concentrations above 10 pM already inducing
significant exocytosis. Photobleaching-evoked loss of fluorescence
was statistically significant lower than that evoked by electrical
stimulation or ouabain (10-100 M, Fig. 1G).

Deri and Adam-Vizi (1993) showed that ouabain induces a
gradual increase in intracellular sodium concentration in synapto-
somes. To investigate if exocytosis of FM1-43 stained synaptic
vesicles induced by ouabain is dependent on sodium, nerve-
muscle preparations were incubated in modified frog Ringer with
equimolar substitution of sodium for lithium in the presence of
ouabain (100 wM) for 30 min. We detected no destaining by
ouabain in this condition (p = 0.522, black arrow in Fig. 2]), and the
small decrease in fluorescence was similar to photobleaching
(Fig. 2]). However, when we exchanged the modified frog Ringer by
a normal Ringer containing sodium with ouabain (100 uM) and
followed the destaining of fluorescent spots from the same nerve
terminal, now we could detect significant fluorescence loss
(p=0.002, Fig. 21 and ]). The amount of destaining was equivalent
to that obtained in nerve terminals exposed to normal sodium frog
Ringer containing ouabain for 90 min (Fig. 2F and ]). Thus, the
results so far show that at the neuromuscular junction, ouabain
induces exocytosis of FM1-43 stained synaptic vesicles and this
effect is dependent on extracellular sodium.
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Fig. 1. Ouabain promotes synaptic vesicle release and FM 1-43 destaining. (A) Representative frog neuromuscular junction stained with FM1-43 after electrical stimulation
(20 Hz, 10 min ). Note the punctuate pattern of synaptic vesicles clusters stained with the fluorescent probe. (B) Images acquired at 10 min intervals for a total experiment
period of 60 min. The reduction in fluorescent spots intensity was due to photobleaching. (C) Motor nerve terminal stained with FM1-43 before addition of ouabain. (D) After
1 h of incubation with ouabain {100 pM), the terminal shows a significant reduction in fluorescence reflecting vesicular release. (E) Frog motor nerve terminal stained with
FM1-43. (F) The same motor terminal seen in the previous panel submitted to 10 min of tetanic stimulation (20 Hz}. (G) Time-course of destaining evoked by ouabain (1, 10,
50 and 100 pM) and by electrical stimulus (20 Hz, 10 min). Note that the ouabain-evoked destaining has a slower kinetic than tetanic stimulation. The photobleaching curve
is plotted for control purposes. (Scale bar for all images: 10 um.) The dose-response curves and the photobleaching plotted in (G) represent the mean of at least three
independent experiments in which were considered 15 spots for analysis in each condition, The destaining with 20 Hz is a representative experiment. Error bars: =5.EM. At

the end of 60 min, p < 0.05 for 10, 50 and 100 M of ouabain,

3.2. Calcium dependence of exocytosis evoked by ouabain

Cardiotonic glycosides such as ouabain induce rapid sponta-
neous acetylcholine release by mobilizing intracellular calcium in
motor nerve terminals (Elmgvist and Feldman, 1965a,b; Baker and
Crawford, 1975). However, the intracellular calcium source
involved in this process is still unknown. Here, we investigated
the calcium-dependence of ouabain effect on FM1-43 destaining
at the neuromuscular junction. Fig. 3A and B are representative
images acquired at the beginning and the end of a control
photobleaching experiment, respectively. Fig. 3C and D are
representative images of a destaining evoked by ouabain
(100 M) in normal Ringer. Fig. 3E shows a representative motor
nerve terminal stained with FM1-43 and Fig. 3F shows the same
terminal after 60 min of incubation with calcium-free Ringer
containing EGTA and ouabain (100 wM). As we can see in Fig. 31,
the destaining curve for ouabain in calcium-free medium overlaps
with that obtained in normal Ringer. In fact, if we subtract the
photobleaching, the amount of FM1-43 destaining was, on
average, 21.97% and 20.88% for ouabain and ouabain plus EGTA

respectively (p=0.877), suggesting that at least for cholinergic
motor neurons from the neuromuscular junction, exocytosis
evoked by ouabain is independent on extracellular calcium. We
performed experiments using the intracellular calcium chelator
BAPTA-AM in the nerve-muscle preparation stained with FM1-43,
however, this chelator quenched the fluorescence of FM1-43 (not
shown). Therefore, we relied in the slower calcium chelator EGTA-
AM. Fig. 3G shows a nerve terminal that was stained with FM1-43
and incubated with frog Ringer containing EGTA-AM (50 wM) for
60 min. After the incubation period, ouabain (100 M) was added
to the solution and after 60 min, the same terminal was imaged
(Fig. 3H). We observed a reduction in FM1-43 destaining evoked
by ouabain in the presence of EGTA-AM (5.10%) when compared
with the destaining evoked by ouabain plus EGTA (20.88%, Fig. 4A).
Vizi (1972) describes that the inhibition of the Na' K'-ATPase by
ouabain leads to an increase in intracellular sodium levels, a loss of
intracellular potassium and possibly changes in intracellular
calcium concentration. The inhibition of FM1-43 destaining by
EGTA-AM prompted us to seek for the intracellular calcium
source(s) for the ouabain effect. We first used 2-APB and
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Fig. 2. Vesicular release evoked by ouabain is dependent on sodium ions. (A} Frog neuromuscular junction stained with FM1-43 at the beginning of a control experiment. (B}
Decrease of spots fluorescence intensity due to photobleaching after 30 min. {C) Photobleaching observed at the end of 90 min. (D) Motor terminal stained with FM1-43
before addition of ouabain (100 uM). (E} The same terminal seen in (D) after 30 min of incubation with ouabain. (F) Destainning induced by ouabain after 90 min. (G) Motor
terminal stained with FM1-43 and pre-incubated for 60 min in a modified Ringer in which Na* ions were replaced by Li*, { H) The same terminal after 30 min of exposure to
ouabain {100 M) in the modified Ringer lacking Na*. Note that the fluorescent spots presented little destaining, (1) Modified Ringer lacking Na* was exchanged by normal
frog Ringer (black arrow in (J}}. Ouabain evoked a significant FM 1-43 destaining 60 min after medium exchange. (J) Time-course of experiments similar to that described in
{A-I}. {Scale bars: 10 pm. Curvesin (J) represent, the mean of at least three independent experiments in which were considered 15 spots for analysis. Error bars: =SEM.)

azumolene that are inhibitors of endoplasmic reticulum IP3R and
RyR, respectively (Maruyama et al., 1997; Tian et al., 1991). Nerve
terminals were stained with FM1-43 and pre-treated with frog
Ringer containing 2-APB (100 wM) for 60 min. After this period, the
medium was exchanged by a fresh one containing 2-APB and
ouabain (100 wM) and images were obtained every 10 min during
60 min. FM1-43 destaining evoked by ouabain in the presence of
2-APB was not statistically different from that obtained in the
absence of this drug (Fig. 4A). However, nerve terminals that were
exposed to ouabain in the presence of azumolene (100 pM)
presented only 7.86% of destaining which was statistically
different from that obtained with ouabain alone (p < 0.001),
suggesting that calcium released through RyR at the endoplasmic
reticulum may be involved in the mechanism of action of ouabain.

At the presynaptic nerve terminals it has been shown that
mitochondria have a major role in intracellular calcium handling
and neurotransmitter release (Alnaes and Rahamimoff, 1975;
Rahamimoff et al, 1978; David et al, 1998; David, 1999). To
investigate if ouabain-evoked synaptic vesicle exocytosis recruits
mitochondrial calcium stores, muscle-nerve preparations stained
with FM1-43 were incubated for 60 min in frog Ringer containing
CGP37157 (50 juM), a blocker of mitochondrial Na*/Ca®" exchanger

and then expased to ouabain (100 wM) in the presence of
CGP37157. Fig. 4A shows averaged data from three individual
preparations exposed to ouabain in the presence of CGP37157, We
noticed that CGP37157 inhibits FM1-43 destaining induced by
ouabainin similar way to that observed with EGTA-AM (Fig. 4A). In
fact, destaining evoked by ocuabain in the presence of CGP37157
was not statistically different from that obtained in the presence of
EGTA-AM (p = 0.305).

In search for more evidences that could relate mitochondrial
calcium stores with the synaptic vesicles exocytosis induced by
ouabain, we compared FM1-43 destaining evoked by ouabain with
that evoked by pharmacological agents that disrupt mitochondrial
function, We therefore tested the effect of the protonophore CCCP
(2 M), a metabolic uncoupler that inhibits ATP synthesis and
increases intracellular calcium levels by inducing calcium efflux
from mitochondria (Baker and Schlaepfer, 1978; Molgd and Pecot-
Dechavassine, 1988). We found that CCCP (2 M) induced FM1-43
destaining with a time-course very similar to that evoked by
ouabain. This is illustrated in Fig. 4B which shows that FM1-43
destaining obtained after 60 min of treatment with ouabain or
CCCP were similar on average (20.88% for ouabain and 24.40% for
CCCP, p= 0.489). We also tested the effect of oligomycin (8 pg/ml),
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Fig. 3. Vesicular release induced by ouabain is independent on extracellular Ca**
ions but seems to recruit intracellular Ca®* stores. (A} A representative image of a
motor nerve terminal stained with FM1-43. (B) Photobleaching observed at the end
of a control experiment. (C) Motor terminal stained with FM1-43 before addition of
ouabain (100 pM). (D) Destaining induced by ouabain after 60 min. (E} Terminal
stained with FM1-43 and incubated for 60 min in modified Ringer in which Ca**
ions were replaced by MgJ' and with ECGTA (2 mM), (F) After incubation with
Ouabain (100 M) for 60 min, the glycoside induced destaining of fluorescent spots
evenin the absence of extracellular Ca?* ions, (G) Motor nerve terminal stained with
FM1-43 and incubated for 60 min in the modified Ringer supplemented with EGTA-
AM (50 pM). (H) The same terminal seen in (G) after incubation with ouabain
(100 uM) for 60 min in modified Ringer containing EGTA-AM. Just a little
destaining of fluorescent spots was observed. (1) Time-course curves of the
destaining evoked by ouabain in the absence or in the presence of EGTA or EGTA-
AM. Intracellular Ca** sequestration inhibits vesicular release by ouabain. (Scale
bars: 10 um. Curves in (1} represent the mean of at least three independent
experiments in which were considered 15 spots for analysis, Error bars: =5E.M.)

another metabolic uncoupler that inhibits mitochondrial ATP
synthesis without inducing calcium release from this organelle
(Budd and Nicholls, 1996; Calupca et al., 2001) on FM1-43
destaining. Fig. 4B shows that oligomycin did not induce
statistically significant FM1-43 destaining. Taken together, these
results suggest that mitochondrial calcium release might strongly
contribute for ouabain-evoked exocytosis of FM1-43 stained
synaptic vesicles.
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Fig. 4. Quabain promotes vesicular release mobilizing Ca** ions stored in
mitochondria and endoplasmic reticulum. (A) Graph comparing the destaining
induced by ouabain in motor terminals stained with FM1-43 after 1 h of pre-
incubation with 2-APB, azumolene, CGP37157 (inhibitors of IPsR, RyR and
mitochondrial ~ Na®/Ca®*  exchanger, respectively) or EGTA-AM. The
photobleaching wvalues were subtracted from the ouabain-induced FM1-43
destaining in each condition. These experiments were conducted in modified
Ringer in which Ca®* ions were replaced by Mg®', (B) Comparative analysis of the
destaining induced by ouabain, oligomycin (an inhibitor of ATPsynthase) or CCCP{a
protonophore which disrupts mitochondrial Ca** uptake mechanisms). The
vesicular release evoked by ouabain has a time-course similar to that induced
by CCCP. However, oligomycin could not evoke vesicular release and FM1-43
destaining, {Bar graph in (A) and curves in (B} represent the mean of at least three
independent experiments for each condition in which were considered 15 spots for
analysis. Error bars: £S.EM. *p < 0.05.)

