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RESUMO

A Acetilcolina (Ac) € o neurotransmissor respomrs$dela transmissdo neuromuscular
e encontra-se armazenada em vesiculas no terneinalso motor (TNM). A liberacdo de Ac
a partir do TNM ocorre quando o potencial de ag&pggado promove a abertura de canais
de C&", determinando um aumento nos niveis intracelutdeste ion.

Uma vez na fenda sinaptica, a Ac pode interagiotamivel pré-sinaptico como poés-
sinaptico e/ou ser hidrolisada pela acetilcolimaste. Ao interagir com sitios nicotinicos pos-
sinépticos, a Ac altera a condutancia da membrahdac para os ions NaK’ e Cd" que,
atingindo o limiar de despolarizacao, deflagra tepoial de placa terminal (ppt) iniciando,
dessa forma, o processo da contracdo. A interagdx dom sitios nicotinicos pré-sinapticos
resulta em aumento na liberacao de Ac, com o mtietgarantir a transmissao neuromuscular
qgquando grandes demandas de neurotransmissor s@ssaeas. Quando 0s receptores
muscarinicos do TNM sé&o ativados pode ocorrer ledagdo ou um aumento na quantidade
de neurotransmissor liberada para a fenda singptéendendo da frequéncia e da duracéo
dos estimulos elétricos aplicados no nervo motor.

Quando o nervo motor recebe estimulos elétricos fteqgiiéncias entre 30-80 Hz, as
contragbes musculares registradas sdo bem sustentaalretanto, contragdo n&o sustentada,
denominada fadiga de transmissao, fadiga tetanicanibicdo de Wedensky, pode ser
observada quando frequiéncias de estimulacdo majoreed00 Hz sdo utilizadas. A fadiga
tetdnica também pode ser observada com estimuddsces menores que 100 Hz se as
preparacbes neuromusculares forem tratadas conteageolinoliticos nicotinicos ou com
agentes que aumentam a liberagéo de acetilcopagiado TNM.

A autoregulacdo neuronal mediada por receptorescaringcos € iniciada pelo
acionamento dos receptores muscarinicos estimigist@o subtipo M quando baixas
frequéncias de estimulagéao (5 Hz) séo aplicadaseng motor. Todavia, 0 acionamento dos
receptores Mé deslocado para a ativacdo dos receptores musoarikl, quando altas
frequéncias de estimulagéo sao utilizadas sobex@motor.

A Ac e o ATP sao co-liberados pelo nervo motor. #&r metabolizado na fenda
singptica por uma cascata de ecto-nucleotidase$R d& origem a adenosina. Receptores
adenosinérgicos inibitérios e excitatorios tambéstA@ presentes no TNM modulando a
liberacdo de Ac. Quando o nervo motor é estimulamim pulsos de 5 Hz (freqiiéncia que
mimetiza o ritmo respiratério) ocorre o predomirdo tdnus adenosinérgico inibitorio,
mediado por receptores do subtipe. Ror outro lado, quando trens de pulsos de 50 Hz
(frequéncia que mimetiza o movimento voluntariodmc periodos de intervalos de 20
segundos, sao aplicados no nervo motor, ocorreopriedncia do tdnus A-facilitatério
sobre a liberacdo d#l-Acetilcolina (PHJACh). Este mesmo efeito facilitatério (via recept
A.p) pode ser evidenciado sob estimulos de baixa émzjé com a utilizacdo de drogas que
aumentam as concentracfes de adenosina na fer@#icincomo o Spfnitrobenzyl)-6-
tioinosina (30 pM) (NBTI), bloqueador da captac@ atlenosina e/ou eritro-9(2-hidroxi-3-
nonil)adenina (50 uM) (EHNA), inibidor da adenostlesaminase (ADA). Assim, o balanco
para a ativagdo dos receptoregimibitorio/Aza-facilitatorio € dependente dos niveis de
adenosina na fenda sinaptica. O padrdo de estidmulagilizado sobre as preparacdes
neuromusculares € que determina a maior ou memoead@o deste neuromodulador.

A adenosina formada durante os disparos neuronaifilan 0 balangco muscarinico
M1/M, de modo que, ao se empregar estimulos de bae@i$éincias sobre o nervo motor, o
tonus M predomina exercendo um efeito inibitério sobrereseptores M Este efeito é



sinergicamente potencializado por receptore®ér outro lado, quando trens de estimulos de
50 Hz séo aplicados sobre o nervo motor, o balarggomodulatério se altera. Em tal
situacdo, o tbnus Mnibitério passa a predominar, pois, além dossatiiveis de Ac na fenda
sinptica atuarem preferencialmente sobre recepldsea maior formacéo de adenosina ativa
receptores A que entdo exercem um efeito negativo sobre a;mbigue Msofre de M.

O 6xido nitrico (NO) é um géas produzido endogenaenenpartir do