3.3. Ouabain evokes synaptic vesicles exocytosis that is not followed
by compensatory endocytosis at frog neuromuscular junction

Haimannet al. (1985), by performing an ultrastructural analysis
of frog motor terminals exposed to ouabain, reported a depletion of
vesicular pools and an increase in the terminal area, suggesting an
impairment of endocytosis in nerve terminals treated with the
glycoside. To determine whether the depletion of synaptic vesicles
observed with ouabain was due to impairment of vesicle recycling,
we therefore tested directly this paradigm by visualizing FM1-43
internalization evoked by ouabain. Nerve-muscle preparations
were incubated for 30 min in frog Ringer solution with ouabain
(100 wM) and FM1-43. On this condition, we did not observe the
typical punctuate staining of FM1-43 fluorescent spots (Fig. 5A). To
confirm the disruption of endocytosis due to ouabain treatment,
nerve-muscle preparations were pre-incubated with the glycoside
for 60 min and subsequently submitted to tetanic stimulation
(20Hz, 10 min) in the presence of FM1-43. Pre-incubation with
ouabain inhibited FM1-43 uptake and the terminals did not
present the typical punctuate patternof staining. Instead, they had
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Fig. 5. Exocytosis evoked by ouabain is not followed by compensatory endocytosis. (A} A representative nerve terminal exposed to FM1-43 during 30 min of incubation with
ouabain. (B) A representative nerve terminal from a nerve-muscle preparation that was exposed to FM1-43 for 60 min in the presence of CCCP (2 WM ). Despite of promoting
vesicular release, ouabain and CCCP do not induce FM1-43 uptake by compensatory endocytosis. (C) Another representative nerve terminal from a preparation thatwas pre-
incubated with oligomycin (8 pg/mi} for 60 min and then exposed to FM1-43 during tetanic stimulation {20 Hz, 10 min) to evoke synaptic vesicles exocytosis. The same lack
of staining with FM1-43 was observed. (Scale bars: 10 wm, Every experiment was repeated for, at least, three times.)

just a weak punctuate aspect {not shown). In addition, even when
preparations pre-incubated with ouabain were later submitted toa
washing time for 1 h in frog Ringer to remove the glycoside, the
terminals presented no significant FM1-43 uptake when sub-
mitted to tetanic stimulation (not shown), suggesting that ouabain
might block endocytosis irreversibly. Based on the observation
that at the ultrastructural level, nerve terminals that were treated
with CCCP are depleted of synaptic vesicles (Molgé and Pecot-
Dechavassine, 1988) and show alterations that are qualitatively
similar to those reported for ouabain (Haimann et al., 1985), we
therefore analyzed the pattern of FM1-43 staining obtained in the
presence of this protonophore. Nerve-muscle preparations that
were submitted to staining with FM1-43 in the presence of CCCP
(2 M) show no uptake of the fluorescent dye (Fig. 5B). Interest-
ingly, the same lack of staining was observed when muscles were
pre-incubated with oligomycin (8 pg/ml), which also collapses
mitochondrial energetic but does not cause calcium leaking from
mitochondria (Fig. 5C).

4. Discussion

In the present work, we optically showed the effects of ouabain
on synaptic vesicle recycling at the frog neuromuscular junction.
Using the fluorescent dye FM1-43, we provided direct evidences
that ouabain evokes synaptic vesicles exocytosis that is dependent
on intracellular calcium stores (endoplasmic reticulum and
mitochondria). According to Adam-Vizi (1992), there are three
possibilities of calcium independent vesicle release: (1) exocytosis
independent of extracellular calcium ions but mediated by
recruitment of intracellular calcium stores. (2) Exocytosis com-
pletely independent of calcium ions, which uses the same
molecular machinery employed in the calcium fired wvesicle
release. This hypothesis is related to the possibility of exocytosis
evoked by an increase in intracellular ions other than calcium like,
for example, sodium ions (Nordmann and Stuenkel, 1991;
Nordmann et al., 1992; Meunier et al., 1997).(3) Vesicular release
completely independent of calcium ions, which uses molecular
machinery distinct from that employed in calcium fired exocytosis.
Several pharmacological agents can evoke vesicular release in a
calcium free environment in a way similar to that evoked by
ouabain. Indeed, this was observed using sodium ionophores,
veratridine, ethanol, w«-latrotoxin, hypoxic conditions and unsa-
turated fat acids. All these conditions share common aspects like:
(a) slower kinetic than that observed with calcium fired exocytosis
and (b) a smaller dependence from membrane potential (reviewed
by Adam-Vizi, 1992).

Even though there were evidences for motor nerve terminals
that cardiotonic glycosides such as ouabain induce rapid sponta-
neous acetylcholine release by mobilizing intracellular calcium,
the intracellular calcium source involved in this process was still
unknown (Elmqvist and Feldman, 1965a,b; Baker and Crawford,
1975). In this work, to identify the calcium sources recruited by

ouabain, we used azumolene and 2-APB, inhibitors of RyR and IP3R,
respectively. Azumolene inhibited ouabain induced exocytosis, but
2-APB did not interfere with ouabain induced FM1-43 destaining.
Experiments with TMB-8, another RyR inhibitor also provided
similar results to that obtained with azumolene (data not shown),
suggesting that ouabain might mobilize calcium ions stored in
endoplasmic reticulum via RyR. Mitochondria also modulate
homeostasis of the cytosolic calcium concentration. In neurons
and chromaffin cells, mitochondria can act as rapid and reversible
calcium buffer (Werth and Thayer, 1994; Herrington et al., 1996;
Babcock etal,, 1997). Montero et al. (2000) found a tight functional
coupling of voltage dependent calcium channels on the plasma
membrane, RyR on the endoplasmic reticulum and mitochondria.
They reported that protonophores, which abolish mitochondrial
calcium uptake, can increase secretion of catecholamine by
controlling calcium levels available for exocytosis. It was men-
tioned previously that ouabain inhibits Na'/lK' ATPase and creates a
condition favorable to intracellular Na' accumulation. High
intracellular levels of sodium ions could promote calcium
extrusion from mitochondria via its Na'/Ca®" exchanger. To check
the possibility that at the neuromuscular junction, ouabain might
recruit mitochondrial calcium for vesicle release, we used
CGP37157. Fig. 4A shows that CGP37157 strongly inhibited
ouabain induced FM1-43 destaining and consequently vesicle
release. Moreover, in the absence of sodium ions, ouabain could
not evoke exocytosis significantly (Fig. 2]). Narita et al. (1998)
reported that the influx of calcium ions through the presynaptic
terminal can recruit internal calcium stores via RyR. This
mechanism of Ca®' induced Ca?' release (CICR) is coupled to
voltage-dependent calcium channels and amplifies the impulse-
induced rise in [Ca®']; enhancing neurotransmitter exocytosis.
Therefore CICR is a type of short-term plasticity (Narita et al.,
2000). In our investigation, we observed that calcium stored in
mitochondria and endoplasmic reticulum is involved in the
ouabain-evoked exocytosis which occurs even in the absence of
extracellular calcium. We speculate that an intracellular mechan-
ism similar to CICR involving different organelles could operate
during ouabain treatment, Calcium ions which leak from
mitochondria via Na'/Ca?' exchanger due to intracellular accu-
mulation of sodium ions after ouabain treatment might activate
RyR on endoplasmic reticulum leading to an increase in [Ca®'];
sufficient to fire spontaneous vesicle release and FM1-43
destaining.

We dynamically demonstrated that ouabain evokes synaptic
vesicles exocytosis that is not followed by compensatory
endocytosis. This result is in agreement with Haimann et al.
(1985) who reported absence of HRP internalization at neuro-
muscular junction submitted to treatment with ouabain. They also
describe the appearance of membrane infoldings at the presy-
naptic terminal. Molgé and Pecot-Dechavassine (1988) reported
that CCCP, a protonophore and a respiratory chain uncoupler
which also leads to calcium leaking from mitochondria, increases
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MEPPs frequency and promotes depletion of synaptic vesicle
clusters at neuromuscular junctions independently of extracellular
calcium ions. Moreover this protonophore caused an expressive
mitochondrial swelling and disruption of mitochondrial crests.
These alterations in mitochondrial structure are very similar to
that noticed by Haimann et al. (1985) after treatment of frog
neuromuscular junctions with ouabain., Our data suggest a
similarity between the effects of ouabain and CCCP on the synaptic
vesicle cycle. FM1-43 destaining induced by CCCP had a kinetic
equivalent to that plotted for ouabain (Fig. 4B). Another evidence
that ouabain causes a collapse of mitochondrial function is
provided by Whittam and Blond ( 1964) who reported a reduction
in oxygen consumption at brain cortical slices that were previously
incubated with ouabain. In addition, Wang et al. (2004), working
with a drosophila temperature sensitive mutant in phosphogly-
cerate kinase, an enzyme required for ATP generation, reported
that endocytotic pathways may be more sensitive to altered ATP
levels than those used for exocytosis. Considering all these data,
ouabain, as was observed with CCCP, seems to cause an energetic
collapse which is associated to calcium leaking from mitochondria
that might promote vesicular release and selectively endocytosis
block. Further experiments should be performed to test directly
the effect of ouabain on ATP consumption at motor nerve
terminals.

Although ouabain acts inhibiting a membrane protein (Na'/
K'ATPase), this glycoside is a steroid derivate and we could not
discard the existence of intracellular targets for ouabain. It was
reported the association between ouabain and a protein of
315KD on T tubules of cat cardiomiocytes named NORP
(new31,5KD ouabain receptor protein). This interaction would
be related with the inotropic effect of the glycoside (Fujino and
Fujino, 1995). Moreover, a better understanding of the
mechanism of action of ouabain has gained more importance
with the discovery of endogenous compounds with similar
structure to ouabain in mammal tissues (Hamlyn et al.,, 1991;
Schneider et al., 1998; Boulanger et al.,, 1993) raising the
possibility of this compounds to be involved in physiological
processes.

In summary, this work identifies the endoplasmic reticulum
(RyR) and mitochondrial calcium stores as possible targets for
ouabain effect on synaptic vesicles exocytosis at the neuromus-
cular junction. In addition, we showed that ouabain evokes
exocytosis that is not followed by compensatory endocytosis. We
propose that ouabain can be used as a pharmacological tool to
uncouple synaptic vesicles exocytosis from endocytosis and can be
applied in studies that aim to investigate these two processes
independently.
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Abstract

Cholesterol is an abundant component of animal cell membranes and it
regulates membrane fluidity. In association with sphingolipids and glycolipids,
cholesterol also participates on the assembly of specific domains resistant to nonionic
detergents at 4°C. Initially, these microdomains were named lipid rafts but more
recently they have been renamed as membrane rafts since they are associated to many
proteins including those involved on synaptic vesicle cycle like SNAREs and some
calcium channels isoforms. In this work, we investigated the role of cholesterol on
synaptic vesicles recycling at the frog neuromuscular junctions. Cholesterol removal by
methyl-B-cyclodextrin (MBCD) induced fusion of synaptic vesicle pools labeled with
the styryl dye FM1-43 and increased MEPPs frequency and amplitude. Cholesterol
removal by MBCD did not have any effect on acetylcholinesterase and did not induce
any morphological alteration on nicotinic acetylcoline receptors clusters, suggesting a
presynaptic rather than a postsynaptic action. MBCD inhibited K -evoked exocytosis
and FM1-43 uptake and ultrastructural analyses confirmed this observation and shows
that cholesterol removal disrupts evoked synaptic vesicle recycling but stimulates
spontaneous recycling. In summary, our results provide additional evidences that
membrane cholesterol acts on the modulation of synaptic vesicle cycle and seems to be
essential for the balance between evoked and spontaneous release. Moreover, our results
may reinforce the possibility of coexistence of a synaptic vesicle pool mobilized by

evoked exocytosis and another pool of vesicles that fuses spontaneously.
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Introduction

According to the mosaic fluid model proposed by Singer and Nicolson (1972),
phospholipids and proteins were globally dispersed through cell membrane. However,
in the last two decades many researchers 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 lipid rafts, are
resistant to Triton X-100 at 4°C and they are associated to many proteins like GPI-
anchored proteins and tyrosine kinases of the Src-family (Simons and van Meer, 1988;
Brown and Rose, 1992; Simons and Ikonen, 1997). More recently, a new definition for
membrane domains to be classified as rafts was proposed and the term ‘lipid raft’ was
replaced by ‘membrane raft’, as it is now widely acknowledged that rafts do not form
solely by lipid-driven interactions but involve also proteins (Pike, 2006). Therefore, the
ultimate definition of membrane raft describes it as small (10-200 nm), heterogeneous,
highly dynamic, sterol- and sphingolipid-enriched domains that compartmentalize
cellular processes. Small rafts can sometimes be stabilized to form larger platforms
through protein—protein and protein—lipid interactions (Pike, 2006; reviewed by
Rohrbough and Broadie, 2005 and Lang, 2007).

Over the years, more than 200 components have been assigned to rafts (Foster
et al., 2003) including those related to the control of the synaptic vesicle cycle, which is
a key step for neurotransmitter release into the synapse. Synaptic vesicles exocytosis is
regulated by a set of proteins, among them we highlight the SNARE complex which
mediates the fusion of synaptic vesicles with the presynaptic membrane at active zones
(reviewed by Murthy and De Camilli, 2003; Sudhoff, 2004). Noteworthy, cholesterol
has a strong impact on synaptic transmission. Zamir and Charlton (2006) reported that

cholesterol acute depletion with methyl-B-cyclodextrin (MBCD) blocked action
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potential conductance in crayfish neuromuscular junction and increased MEPPs
frequency. In hippocampal neurons, Wasser et al. (2007) observed that removal of
synaptic vesicle cholesterol with MBCD resulted in an increase in the frequency of
MEPSC events and a decrease in evoked vesicle fusion. These findings suggest that the
presence of cholesterol inhibits spontaneous fusion and favors regulated evoked
synaptic vesicles fusion.

Considering that at present there is little data showing how synaptic plasma
membrane rafts regulate functional aspects of neurotransmission, in this work we
proposed to dynamically investigate the role of acute cholesterol depletion on
exo/endocytois at the frog neuromuscular junction. Our data provides additional
evidences that cholesterol enriched microdomains have crucial roles on synaptic vesicle
cycle. Using the fluorescent probe FMI1-43 we could dynamically confirm that
cholesterol sequestration facilitates spontaneous synaptic vesicles release but inhibits
evoked exocytosis. We also show at the ultrastructural level that cholesterol removal
impairs recycling of synaptic vesicles that are mobililized during evoked stimulation but
induces recycling of those vesicles that fuses spontaneously. Finally, our
electrophysiological findings indicate that membrane cholesterol interferes with the
amplitude and area of miniature end plate potentials (MEPPS) which were not due to
postsynaptic effects. Taken together, our work reinforces the hypothesis that cholesterol
presented at membrane rafts might be responsible for restraining vesicles from fusing
spontaneously. We suggest that our work contributes to a better understanding of a
paradigm on synaptic transmission field which is how spontaneous and evoked

neurotransmission are regulated.
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Material and Methods

Drugs and Chemicals

FM1-43, Vybrant Lipid Raft Kit and a-bungarotoxin-Alexa 594 were
purchased from Invitrogen™; methyl-B-cyclodextrin (MBCD), hidroxi-propil-y-
cyclodextrin (HyCD), d-tubocurarine were purchased from Sigma-Aldrich. All other

chemicals and reagents were of analytical grade.

Experimental Procedures

Staining and destaining with FM1-43

All procedures were approved by the local animal care committee (CETEA-
UFMG) and followed the guidelines for the Use and Care of Animals for Research
issued by the NIH. Experiments with FM1-43 were done according to protocol
described by Betz ef al. (1992) and Guatimosim et al. (1998). Briefly, frog cutaneous
pectoris nerve-muscle preparations were dissected from Rana catesbeiana (~60g) and
mounted in a sylgard-lined chamber containing frog Ringer solution (115mM NacCl,
2.5mM KCIl, 1.8mM CaCl,, SmM HEPES, pH7.2). FM1-43 was used at 4uM to label
the recycling pool of synaptic vesicles (Betz et al, 1992). FMI1-43 stains the
extracellular membrane and upon stimulation, the dye is internalized during cycles of
exo/endocytosis. After washing out excess dye, endocytosed vesicles can be destained
by a second round of stimulation (Betz and Bewick, 1992).

Frog muscle-nerve preparations were stained with FM1-43 by stimulation with
high K solution (KCl 60mM) for 10min. The muscles were incubated with d-
tubocurarine 16uM to prevent contractions during the stimulus with KCI or image
acquisition. After K'-stimulation, preparations were maintained in rest for 15min to

guarantee maximal FM1-43 uptake. The excess of FM1-43 adhered to the muscle cells
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membrane was removed during a washing period in frog Ringer without the probe for at
least one hour. After staining, frog neuromuscular junctions examined in a fluorescence
microscope presented the typical pattern of fluorescent spots over the nerve terminal
length. Each spot corresponding to a cluster of synaptic vesicles labeled with FM1-43
(Betz et al., 1992; Henkel et al., 1996; Richards et al., 2001).

To investigate the effects of cholesterol sequestration over the synaptic vesicle
clusters, preparations labeled with FM1-43 were treated with concentrations of methyl-
B-cyclodextrin (MBCD) ranging from 1 to 10mM for 60min.

The role of membrane cholesterol on endocytosis was investigated through the
analyses of FM uptake during stimulation with KC1 (60mM) after preincubation with
MBCD (10mM) for 30min.

The effects of MBCD over exo/endocytosis were compared to the effects of
hidroxi-propil-y-cyclodextrin (HyCD — 10mM), a cyclodextrin which has low affinity
for cholesterol. Experimental schemes using HyCD were identical to that described for
MBCD.

Staining of lipid rafts in frog nerve terminals

To stain lipid rafts in frog motor nerve terminals, it was used the fluorescent
subunit B from cholera toxin (CTxB-Alexa 488) available in the Vybrant Lipid Raft Kit
(Invitrogen™). The experimental protocol was elaborated according to the guidelines of
the product. In summary, preparations of frog neuromuscular junctions were incubated
for 15min in Ringer containing CTxB-Alexa 488 (1pg/ml). This toxin has affinity for
the ganglyoside GM1 inserted in lipid rafts. After staining with fluorescent CTxB, the
preparations were incubated for more 15min with the antibody anti-CTxB and then

fixed with paraformaldehyde 4% at 4°C during 40min.
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To investigate the consequences of cholesterol sequestration on the lipid rafts
structure at frog neuromuscular junction, preparations were preincubated with MBCD
(10mM) or HyCD (10mM) for 30min before labeling with CTxB-Alexa 488. The
staining was compared to that obtained in control condition.

Staining of nicotinic receptors at frog neuromuscular junctions

In control experiments, nicotinic receptors for acetylcholine at frog
neuromuscular junctions were stained with a-bungarotoxin-Alexa 594 during 20min of
incubation of cutaneous pectoris muscle in Ringer containing 4pug/ml of the toxin. After
labeling, preparations were fixed with paraformaldehyde 4% at 4°C. To investigate the
effects of cholesterol sequestration on morphological aspect of nAChRs clusters, frog
neuromuscular junctions were preincubated with MBCD (10mM) for 30min before
labeling with a-bungarotoxin.

Fluorescence microscopy and image analyses

Images of frog neuromuscular junctions stained with FM1-43 were acquired in
a fluorescence microscope (Leica DM2000) coupled to a CCD camera (12 bits,
Micromax) and visualized on a computer screen. The microscope was equipped with
water-immersion objectives (63x, 0.95 NA and 40x, 0.75 NA). Excitation light came
from a 100 W Hg lamp and passed through filters to select the fluorescein spectrum of
excitation/emission. Image analysis was performed using the software Image J which
permits to quantify the brightness levels emitted by regions of interest. The mean
fluorescence intensity was determined for each group of spots and plotted as percentage
of its mean initial fluorescence using the softwares Microsoft Excel, Sigma Plot 10.0
and GraphPad Prism 4.0.

Images of frog motor terminals labeled with CTxB-Alexa 488 and o-

bungarotoxin-Alexa 594 were collected in a confocal microscope (Leica SP5) using a
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63x water-immersion objectives. Argon laser (488nm) was used for excitation of
terminals stained with CTxB-Alexa 488 and the emission spectrum was set from 510 to
620nm. For terminals marked with a-bungarotoxin, it was used a 594nm laser and the
emission spectrum was set from 610 to 710. Images collected in the confocal
microscope were analyzed using the same softwares cited for image analyses in
conventional fluorescence microscopy.

For all experiments, statistical analysis was performed through the application
of paired students #-test. P values <0.05 were considered statistically significant.

Electrophysiological recordings

The experiments were performed at room temperature (22-24°C) using the
cutaneous pectoris from Rana catesbeiana. The muscle was pinned to a silicon pad in a
5 ml acrylic chamber with ringer solution containing (in mM): NaCl 115, KCI 2.5,
CaCl; 1.8, HEPES 5, and pH 7.2 (adjusted with NaOH). Standard intracellular recording
techniques were used to record MEPPs with an Axioclamp model Axoclamp-2A
amplifier. Recordings were band-pass filtered (0.1 Hz - 10 KHz) and amplified 100X
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 8-15MQ when filled with 3M KCI. To avoid contractions during
MEPPs recording we used tetrodotoxin (0.3 uM). The DC membrane potential was also
recorded and used to correct amplitudes and areas to a standard resting potential of -80
mV using the method of Katz and Thesleff (1957). The drugs were added directly to the
bath from a ringer stock solution to the final concentrations given in the text.

Electron Microscopy

For ultrastructural studies, preparations were fixed in ice-cold fixative solution

(1.6% paraformaldehyde and 2.0% glutaraldehyde at 4°C) for 30 min. After washing
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with phosphate buffer (PB; 0.1 M), each muscle was cut into four pieces, postfixed in
osmium (2% osmium in 0.1 M PB) at 4°C, and dehydrated through an ascending series
of ethanol solutions. After dehydration the muscles were stained en bloc with uranyl
acetate (4% uranyl acetate in 50% ethanol) and embedded in EPON. The blocks were
sectioned, and gray-gold sections (80-90 nm) were collected and viewed with a Tecnai-
G2-Spirit-FEI/Quanta microscope (120 kV Philips) located at the Centro de

Microscopia da UFMG.
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Results

Cholesterol depletion induces FM1-43 destaining at frog neuromuscular

junctions
During the last ten years, many works have pointed relations between
cholesterol-enriched microdomains and proteins that regulate synaptic vesicle exo-
endocytosis (Thiele et al., 2000; Rodal et al., 1999; Salaun et al., 2005; Yoshinaka et
al., 2004; Lang et al., 2001). Some authors have also reported that a reduction in
cholesterol content on plasma and vesicular membrane causes an increase in MEPPs
frequency (Zamir and Charlton, 2006; Wasser et al., 2007). These data stimulated us to
investigate the effects of cholesterol sequestration on synaptic vesicles recycling at the
neuromuscular junction. Frog neuromuscular junctions previously labeled with FM1-43
during K'-stimulation (KC1 60mM, 10min) destained when incubated with methyl-B-
cyclodextrin (MBCD - FIG. 1B to 1C). At concentrations of 2.5mM, SmM and 10mM,
MBCD induced a significant decrease in the fluorescent signal emitted by clusters of
synaptic vesicles stained with FM1-43 when compared to the photobleaching (FIG. 1C).
To test if the FM1-43 destaining was due to cholesterol sequestration,
neuromuscular preparations were stained with FM1-43 and then incubated with
Hydroxi-propyl-y-cyclodextrin (HyCD — 10mM), which has low affinity for cholesterol.
Figures 2B, 2B’and 2C showed that HyCD did not promote significant FM1-43
destaining. To investigate if MBCD can actually interfere with membrane rafts, we used
the fluorescent subunit B from Cholera toxin (CTxB-Alexa 488) which has affinity for
the ganglyoside GM1 at membrane rafts. Preincubation of neuromuscular preparations
with HyCD (10mM- 30min) did not cause any significant alteration in CTxB labeling of
motor terminals (compare FIG. 2D to FIG. 2E). On the other hand, preincubation with

MBCD (10mM — 30min) significantly inhibited staining with fluorescent CTxB (FIG.
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2F see also Fig 2G for quantification). Taken together, these data suggest that in our

system, the effects of MBCD were resultant from cholesterol sequestration.
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Figure 1: MBCD induced synaptic vesicle release and FM1-43 destaining. A and
A’) Frog motor terminal stained with FM1-43 at the beginning and the end of a control
experiment, respectively. Each fluorescent spot represents synaptic vesicle clusters
(scale bar: 10um). The decrease in fluorescence was due to photobleaching. B and B’)
Motor Terminal stained with FM1-43 before and after 60min of incubation with MBCD
(10mM)), respectively (scale bar: 10um). The destaining was much more expressive than
that observed in control experiment. C) Percentual destaining induced by different
doses of MBCD after 60min of incubation with the cyclodextrin (error bars: S.E.M; n=3;
*p<0.05).
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Figure 2: Effects of MPCD were resultant from cholesterol sequestration. A and
A’) Motor terminal stained with FM1-43 before and after 60min of incubation with
MBCD (10mM), respectively. B and B’) Motor terminal stained with FM1-43 before
and after 60min of incubation with Hidroxi-propil-y-ciclodextrin (HyCD — 10mM),
respectively. This cyclodextrin has low affinity for cholesterol. C) Quantification of the
destaining induced by MBCD and HyCD (*p<0.05; error bars: S.E.M; n=3). D) Motor
terminal labeled with fluorescent B subunit of cholera toxin (CTxB-Alexa 488), a
marker for membrane rafts. E) Motor terminal stained with CTxB-Alexa 488 after
30min of preincubation with HyCD (10mM). F) Motor terminal labeled with CTxB-
Alexa 488 after 30min of preincubation with MBCD (10mM). G) Quantification of the
fluorescent signal emitted by motor terminals stained with CTxB-Alexa 488 in control
condition or after 30min of preincubation with MBCD or HyCD. Cholesterol
sequestration inhibited labeling of membrane rafts (n=3. *p<0.05). All scale bars in this

figure represent 10pm.
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Cholesterol removal by MBCD modify electrophysiological parameters at
the frog neuromuscular junctions

Previous works have shown that cholesterol removal from the plasma (Zamir
and Charlton, 2006) and synaptic vesicle membrane (Wasser et al., 2007) increases
spontaneous synaptic vesicle release. We therefore asked if MBCD-induced FM1-43
destaining at frog neuromuscular junctions was due to an increase in spontaneous
synaptic vesicles fusion with the plasma membrane. We measured MEPPs in
preparations that were treated with MBCD but we observed that high concentrations of
MBCD (10mM) led to a significant drop in membrane potential and muscles twitches
(table 1). These MBCD (10mM) effects made any electrophysiological analyses of
vesicle release impracticable. However, low doses of MBCD (2.5mM) had no influence
on membrane potential and induced a significant increase in MEPPs frequency (FIG.
3A to 3D - control = 0.97+ 0.08; HyCD 10mM = 0.84+0.05; MBCD 2.5 mM 1.59+0.26;
MBCD 10 mM 18.02+1.0). In addition, this increase in MEPPs frequency augmented
along time (FIG. 3E - 0-5 min 1.59+0.26; 5-10 min 5.38+0.42; 10-15 min 7.15+0.56).

Interestingly, at frog neuromuscular junction we observed that MBCD
treatment increased MEPPs amplitude and MEPPs area (FIG. 4A and 4A’), which was
not observed at the crayfish neuromuscular junction (Zamir and Charlton, 2006) and
hippocampal cultures (Wasser ef al., 2007). Considering that these two experimental
models mentioned above are glutamatergic synapses, we wondered if these MBCD
effects on MEPPs amplitude and area were specifically cholinergic. To address this
point, we first examined if cholesterol sequestration interfered with acetylcholine
degradation at synaptic cleft. Molecules of acetylcholinesterase are anchored on the
postsynaptic membrane so they could have its distribution or its functionality disrupted

after cholesterol sequestration. To investigate this possibility, we analyzed cumulative

87



frequency curves comparing the effects of neostigmin, an acetylcholinesterase inhibitor,
to the effects of MBCD over MEPPs kinetic parameters. Figures 4B and 4B’ show that
cholesterol sequestration by MBCD increased MEPPs amplitude and area even in the
presence of neostigmin (10uM). Therefore this increase in amplitude of spontaneous
events was not due to changes in the functionality of acetylcholinesterase after
cholesterol sequestration.

Another possible explanation for the increase in MEPPs amplitude and area
after MBCD may be related to changes on proper clustering of nicotinic acetylcholine
receptors (nAChRs) at the neuromuscular junction. For example, cholesterol
sequestration could disperse nicotinic receptors over the postsynaptic membrane length.
However, staining of nAChRs clusters with a-bungarotoxin-Alexa 594 after
preincubation with MBCD (10mM) revealed no morphological alterations in
comparison to that obtained in control condition (FIG. 4C). Although treatment with
MSBCD presented 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
nAChRs clusters after cholesterol sequestration. We cannot rule out functional
alterations on nAChRs after cholesterol sequestration and more refined
electrophysiological techniques like electrotonic induction of vesicle release might help
to clarify if MBCD has an influence on the functionality of nicotinic receptors at
neuromuscular junctions. Nonetheless, we suggest that cholesterol removal by MBCD
interferes with MEEP amplitude and area probably due to a presynaptic rather than a

postsynaptic effect.
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Table 1 — Effects of MBCD and HyCD over membrane potential (MP) after S

minutes of incubation with the cyclodextrins (n=3, *p<0.05)

Basal MP (mV) Relative MP
MBCD 10mM -82.1844.1 0.56+0.05*
MBCD 2.5mM -79.32+1.45 0.9940.08
HyCD 10mM -81.9745.8 0.9710.04

89



0.5mv| 18
" 16
>
2 14
g [—cControl
B T 124 [EEHCD10mM
g [ MFCD 10mM
L o] EEEMECD25mM
0
2
g
@
C 5
4
24
0-
E ¢
3 0-5min
[15-10 min
I 10-15 min
6 -
>
Q
c
o
3
T
o
1)
w 44
[
>
2
5
[
['4
2- *
I
0

Figure 3: MPBCD increased spontaneous vesicle release. A) MEPPs frequency
recorded at a frog motor terminal in resting condition. B) MEPPs frequency recorded
after S5min of incubation with HyCD (10mM). C) MEPPs frequency recorded after Smin
of MBCD (10mM). D) Histogram representing the effects of MBCD and HyCD on
spontaneous vesicle release. Data plotted correspond to Smin of incubation with the
cyclodextrins (n=3; *p<0.05). E) Even in doses that cause no significant alteration on
membrane potential (MBCD 2.5mM - see table 1), methyl cyclodextrin can significantly
increase MEPPs frequency over the time (n=3; *p<0.05).
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Figure 4: Cholesterol sequestration increased amplitude and area of spontaneous
events A) Representative MEPPs in control conditions and after incubation with MBCD
(2.5mM A’) Cumulative frequency curves showing the effects of MBCD (2.5mM) over
MEPPs area. Inset: MBCD (2.5mM), but not HyCD (10mM), increased relative area of
MEPPs after Smin of incubation with the cyclodextrins (n=3, *p<0.05). B and B’)
Neostigmin, an acetylcholinesterase inhibitor, could not block the effects of MBCD
(2.5mM) on MEPPs amplitude and area, respectively. Terminals were previously
incubated with neostigmin (10uM) for 30min and then MBCD was added to the frog
Ringer. Data were recorded before or 5, 10 and 15min after addition of the cyclodextrin
(n=3). C) Nicotinic acetylcholine receptors (nAChRs) labeled with a-bungarotoxin
conjugated to Alexa-594 in control condition or after 30min of preincubation with

MBCD (10mM - scale bar:10um).
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Cholesterol sequestration with MBCD inhibits K'-induced exocytosis and
compensatory endocytosis

Depolarizing stimuli like tetanic pulses or high KCl concentrations evoke
FM1-43 destaining and consequently synaptic vesicle fusion (Betz et al, 1992
reviewed by Gaffield and Betz 2006). We therefore investigated the effects of MBCD on
evoked synaptic vesicle release. Neuromuscular preparations that were previously
labeled with FM1-43 were stimulated with high KCI (60mM) in the presence of MBCD
(10mM) and we observed that cholesterol removal from the plasma membrane
significantly inhibited K -evoked exocytosis (FIG 5A compare third and fourth bars).
Figure 5B confirms at the ultrastructural level that MBCD inhibits exocytosis evoked by
KCI (60mM). In addition, nerve terminals of control, MBCD and HyCD experimental
conditions show a similar number of synaptic vesicles (FIG. 5B and 5C).
Neuromuscular preparations that were exposed to KCI and bathed in cold fixative
immediately after the end of stimuli presented nerve terminals with very few synaptic
vesicles. By contrast, preparations that were treated with MBCD and submitted to the
stimulation and fixation protocol described above presented terminals with a number
of synaptic vesicle that was statistically different from that obtained by the treatment
with KCl alone (FIG. 5C).

After exocytosis, synaptic vesicle pools are reorganized by compensatory
endocytosis to guarantee maintenance of synaptic transmission (Ceccarelli et al., 1973,
Heuser and Reese, 1973; Richards ef al., 2001 reviewed by Royle and Lagnado, 2003).
To investigate the consequences of cholesterol sequestration over synaptic vesicle
endocytosis, preparations of frog neuromuscular junctions were preincubated with
MBCD (10mM) or HyCD (10mM) before staining with FM1-43 under K- stimulation

(KC1 60mM). Preincubation with MBCD inhibited FM1-43 uptake so the typical pattern
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of staining with fluorescent spots could not be observed (compare FIG. 6A to 6C). On
the other hand, motor terminals preincubated with HyCD presented the typical
fluorescent spots with brightness equivalent to that observed in control preparations
stained with FM1-43 (FIG. 6B). These results indicate that cholesterol sequestration

inhibits FM1-43 uptake and compensatory endocytosis after K'-evoked exocytosis.
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Figure 5: Cholesterol sequestration from membrane of motor terminals inhibited
K'-evoked synaptic vesicle release. A) Histogram representing FM1-43 destaining
induced by MBCD, KCl and KCI+MBCD respectively (error bars: £S.E.M.; n=3;
*p<0.05; **p<0.05 in relation to KCI alone). B) Panel showing representative
micrographs from frog motor terminals obtained in control condition or after 30min of
incubation with MBCD (10mM), HyCD (10mM), KCI (60mM) and KCI
(60mM)+MBCD(10mM). Scale bars:1um. C) Average number of vesicles per terminal
(error bars: £S.E.M.; n=9; *p<0.05).
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Figure 6: Cholesterol sequestration inhibits endocytosis and FM1-43 uptake. A)

Nerve terminal labeled with FM1-43 during a high K™ stimulus for 10min. Note the
typical fluorescent spots of FM1-43 labeling. B) Motor terminal preincubated with
HyCD (10mM — 30min), followed by a washing time of 15 minutes and subsequent
staining with FM1-43 in a high K" medium. HyCD has low affinity for cholesterol and
could not block endocytosis and FM1-43 uptake. C) Terminal preincubated with MBCD
(10mM — 30min) followed by a washing time of 15min and subsequent staining with
FM1-43 in a high K" medium. Even after a washing time, cholesterol removal still

inhibited endocytosis of the probe. (Scale bars: 10um for each image).
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Discussion

Cholesterol and spontaneous synaptic vesicle exocytosis

In this work, we investigated the role of cholesterol upon synaptic vesicles
recycling at motor nerve terminals of the frog neuromuscular junction. Using FM1-43
imaging and electrophysiology techniques, we showed that acute cholesterol depletion
induces FM1-43 destaining and increases the frequency of MEPPS. Therefore,
according to our data cholesterol sequestration from presynaptic membrane amplifies
spontaneous vesicle release. Interestingly, although Zamir and Charlton (2006) reported
no MRBCD-induced effects on MEPPs amplitude and kinetic at crayfish neuromuscular
junction, we could observe that cholesterol sequestration increased MEPPs amplitude
and area of spontaneous events. Thus we inquired if these electrophysiological findings
were specific to cholinergic synapses considering that the crayfish neuromuscular
junction is glutamatergic. First we investigated if inhibition of acethylcholinesterase
could interfere with the effects of cholesterol sequestration on MEPPs kinetic. However,
even after incubation with neostigmin, MBCD still increased MEPPs frequency and
MEPPs area (FIG. 4B and 4B’). Next we analyzed if cholesterol sequestration could
alter the structure of nicotinic receptors clusters for acetylcholine on postsynaptic
membrane. Some researchers have noticed that MBCD disperses nAChRs at myoblast
cultures (Stetzkowski-Marden et al., 2006). Thus we investigated if cholesterol
sequestration would have any influence over nAChRs clusters at the mature frog
neuromuscular junctions. Nonetheless, experiments with fluorescent a-bungarotoxin
showed that preincubation with MBCD did not interfere with the staining of nAChRs
(FIG. 4C) suggesting that the increase in MEPPs amplitude was not caused by a
disruption of nAChRs clusters after cholesterol sequestration. Further investigations

should be conducted to clarify how MBCD increases MEPPs amplitude and area.
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Therefore, our data shows that that cholesterol removal by MBCD interferes with MEEP
amplitude and area probably due to a presynaptic rather than a postsynaptic effect.
Probably, cholesterol acts on more steps of synaptic cycle that go beyond the
exo/endocytosis modulation. For example, Yoshinaka et al. (2004) identified VH'-
ATPase as the main protein component inserted in lipid rafts obtained from synaptic
vesicle fraction. In addition, they observed that the ability of VH -ATPase to metabolize
ATP and promote vesicle acidification is reduced after cholesterol sequestration. We
hypothesize that membrane rafts might be important for synaptic vesicles refilling with
neurotransmitter or might interfere with the trafficking of membrane proteins involved

in the neurotransmitter cycle.

Cholesterol and evoked exocytosis

Our data shows that, at the frog neuromuscular junction, cholesterol
sequestration inhibited KCl-evoked exocytosis. Depolarizing stimulus with high KCl is
independent on activation of voltage gated sodium channels but promotes the opening
of calcium channels which permits the influx of Ca®" ions into presynaptic terminal. The
rise in intracellular calcium levels fires synaptic vesicle release (reviewed by Murthy
and De Camilli, 2003; Sudhof, 2004). Thus, to guarantee efficiency to exocytosis,
calcium channels are strategically positioned near active zones and synaptic vesicle
clusters (Robitaille et al., 1990; reviewed by Zhai and Bellen, 2004). In addition,
association between calcium channels isoforms and SNARE proteins on lipid rafts has
been noticed (Taverna et al., 2004). Such findings suggest that lipid rafts disruption
through cholesterol sequestration would interfere on synchronic exocytosis fired by
calcium influx. Therefore cholesterol enriched microdomains could act not only in the

subcellular distribution of ionic pumps and channels but also participate in their
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functional modulation. However, according to Zamir and Charlton (20006), the effects
of cholesterol sequestration over synaptic vesicle release in neuromuscular junctions are
independent on intra or extracellular calcium levels. Moreover, the effects of MBCD
over synaptic vesicle release are reversible through the conjugate cholesterol-MBCD
(Zamir and Charlton, 2006; Wasser et al., 2007). These data suggest that the increase in
spontaneous vesicle release and inhibition of K'-evoked exocytosis are primary
resultant from disorganization of the membrane microdomains which participate in the
sorting of proteins that regulates synaptic vesicle cycle. Recently, it was reported that
cholesterol removal disrupts synaptosomal porosomes, which are cup shaped
lipoprotein structures that define the specific sites of vesicle docking and fusion. At
each porosome, t-SNAREs are linked to N-type calcium channels and treatment with
Triton/Lubrol breaks this interaction but cause no damage to the capacity of association
between t-SNAREs and v-SNARESs (Cho ef al., 2007). Since synchronic vesicle release
requires participation of SNARE complex and calcium channels, these findings might
help to explain the inhibition K -evoked exocytosis at frog neuromuscular junction. We
could speculate that some observations made after treatment with MBCD like the
blocking of action potentials conductance (Zamir and Charlton, 2006), decrease on
calcium influx into presynaptic terminal (Taverna et al., 2004) or drop on resting
potential (table 1) would be only secondary phenomena due to modifications on

microdomains that contain proteins involved on ionic balance.

Cholesterol and synaptic vesicles endocytosis
Endocytosis of synaptic vesicles occurs in defined plasma membrane regions
in which preassembled lipid and protein constituents trigger the formation of the

endocytic synaptic machinery (Rohrbough and Broadie, 2005). In fact, cholesterol plays
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an important role on endocytosis since MBCD retarded or prevented clathrin mediated
endocytosis of transferrin receptor internalization (Subtil et al., 1999). In PCI12 cells, it
was shown that the biding of specific proteins to cholesterol might aid clathrin mediated
formation of new synaptic vesicles (Thiele et al., 2000). Wasser et al. (2007) observed
decreased uptake of HRP and clear reduction in the number of synaptic vesicles after
acute removal of vesicular cholesterol fraction from hippocampal cultured neurons. We
tested this paradigm in our system by incubating frog neuromuscular junctions with
MBCD followed by staining with FM1-43 and we failed to detect any significant
staining (FIG 6), which suggests that the dye could not be internalized, maybe due to
endocytosis inhibition. This finding is in agreement with other works that showed
endocytosis impairment after cholesterol sequestration (for a review see Pichler and
Riezman, 2004). In addition, HyCD did not alter significantly FM uptake. As the proteic
machinery that regulates endocytosis is so complex as the one involved in exocytosis,
cholesterol enriched microdomains may recruit the complex of proteins needed for
endocytosis and may help to organize the sites of vesicle recycling. Moreover the
kinetic of partioning/departioning of FM1-43 into membranes is not affected by
cholesterol levels on the double layer of phospholipids (Wu ef al. 2009), so the effects
of MBCD over exo/endocytosis are resultant from alterations on membrane traffic but

not on FM affinity for membranes.

Cholesterol, synaptic vesicle pools and modes of synaptic vesicles release

Most synaptic systems seem to rely on several pools of vesicles to maintain
effective neurotransmission. At the frog neuromuscular junction, the main
characteristics of vesicle pools can be described as follows: 1) Readily releasable pools

which comprises ~10,000 vesicles (0,4 % total); i1) Recycling pool corresponding to
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~75,000 vesicles (14-19% total); iii) Reserve pool with ~400,000 vesicles (80 % total) (
data extracted from a review by Rizzoli and Betz 2005). The precise pools location and
vesicles intermixing and the molecular components that distinguish members of the
pools have been under intense debate and investigation (Rizzoli and Betz, 2004). More
recent, an attempt has been made to relate those vesicle pools with modes of release
(Wasser et al., 2007; Wasser and Kavalali, 2009).

As mentioned previously, our data shows that preparations that are cholesterol
depleted failed to internalize FMI1-43 after a depolarizing stimulus (FIG. 6C).
Intriguing, at the ultrastructural level, nerve terminals that were treated with MBCD
have many synaptic vesicles (FIG. 5B and 5C). This raised the question if those vesicles
that fuse spontaneously belong to a distinct pool of vesicles, which is not part of the
recycling pool of synaptic vesicles, do not stain with FM1-43 and is not recruited during
evoked release. Indeed, Fredj and Burrone (2009) performed elegant studies in cultured
hippocampal neurons showing that calcium-dependent evoked and spontaneous vesicle
fusion recruits distinct pools of synaptic vesicles. They also show evidences that
spontaneously released vesicles are mobilized from a resting pool, which was originally
described as an activity independent set of vesicles that do not participate in vesicle
cycling. These data agrees with the lack of FM1-43 internalization after treatment with
MBCD (Fig 6C) contrasting with the normal number synaptic vesicles detected at the
ultrastructural level (Fig 5B and 5C) observed in our experiments. Therefore, the
present work provides additional evidence that spontaneous and evoked synaptic
vesicles release require distinct synaptic vesicle pools and that at least for the
neuromuscular junction, cholesterol might be responsible to segregate vesicles into

these pools.
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In conclusion, we have shown that membrane cholesterol acts on the
modulation of synaptic vesicle cycle and seems to be essential for the balance between
evoked and spontaneous release. Moreover, our results may reinforce the possibility of
coexistence of a synaptic vesicle pool mobilized by evoked exocytosis and another pool

spontaneously released.
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3 - Discussao
3.1 - Reciclagem de vesiculas sinapticas em camundongos com alteracao

na expressao do transportador vesicular de acetilcolina

Na literatura existem relatos de que o bloqueio da expressdo do transportador
vesicular de glutamato (VGLUT1) em terminagdes axonicas determina reducao no
numero de vesiculas sindpticas (Fremeau et. al., 2004). Entretanto, o nocaute do
transportador vesicular de monoaminas (VMAT2) ndo desencadeou alteragdo
significativa nos aglomerados vesiculares (Croft et. al, 2005). Os experimentos
referentes a captacdo de FMI1-43 mostram que terminacdes motoras de animais
knockdown homozigotos internalizam FM1-43 em quantidade semelhante as jun¢des de
animais selvagens de tal modo que ndo se observou diferenga significativa durante a
quantificagdo do sinal fluorescente emitido pelos grupos vesiculares marcados com
FM1-43 (artigo n° 1 - Prado et al., 2006). Tal resultado indica que o numero de
vesiculas que reciclam durante estimulo despolarizante com potéssio € equivalente para
os dois genotipos. Além disso, a andlise de desmarcagdo dos aglomerados vesiculares
contendo FM1-43 demonstrou que a exocitose de vesiculas sinapticas se processa
praticamente com a mesma intensidade e mesma cinética quando sdo comparados os
animais knockdown homozigotos e selvagens (artiog n° 1 - Prado ef al., 2006). Portanto,
uma diminuicdo da expressao do VAChT de 65% com conseqiiente reducdo do
conteudo quantico das vesiculas ndo interfere com a reciclagem e biogénese de
vesiculas sinapticas na jun¢do neuromuscular.

Outros trabalhos nos quais os pesquisadores utilizaram inibidores do VAChHT,
da VH'-ATPase ou promoviam o colapso de gradiente eletroquimico responsavel pela
captacdo de neurotransmissor também indicaram a ocorréncia de reciclagem de
vesiculas com conteido quantico reduzido. Cousin e Nicholls (1997) realizaram
experimentos com células granulares do cerebelo submetidas a tratamento com
bafilomicina, agente inibidor da VH'-ATPase, e metilamina, uma base fraca que depleta
o componente ApH do gradiente eletroquimico transmembrana responsavel pelo
armazenamento de neurotransmissores no interior das vesiculas sinapticas. Eles
observaram que a captagdo e liberagdo de FM1-43 apo6s pulsos despolarizantes estavam

preservadas mesmo nas células tratadas com os agentes acima citados, indicando que
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vesiculas com conteido quantico reduzido ou depletado podem ser recicladas na
terminagdo axonica.

Parsons et. al. (1999), realizando experimentos em jun¢do neuromuscular,
constataram que a captagdo e liberagdo de FM1-43 dos aglomerados vesiculares
estavam preservadas apds tratamento com vesamicol, um inibidor do transportador
vesicular de acetilcolina. Van der Kloot et. al. (2001) e Hong (2001) observaram, por
meio de estudo eletrofisioldgico, a ocorréncia de liberagdao de vesiculas sindpticas com
conteudo quantico reduzido apds pré-incubacdo de preparagdes de jungdo
neuromuscular com cloreto de amonio (colapsa ApH), vesamicol, bafilomicina e
concanamicina, esta ultima também promove inibi¢ao da VH ' -ATPase.

Croft et al. (2005) através de experimentos com FMI1-43 e FM2-10
demonstraram que vesiculas sinapticas de animais knockout para o VMAT2 sofrem
endocitose e exocitose com cinética idéntica aquela observada em animais selvagens.

Os resultados discutidos nos paragrafos anteriores sugerem que o transporte
de acetilcolina para o interior de vesiculas durante reciclagem ndo constitui pré-
requisito para ocorréncia de exo/endocitose. Também em fetos de camundongos
nocaute para o VAChHT era possivel observar marcacdo com FM1-43fx, indicando que
os passos de exo/endocitose estdo preservados. Contudo, nos animais nocaute nao
foram realizadas andlises comparativas da intensidade da marcac¢do e da cinética de
desmarcacao do FM1-43 em relacdo aos animais selvagens. Portanto, ndo podemos
fazer inferéncias quanto os niveis de endocitose e cinética de exocitose dos dois
genotipos.

Os animais knockdown homozigotos nao apresentaram alteracdes na area e no
numero de jung¢des neuromusculares presentes no diafragma em relagdo aos
camundongos selvagens (figura suplementar 1, p. 27). E possivel que mesmo uma
redu¢do de 65% na expressao do VAChHT, capaz de interferir no preenchimento de
vesiculas com a acetilcolina, ndo seria suficiente para acarretar alteracdes significativas
na sinaptogénese e organiza¢ao morfologica das placas motoras.

Contudo, fetos nocaute para o VAChT apresentaram aumento no nimero € na
areas das terminagdes motoras quando comparados com fetos selvagens ( artigo n° 2 -
de Castro et al., 2009). Alteragdes compensatorias também foram observadas em outras
linhagens com alteragdes genéticas no sistema colinérgico. A delecio da ChAT
determinou localizacdo aberrante dos receptores nicotinicos da acetilcolina (nAChR),

gerou aumento no numero de neurdnios motores e ampliou o niamero de arborizagdes
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axonicas em diafragma de animais nocaute (Misgeld et al., 2002; Brandon et al,
2003;).

E preciso salientar que os experimentos com FM1-43 permitem estimar taxas
de endocitose e avaliar a cinética da exocitose das vesiculas que reciclam. Contudo,
somente experimentos envolvendo andlise ultra-estrutural poderiam avaliar as
conseqiiéncias de alteragdo da expressao do VAChT sobre a morfologia, a distribuicdo e
o numero total de vesiculas sinapticas. Além disso, a andlise ultra-estrutural certamente
traria novas informagdes sobre a organizacdo da juncao neuromuscular como, por
exemplo, numero de zonas ativas e disposi¢dao da dobras na membrana pos-sinéptica.

Embora exista a possibilidade de liberagdo de neurotransmissor por
mecanismos independentes do VAChT, reconhecidamente, a acetilcolina, juntamente
com outros fatores, participa da modulagdo do desenvolvimento de jungdes
neuromusculares. Ela atua no estabelecimento da arborizagdo axoOnica, na defini¢ao da
area e do numero de placas motoras (Misgeld et al., 2002; Brandon et al., 2003). As
alteracdes morfoldgicas observadas em camundongos nocaute para o VAChT indicam
que outros mecanismos de secre¢do da acetilcolina ndo sao suficientes para compensar a
auséncia do seu transportador vesicular. Portanto, a liberacdo de acetilcolina
armazenada em vesiculas sindpticas via VAChT constitui um mecanismo fisiologico

relevante durante a sinaptogénese e desenvolvimento das jun¢des neuromusculares.

3.2 - Participacio de estoques intracelulares de calcio na exocitose

evocada pelo glicosideo ouabaina

Segundo Adam-Vizi (1992), existem trés possibilidades, a priori, de liberacao
vesicular independente do calcio extracelular: (1) liberagio independente de Ca’’
extracelular, mas dependente do recrutamento de reservas intracelulares desse ion como
reticulo endoplasmético e mitocondria. (2) Liberagdo completamente independente de
calcio, mas que se processa através dos mesmos mecanismos e usufrua da mesma
maquinaria molecular que a liberagdo evocada pelo célcio. Isto remete a possibilidade
de liberagdo vesicular disparada por outros ions como o sédio (Nordmann & Stuenkel,
1991; Nordmann et al.,, 1992; Meunier et al, 1997). (3) Liberagdo completamente
independente de cdlcio e processada por meio de mecanismos distintos da liberagdo

disparada por este ion.
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Nao ¢ objetivo deste trabalho de tese revisar todas as formas de liberagao
vesicular independentes da presenga de calcio no meio. Contudo, sd3o inimeras as
condi¢des que, além da ouabaina, promovem liberagdo de neurotransmissores mesmo na
auséncia de célcio extracelular como, por exemplo, ionéforos de sodio, veratridina,
condigdes hipoxicas, etanol, acidos graxos insaturados, o-latrotoxina. Interessante
observar que todas essas condi¢cdes apresentam aspectos em comum como: (a) uma
cinética de liberagdo mais lenta que a observada na liberagdo disparada pelo célcio e (b)
uma menor dependéncia do potencial de membrana de modo que mesmo apods pequenas
alteragdes em relagdo ao potencial de repouso ¢ possivel registrar liberagdo de
neurotransmissor. Este comportamento ¢ diferente da liberagdo mediada pelo influxo de
calcio que demonstra a necessidade de ultrapassar limiares de despolarizagao mais altos
para disparar a exocitose (revisado por Adam-Vizi, 1992).

Conforme apresentado no artigo anexado n® 3 (Amaral et al, 2009), a
ouabaina, em preparacdes de jun¢do neuromuscular, promove liberagdo vesicular e
desmarcagdo de aglomerados vesiculares previamente carregados com FM1-43. A
exocitose evocada pela ouabaina ocorre independentemente do calcio extracelular,
porém depende do recrutamento de estoques intracelulares de calcio. Para identificar as
fontes de calcio intracelular mobilizadas pela ouabaina, foram utilizados azumoleno e 2-
APB, inibidores do receptor de rianodina e inositol trifosfato respectivamente.
Azumoleno inibiu a exocitose evocada pelo glicosideo cardiotonico, porém 2-APB nao
interferiu significativamente com a desmarcacdo de terminacdes motoras carregadas
com FM1-43. Experimentos com TMB-8, outro inibidor do receptor de rianodina,
também resultaram em inibi¢ao da liberacdo de vesiculas marcadas com FM1-43 em
juncao neuromuscular de forma semelhante ao azumoleno (dado ndo mostrado). Esses
achados indicam que a ouabaina promove liberacdo vesicular recrutando célcio
armazenado em reticulo endoplasmatico via receptor de rianodina.

As mitocondrias também participam da modulagio da concentragdo
intracelular de calcio. Em neurdnios e células cromafins, as mitocondrias agem rapida e
reversivelmente, tamponando grandes variagdes na concentracdo de calcio intracelular
(Werth & Thayer, 1994; Herrington et al., 1996; Babcock et al., 1997). Montero et al.
(2000) relataram a existéncia de um acoplamento preciso entre canais para calcio
sensiveis a voltagem, receptores de rianodina do reticulo endoplasmdtico e as
mitocondrias. Eles relataram que protondforos que abolem o tamponamento de célcio

pelas mitocondrias podem aumentar a secre¢do de catecolaminas por interferirem com

108



os niveis de ions Ca’" disponiveis para a exocitose. Yang ef al. (2003) demonstraram
que o bloqueio da liberagio de calcio mitocondrial via trocador Na'/Ca®" inibe a
potenciagdo sinaptica induzida por estimulo tetanico. Além disso, Garcia-Charcon et al.
(2006) relataram que a inibicdo do trocador Na/Ca*" mitocondrial com CGP37157
prolongava o decaimento da concentragdo de célcio mitocondrial apos estimulagdo e
reduzia a amplitude de potenciais evocados em placa motora apds estimulagdo prévia.
Esses dados indicam que a extrusdo de calcio armazenado em mitodcondrias presentes
em placas motoras contribui para a liberagdo pds-tetanica de neurotransmissor. Como ja
citado anteriormente, ouabaina inibe a Na'/K' ATPase favorecendo um acumulo
intracelular de ions Na'. Altos niveis intracelulares de sodio podem promover a
extrusio de calcio mitocondrial via trocador Na'/Ca®’" mitocondrial. Como foi
demonstrado neste trabalho, CGP37157, bloqueador do trocador Na'/Ca®" mitocondrial,
inibiu a liberagdo de vesiculas sindpticas marcadas com FMI1-43. Além disso, na
auséncia de ions Na', a ouabaina nio promoveu liberagdo significativa de vesiculas
contendo FM1-43. Esses dados indicam a participagdo de cdalcio armazenado em
mitocondrias na exocitose de vesiculas sinapticas evocadas pela ouabaina.

Narita et al. (1998) observaram que o influxo de ions calcio em terminagdes
pré-sinapticas recrutava estoques intracelulares do referido ion via receptores de
rianodina (RyR). Este mecanismo de liberagdo de célcio intracelular induzida pela
propria entrada de calcio proveniente do meio externo (calcium induced calcium release
— CICR) ¢ resultante da ativagdo de canais para calcio dependentes de voltagem e
amplifica o as concentragdes intracelulares do referido ion divalente. Portanto, CICR
corresponde a um tipo de plasticidade de curta duragdo (Narita et al., 2000). Os dados
apresentados nesta tese demonstraram que a exocitose evocada pela ouabaina se
processa através do recrutamento de célcio armazenado em mitocondrias e reticulo
endoplasmatico, mesmo na auséncia de célcio extracelular. Especula-se, entdo, a
possibilidade de existéncia de um mecanismo intracelular semelhante a CICR
envolvendo diferentes organelas e que esteja operante durante tratamento com a
ouabaina. Os fons calcio que vazam das mitocondrias via trocador Na'/Ca®
mitocondrial devido ao aumento intracelular de s6dio poderiam ativar RyRs no reticulo
endoplasmatico, levando a uma ascensdo na concentragdo intracelular de Ca*" suficiente
para disparar a exocitose de vesiculas e promover desmarcacdo de terminacgdes

carregadas com FM1-43.
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Utilizando o FM1-43, foi possivel demonstrar dinamicamente que a ouabaina
promove liberacdo de vesiculas sindpticas, mas inibe a endocitose. Esses resultados
estdo em consonancia com o trabalho de Haimann et al. (1985) que observaram
auséncia na captacdo de HRP em jungdes neuromusculares submetidas a ouabaina. Eles
também relatam o aparecimento de invaginagdes de membranas na terminagdo pré-
sinaptica. Molgd & Pecot-Dechavassine (1988) relatam que o CCCP, um desacoplador
da fosforilagdo oxidativa que promove o vazamento de célcio mitocondrial, promove
um aumento na freqiiéncia de eventos em miniatura (MEPPs) e deple¢ao dos
aglomerados vesiculares em juncao neuromuscular independentemente da presenca de
fons Ca*" no meio extracelular. Além disso, esse protonoforo leva a uma dilatagio
mitocondrial e desorganizagdo das cristas mitocondriais. Essas alteragdes na estrutura
mitocondrial sdo também descritas em juncdes neuromuscualres submetidas a
tratamento com ouabaina (Haimann et al., 1985). Os dados de desmarcagdo de
aglomerados vesiculares contendo FM1-43 em juncdo neuromuscular sugerem uma
similaridade no mecanismo de agdo entre a ouabaina e o CCCP. A cinética de liberagao
vesicular induzida pelo CCCP ¢ equivalente aquela observada com a ouabaina. Outra
evidéncia de que a ouabaina pode interferir com a fung@o mitocondrial foi fornecida por
Whittam & Blonde (1964) que observaram uma redu¢do no consumo de oxigénio em
fatias corticais que foram incubadas com o glicosideo. Wang et al. (2004)
demonstraram que uma linhagem de Drosophila mutante para a fosfoglicerato cinase,
enzima envolvida com a sintese de ATP, apresenta comprometimento seletivo da
endocitose. Fato também observado com a ouabaina. Em suma, os dados apresentados
nesse trabalho indicam que a ouabaina, assim como o CCCP, parece interferir com o
funcionamento mitocondrial, levando a um vazamento de calcio capaz de promover
exocitose de vesiculas sindpticas. Além disso, a ouabaina possivelmente gera um
colapso energético, causando inibi¢do da endocitose.

Embora a Ouabaina seja um derivado esteréide que atue inibindo a Na’ ,K'-
ATPase, uma proteina de membrana, ndo se pode descartar a possibilidade de que este
glicosideo atue sobre sitios especificos no interior das células. Recentemente,
associacdo entre uma proteina de 31,5 KD presente no sistema de tabulos T de
cardiomidcitos de gato e ouabaina foi relatada. A intera¢do do glicosideo com seu
receptor protéico intracelular batizado de NORP (new 31,5-KD ouabain receptor
protein) teria relacdo com a potencializagdo do efeito inotrdpico do glicosideo (Fujino

& Fujino, 1995). A existéncia de alvos intracelulares abre uma linha de investigagdo
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que poderia, talvez, permitir melhor defini¢do do mecanismo de agdo da ouabaina sobre
o ciclo de vesiculas sinapticas. Além disso, a compreensdo sobre o mecanismo de a¢do
da oubaina ganha uma dimensdo muito maior na medida em que compostos enddgenos
de estrutura idéntica a ouabaina foram isolados em tecidos de mamiferos (Hamlyn et al.,
1991; Scheneider et al., 1998; Boulanger et al., 1993), levantando a possibilidade de

atuacdo desses compostos em mecanismos fisiologicos.

3.3 - Participaciio do colesterol de membrana na biogénese e reciclagem

de vesiculas sinapticas

Segundo os dados apresentados no artigo anexado n° 4 (Amaral ef al, em
preparacdo), a incubagdo de termina¢des motoras com MBCD ampliou a freqiiéncia de
MEPPs e promoveu desmarcagdo de agrupamentos vesiculares previamente carregados
com FM1-43. Assim sendo, o seqiiestro do colesterol de membrana estimula liberagdo
espontinea de vesiculas sindpticas. Além de sua participa¢do na organizagao espacial de
microdominios ricos em proteinas especificas, o colesterol regula a fluidez das
membranas celulares. Portanto, o seqiiestro de colesterol poderia facilitar a fusdo de
vesiculas em sitios que ndo correspondam as zonas ativas, ampliando a liberacdo
espontanea de vesiculas (Wasser & Kavalali, 2009).

Embora tenha estimulado a liberacdo espontanea, o seqiiestro do colesterol de
membrana inibiu liberagdo evocada por KCI (artigo n°4 - Amaral et al., em preparagao).
E bem definido que a exocitose evocada (sincronica) é regulada por um conjunto amplo
de proteinas, entre as quais, deve-se ressaltar o complexo SNARE que rege a ancoragem
e a fusdo das vesiculas sindpticas com as zonas ativas das terminacdes pré-sinapticas
(Revisado por Murthy & De Camilli, 2003; Sudhoff, 2004). Este complexo de proteinas
estd inserido em microdominios de membrana ricos em colesterol e esfingolipidios
(Thiele et al., 1999; Rodal et al., 1999; Lang et al., 2001). Segundo Salaiin ef al. (2004),
para que a exocitose regulada se processe eficientemente, a maquinaria protéica
envolvida com a modulacdo da liberagdo vesicular deve estar espacialmente bem
organizada. Isto implica, inclusive, na distribuicio dos componentes do complexo
SNARE e proteinas reguladoras da exocitose em microdominios diferentes de
membrana. Seria pouco funcional, por exemplo, a coexisténcia nos mesmos dominios
de proteinas SNARES e MUNC-18, ja que esta proteina se associa a sintaxina,

impedindo o estabelecimento do complexo SNARE heterotrimérico com SNAP-25 e
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sinaptobrevina. Chamberlain ef al. (2001) demonstraram que MUNC-18, aSNAP, NSF
e complexinas, proteinas envolvidas com a regula¢do da exocitose, ndo estdo presentes
em balsas lipidicas. Portanto, excluindo moléculas reguladoras da liberagdo vesicular, as
balsas lipidicas poderiam criar um ambiente propicio para a fusdo mediada por
SNARESs, promovendo o acimulo desse complexo protéico em sitios especificos para a
exocitose. Sendo assim, o seqiiestro de colesterol poderia desorganizar a distribuigdo
espacial de proteinas de membrana relacionadas com o ciclo sinaptico, resultando em
inibicao da liberacdo evocada e sincronica.

Como ja citado, o seqiiestro de colesterol inibiu a exocitose evocada por KCl,
conforme demonstrado por microscopia de fluorescéncia utilizando FM1-43 e
microscopia eletronica (artigo n°4 - Amaral et al., em preparacdo). O estimulo
despolarizante com KCI ndo recruta canais para sodio dependentes de voltagem mas sao
dependentes da ativacdo de canais para calcio que permitem o influxo de fons Ca*" para
o interior do elemento pré-sindptico. A ascensdo dos niveis de calcio intracelular leva ao
disparo da liberagdo vesicular. (revisado por Murthy & De Camilli, 2003; Sudhof,
2004). Assim, para garantir eficiéncia a exocitose, os canais para calcio estdo
estrategicamente posicionados de forma bem proéxima as zonas ativas € aos
agrupamentos vesiculares (Robitaille et al., 1990; revisado por Zhai & Bellen, 2004). A
associagdo entre isoformas de canais para célcio ou proteinas SNARES com balsas
lipidicas ja foi previamente demonstrada (Taverna et al., 2004). Tais achados sugerem
que a desorganizagao das balsas lipidicas pelo seqliestro de colesterol poderia interferir
na exocitose sincronica disparada pelo influxo de calcio. Portanto, microdominios ricos
em colesterol poderiam atuar ndo apenas na distribuicdo subcelular de bombas e canais
10nicos, mas também poderiam participar da modulagao funcional desses componentes
protéicos da membrana.

Recentemente foi demonstrada a presenga de estruturas chamadas de
porosomos na membrana plasmatica de células que promovem ancoragem e liberagdo
de vesiculas. Os porosomos neuronais correspondem a estruturas lipoprotéicas com
aspecto de xicara ou cesta de basquete constituidas por colesterol e muitas proteinas
como, por exemplo, canais para calcio, proteinas SNAREs (sintaxina-1 ¢ SNAP-25),
actina, vimentina ¢ NSF. O didmetro dos porosomos varia entre 12 e 17nm,
correspondendo aos pontos especificos de membrana nos quais ocorre liberagao de
neurotransmissores (Cho et al., 2004; Jena, 2005). Cho et al. (2007) demonstraram que

a remoc¢do do colesterol de membrana de sinaptossomos desorganiza o complexo
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protéico presente nos porosomos, inibindo a associagdo entre t-SNAREs e canais para
calcio. Embora interfira com a organiza¢cdo do porosomo, a remogdo do colesterol da
membrana ndo bloqueia a capacidade de associacdo entre t e v SNARES. Considerando
que a liberagdo sincronica de neurotransmissores exige a participacdo de SNAREs e
canais para calcio, estes achados citados por Cho et al. (2007) poderiam explicar a
inibi¢do da exocitose evocada pelo potassio na presenca de MBCD (artigo n° 4 - Amaral
et al., em preparacdo) ou mesmo o comprometimento da plasticidade neuronal em
situagdes em que ha desequilibrio na homeostase do colesterol (Koudinov and
Koudinova, 2001).

Segundo Zamir & Charlton (2006), os efeitos do seqiiestro de colesterol sobre
a liberacdo espontanea de vesiculas em juncdo neuromuscular sdo independentes dos
niveis de cdlcio extra e intracelular ja que quelantes do calcio extra e intracelular nao
alteraram a exocitose induzida pela MBCD. Além disso, os efeitos da MBCD sobre
liberagdo de vesiculas sindpticas sdo reversiveis quando o colesterol de membrana ¢
reposto com o conjugado MBCD-colesterol (Zamir and charlton, 2006; Wasser et al.,
2007). Esses dados sugerem que a inibi¢cdo da exocitose evocada pelo KCl e o aumento
da liberacao espontanea apds seqiiestro de colesterol sao primordialmente resultantes da
desorganizacdo dos microdominios de membrana que participam da sele¢do ou arranjo
de proteinas que regem o ciclo sinaptico. Portanto, alguns fatos observados apds
tratamento com MBCD como, por exemplo, o bloqueio de potenciais de acdo (Zamir
and Charlton, 2006), a redugdao no influxo de calcio para a terminagdo pré-sindptica
(Taverna et al., 2004) ou a queda no potencial de membrana (artigo n° 4, Amaral et al.,
em preparacdo) sejam apenas fenomenos secundarios decorrentes de modificacdes em
microdominios que contenham proteinas envolvidas com balanco idnico. Talvez os
niveis de colesterol de membrana sejam importantes para a manutencdo da
funcionalidade de proteinas de membrana como canais i0nicos e a propria
Na'/K'ATPase.

Zamir and Charlton (2006) ndo observaram alteracdes na amplitude e na
cinética de MEPPS apos incubacdo com MBCD em preparagdes de jungdo
neuromuscular de lagostim. Entretanto, em preparagdes de jungdo neuromuscular de ra,
foi possivel observar que o seqiiestro de colesterol aumenta a amplitude e a area dos
eventos espontineos (artigo n° 4 - Amaral et al., em preparagdo). Diante desses dados,
tornava-se necessario investigar se os achados eletrofisiologicos em jungdo

neuromuscular de rd eram especificos dessa preparagdo colinérgica ja que a jungdo
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neuromuscular de lagostim utilizada por Zamir and Charlton (2006) ¢ glutamatérgica.
Neostigmina, um inibidor da acetilcolinesterase presente na membrana pos-sindptica,
ndo inibiu os efeitos da MBCD sobre a cinética e area dos MEPPs (artigo n°4 - Amaral
et al., em preparacao). Portanto, o aumento da amplitude e da area dos MEPPs nao era
decorrente de uma alteracdo da funcionalidade ou da distribuigdo pds-sinaptica de
moléculas da acetilcolinesterase induzida pela MBCD. Posteriormente, avaliaram-se
possiveis efeitos do seqiiestro de cholesterol sobre a morfologia dos aglomerados de
receptores nicotinicos da acetilcolina (nAChRs) presentes na membrana pds-sinaptica.
Alguns pesquisadores relataram que a MBCD era capaz de dispersar agrupamentos de
nAChRs em mioblastos em cultura (Stetzkowski-Marden et al., 2006) Contudo,
utilizando marcagdo com o-bungarotoxina fluorescente em preparacdes de juncdo
neuromuscular de rd, ndo se observou nenhuma interferéncia da MBCD sobre a
morfologia dos agrupamentos de nAChRs (artigo n°4 - Amaral, et al., em preparacao),
sugerindo que o aumento na amplitude e area dos MEPPs ndo era resultante da
desorganizacdo dos aglomerados de nAChRs. Portanto, novas investigagdes devem ser
realizadas para esclarecer o mecanismo pelo qual o seqiiestro de cholesterol amplia a
area ¢ amplitude dos MEPPs. Seria interessante investigar, por exemplo, as
conseqiiéncias do seqiiestro de colesterol sobre a funcionalidade ou responsividade dos
nAChRs. Nao se pode descartar, também, a possibilidade de que o colesterol de
membrana atue em outros passos do ciclo sindptico que vao além da modulacdo da
exo/endocitose. Por exemplo, Yoshinaka e al. (2004) identificaram a VH -ATPase
como sendo o principal componente proteico inserido em balsas lipidicas da fragdo de
vesiculas sinapticas. Além disso, eles observaram que a capacidade da VH -ATPase em
metabolizar ATP e promover acidificagdo vesicular estava reduzida apds seqiiestro de
colesterol. Talvez as balsas lipidicas e o cholesterol tenham papéis importantes e pouco
conhecidos na acidificagdo vesicular e no preenchimento das vesiculas com
neurotransmissores.

Em nossos experimentos, a incubag¢do de preparacdes neuromusculares com
MBCD inibiu captagdo de FM1-43 (artigo n°4 - Amaral et al, em preparacdo),
sugerindo a possibilidade de comprometimento da endocitose apo6s seqiiestro de
colesterol. Contudo, HyCD, uma ciclodextrina de baixa afinidade pelo colesterol, ndo
alterou significativamente a captagdo de FM. Outros pesquisadores também apontam
que o colesterol de membrana tem importante papel na regulagdo da endocitose,

principalmente na endocitose mediada por capa de clatrina. Rodal et al. (1999) e Subtil
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et al. (1999) demonstraram que o seqiiestro de colesterol pela MBCD parece interferir
com a capacidade da clatrina deformar a membrana para formac¢do de invaginagdes e
vesiculas sindpticas. Considerando que a maquinaria protéica que regula a endocitose €
tdo complexa quanto o conjunto protéico que rege a exocitose, microdominios ricos em
colesterol poderiam participar do recrutamento e da selecao de proteinas necessarias a
endocitose e também poderiam ter participagdo na organizacao dos sitios de reciclagem
vesicular. Além disso, Wu et al. (2009) demonstraram que a cinética de
associacao/liberagdo do FM1-43 com a membrana nao ¢ afetada pelos niveis de
colesterol na dupla camada lipidica, portanto, esta constatacdo sugere que os efeitos da
MIBCD sobre endocitose sdo resultantes de alteragdes no ciclo de membrana e nao tém
relagdo com a afinidade do marcador pela membrana.

Embora a captagdo de FMI1-43 tenha sido praticamente abolida apds
tratamento com MBCD, sugerindo inibi¢do da endocitose, imagens de microscopia
eletronica mostraram termina¢des motoras submetidas ao seqiiestro de colesterol com
numero elevado de vesiculas sinapticas. Contudo, as imagens de microscopia eletronica
ndo esclarecem se os aglomerados vesiculares observados nas micrografias
correspondem a vesiculas espontaneamente liberadas e recicladas ou se representam
agrupamentos vesiculares que ndo foram exocitados em decorréncia do seqiiestro de
colesterol e inibicdao da exocitose evocada. Segundo Wasser & Kavalali (2009), o papel
do colesterol de membrana como regulador da liberacdo vesicular ainda ndo ¢
totalmente compreendido, principalmente no que diz respeito ao pronunciado aumento
da liberagdo espontanea apds seqiiestro de colesterol. Na literatura, alguns cendrios
diferentes foram propostos para explicar a liberagdo espontanea. E possivel que a
liberacdo espontanea se processe em sinapses diferentes e independentes das sinapses
em que ocorre liberacao evocada. Existe ainda a possibilidade da liberagcdo espontanea e
da liberacdo evocada se processarem na mesma sinapse, porém mobilizando
agrupamentos vesiculares distintos que reciclam independentemente — um agrupamento
de liberacdo espontanea distinto do agrupamento de liberagcdo evocada. Em outro
cenario, levanta-se a possibilidade de que o agrupamento de liberagdo espontanea esteja
presente na mesma sinapse em que ocorre liberacdo evocada, porém a exocitose e a
reciclagem de vesiculas liberadas espontaneamente aconteceriam em sitios ectopicos,
diferentes das zonas ativas. Analisando os dados de microscopia de fluorescéncia,
microscopia eletronica e eletrofisiologia, tendo como base a exposi¢ao deste paragrafo,

¢ possivel que as vesiculas liberadas e recicladas espontaneamente apds seqiiestro de
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colesterol pertencam a agrupamentos diferentes dos aglomerados de liberagao evocada.
Isso poderia explicar a auséncia de captagdo de FM1-43 apo6s tratamento com MBCD,
contrastando com o grande niimero de vesiculas observadas ao microscopio eletronico.
Seria necessario, portanto, investigar qual a origem e a qual grupamento pertencem as
vesiculas observadas nas micrografias eletronicas, bem como se sua reciclagem ¢
dependente ou nao de clatrina.

Em trabalho recente com cultura de neurdnios hipocampais, Fredj & Burrone
(2009) apresentaram uma forma de VAMP-2 biotinilada em seu dominio intraluminal
chamada de biosyn. Quando vesiculas sdo liberadas, o dominio intraluminal biotilinado
da VAMP-2 ¢ exposto e pode ser reconhecido por estreptoavidina fluorescente,
permitindo estimar taxas de exocitose e tamanho dos aglomerados vesiculares
mobilizados. Com a utilizagdo da biosyn, foi possivel demonstrar a existéncia de dois
agrupamentos vesiculares em neurdnios hipocampais. Um aglomerado vesicular
liberado de forma dependente de Ca®" mediante aplicagdo de potenciais de agdo e um
segundo agrupamento vesicular, liberado de forma espontinea e independente de Ca®".
Os dados apresentados por Fredj & Burrone (2009) reforcam a possibilidade de
existéncia de agrupamentos vesiculares distintos, mobilizados durante exocitose
evocada e espontanea. Contudo, em jun¢do neuromuscular, grupos vesiculares marcados
com FM1-43 durante aplicacio de estimulo despolarizante com K foram exocitados
ap6s seqliestro de colesterol com MBCD (43 (artigo n® 4 - Amaral ef al., em
preparacdo), situagdo que inibe a liberacdo evocada, mas amplia exocitose espontanea.
Portanto, assumindo a co-existéncia de grupos vesiculares de liberacdo espontanea e
evocada, ¢ possivel que o colesterol atue como modulador da neurotransmissao e agente
que permita a existéncia dos agrupamentos vesiculares supracitados. Em niveis normais,
o colesterol de membrana poderia atuar como organizador da maquinaria molecular
necessdria para a exocitose sincronica e dependente de cdalcio. Apds seqiiestro de
colesterol e desorganizacdo dos microdominios de membrana relacionados com a
liberagdo evocada, hd um aumento significativo da liberacdo espontanea, permitindo
inclusive a exocitose de vesiculas que foram recicladas apds estimulagdo e
possivelmente uma mistura dos agrupamentos de liberacdo espontinea e evocada.
Persiste, no entanto, uma indefinicdo quanto a natureza da maquinaria molecular
necessdria para liberagdo espontanea. Futuras investigacdes poderiam esclarecer se o

mesmo conjunto de proteinas envolvidas com liberacdo evocada seria também
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responsavel pela exocitose espontdnea ou se essas formas de liberagdo vesicular

utilizam maquinaria molecular distintas.
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4 - Perspectivas

O ciclo sinaptico ¢, em termos morfologicos, relativamente simples. Contudo,
sua regulacdo bioquimica ¢ bastante complexa. Apos décadas de estudos exaustivos,
varios aspectos do ciclo de vesiculas sinapticas encontram-se bem analisados e
compreendidos. Entretanto, muitas controvérsias ainda persistem. Os trés tdpicos
abordados nesse trabalho de tese ainda apresentam pontos a serem esclarecidos que
exigirdo investigacdes futuras.

Os experimentos com animais geneticamente modificados para o gene do
transportador vesicular de acetilcolina (VACHT) sugerem que a reducdo na expressao
do VAChHT nao influencia os passos de exo/endocitose de vesiculas e ndo acarreta danos
ao processo de desenvolvimento morfologico de termina¢des motoras (relembre artigo
n°2 - Prado et. al., 2006 e figura suuplementar 1). Por outro lado, a auséncia de
expressdo do VAChT determinou importantes alteragdes morfologicas nos animais
nocaute como a reducao da area e da densidade de terminacdes motoras presentes no
diafragma. Portanto, a remocdo do VAChT prejudica a sinaptogénese e
desenvolvimento morfoldgico normal de jungdes neuromusculares (artigo n® 2 - de
Castro et al., 2009). Entretanto, nos diafragmas de camundongos fetais desprovidos da
expressao do VAChHT, o ciclo sinaptico nao foi monitorado por completo. Uma vez que
foi utilizada a forma fixavel do FM1-43, o passo de exocitose nos animais nocaute nao
foi comparado a liberacdo vesicular em animais selvagens. Também ndo foi realizada
comparagdo da intensidade da marcacdo com FM1-43 entre os animais de gendtipo
selvagem e os animais nocaute para o VAChT. Tal andlise permitiria uma inferéncia
sobre a endocitose e o numero de vesiculas aptas para a reciclagem. Talvez o a auséncia
de expressao do VAChT possa ter implicagdes na cinética de exo/endocitose de
vesiculas ou no tamanho dos agrupamentos vesiculares, pardmetros que poderdo ser
melhor investigados por técnicas de eletrofisiologia e microscopia eletronica,
respectivamente.

Quanto aos efeitos da ouabaina sobre o ciclo sinaptico, os dados obtidos
indicam que esse glicosideo promove liberacdo vesicular independente de calcio
extracelular, porém esse derivado esteroide interfere com a dinamica intracelular de
calcio de tal modo que a exocitose evocada pela ouabaina mostrou-se dependente do

’ 2+ s o . A .
recrutamento de ions Ca” armazenados no reticulo endoplasmatico e nas mitocondrias.
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A possibilidade de que exista um mecanismo de liberacdo de calcio induzida pelo
proprio calcio (calcium induced calcium release) que opere entre compartimentos
intracelulares em virtude do actimulo intracelular de sédio induzido pela ouabaina
necessita ser mais bem dissecada. Talvez protocolos experimentais utilizando técnicas
de eletrofisiologia ou indicadores intracelulares de céalcio em associagdo com
bloqueadores de recepotres de rianodina, de inositol trifosfato e do trocador Na'/Ca*"
mitocondrial possam corroborar os dados obtidos com FM1-43 e também trazer a tona
novas proposi¢des sobre o mecanismo de acdo da ouabaina.

Além de interferir com a dinamica intracelular de calcio, ouabaina parece
promover um colapso da fun¢do mitocondrial. Experimentos empregando marcadores
da viabilidade mitocondrial ou avaliando alteragdes no consumo de ATP apos
incubagdo com o glicosideo poderiam ser uteis para esclarecer os efeitos da ouabaina
sobre o metabolismo mitocondrial.

Os dados relativos ao papel do colesterol de membrana no ciclo de vesiculas
sinapticas corroboraram por técnica de imagem muitos achados previamente citados na
literatura em investigacdes que utilizavam técnicas de eletrofisiologia ou preparagdes
fixadas. Entretanto, novos dados apresentados neste trabalho de tese apontam para a
possibilidade de que os niveis de colesterol de membrana interfiram em etapas que vao
além do trafego de vesiculas nos passos de exo/endocitose (artigo n°4 - Amaral et al.,
em preparacdo). Talvez o colesterol na membrana seja importante na modulagdo do
ciclo de neurotransmissores e tenha influéncia na acidificagdo ou no preenchimento de
vesiculas sindpticas. Portanto, futuramente, também seria muito interessante investigar
o papel do colesterol de membrana sobre o transito de proteinas (VH -ATPase, CHT]1,
VAChHT) entre a membrana da terminagdo axoOnica € 0s agrupamentos vesiculares.
Talvez, de maior impacto ainda, seria investigar as implicagdes do seqiiestro de
colesterol sobre a funcionalidade das proteinas acima citadas. Marcagao de proteinas da
membrana vesicular poderiam também auxiliar na elucidagdo da existéncia de
agrupamentos vesiculares distintos comprometidos com a exocitose evocada ou com a
exocitose espontanea. Experimentos com biosyn, forma biotilinada de VAMP-2
reconhecida por estreptoavidina fluorescente (Fredj & Burrone, 2009), apos seqiiestro
de colesterol, poderiam esclarecer se o colesterol de membrana ¢ de fato o responsavel
pela existéncia de dois aglomerados vesiculares distintos nas terminacdes axdnicas
(agrupamentos de liberagdo evocada e espontanea, respectivamente) bem como pelo

equilibrio entre exocitose evocada e espontanea.
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Em termos morfologicos, alguns aspectos também deverao ser analisados com
maior profundidade. Marcadores de componentes da zona ativa poderiam indicar se ha
desorganizacdo dos sitios de liberagcdo no elemento pré-sinaptico e se existe exocitose e
reciclagem em sitios distintos das zonas ativas apoOs seqiiestro de colesterol. Tais
investigacdes podem ser futuramente conduzidas e contribuirdo para esclarecer o(s)
papel(éis) do colesterol de membrana na organiza¢do morfofuncional do elemento pré-

sinaptico.

120



5 - Conclusoes

Neste trabalho de tese, trés importantes aspectos relacionados a biogénese e
reciclagem de vesiculas sinapticas foram abordados. Numa primeira etapa, foram
investigadas as conseqiiéncias da alteragdo na expressao do gene do transportador
vesicular de acetilcolina (VAChHT) sobre o ciclo de vesiculas sindpticas em jungdes
neuromusculares de camundongo. Os dados indicam que a reducdo da expressdo do
gene do VAChT ndo determina alteragdes significativas no numero de vesiculas
sindpticas aptas para reciclagem em juncao neuromuscular. O nimero e a area das
terminacdes motoras presentes no musculo diafragma também nao sofreram alteragdes
apos redugcdo do VAChT. Além disso, os passos de exo/endocitose estdo preservados
nos animais knockdow homozigotos. Por sua vez, a anulagao da expressao do VAChT
determinou alteracdes compensatdrias nos animais nocaute. Camundongos VAChTV
apresentaram aumento no nimero € na area de terminacdes motoras observadas no
musculo diafragma, indicando que a liberag¢do de acetilcolina, armazenada em vesiculas
via VAChT, ¢ fundamental para a sinaptogénese e desenvolvimento morfoldgico tipico
das jun¢des neuromusculares. Mesmo em animais nocaute para o VAChT foi possivel
obter marcacdao com FM1-43, indicando ocorréncia do ciclo exo/endocitose, embora a
cinética desses passos ndo tenha sido avaliada.. Em conjunto, os dados obtidos sugerem
que nestas linhagens de camundongos com alteragdo na expressdao do VAChT o ciclo de
vesiculas sinapticas ¢ independente do ciclo do neurotransmissor.

Em um segundo momento deste trabalho de tese, fez-se uma investigacdo
sobre a participagdo de estoques intracelulares de célcio na exocitose de vesiculas
sinapticas desencadeada pelo derivado esterdide ouabaina. Os dados obtidos
demonstraram que a ouabaina promove, em juncao neuromuscular de ra, desmarcagao
de aglomerados vesiculares contendo FM1-43, indicando a ocorréncia de exocitose de
vesiculas sinapticas. A liberagdo de vesiculas estimulada pela ouabaina, embora
independente do calcio extracelular, depende da presenca de ions Na' e do recrutamento
de fons Ca®" armazenados no reticulo endoplasmatico e nas mitocondrias através dos
receptores de rianodina e trocador Na'/Ca®" mitocondrial, respectivamente. Além disso,
a ouabaina inibe a endocitose compensatoria. Os resultados descritos também fornecem
evidéncias sugerindo que a oubaina, assim como o CCCP, possa comprometer a fun¢ao

mitocondrial, causando um colapso energético que poderia explicar a inibicao seletiva
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da endocitose. Sendo assim, a ouabaina constitui uma importante ferramenta
farmacoldgica para estudos em que se deseja desacoplar a exocitose da endocitose.

Por fim, a investiga¢do do papel do colesterol de membrana sobre o ciclo de
vesiculas sinapticas em juncao neuromuscular de ra demonstrou que o seqiiestro do
colesterol pela metil-B-ciclodextrina (MPCD) determina aumento da liberagdo
espontanea de vesiculas sinapticas com conseqiiente desmarcagdo de aglomerados
vesiculares contendo FM1-43. Porém, MBCD inibe exocitose evocada pelo potdssio,
dependente da ativagdo de canais para célcio. Além de promover aumento da freqiiéncia
de MEPPs, foi possivel observar, de forma inédita, que seqiiestro do colesterol de
membrana determina alteracdo na amplitude e na cinética dos eventos espontaneos,
sugerindo que o colesterol de membrana possa atuar ndo apenas no trafego de
membrana, mas também em etapas do ciclo do neurotransmissor como, por exemplo,
durante o preenchimento das vesiculas sindpticas. Embora facilite a liberagdo
espontanea de vesiculas sinapticas, o seqliestro de colesterol também parece inibir a
endocitose compensatoria. Em conjunto, os achados confirmam que o colesterol de
membrana exerce importante efeito regulador sobre o ciclo sindptico e contribui para a
organizagdo morfofuncional das terminacdes nervosas.

Os dados obtidos com as investigagdes supracitadas contribuem para obtencao
de principios fundamentais sobre o funcionamento do sistema colinérgico e
neurotransmissao em geral e poderdo, no futuro, nortear novas investigagdes sobre o
ciclo sinaptico e subsidiar meios para intervencao farmacologica em disfungdes da

transmissdo sindptica central e periférica.
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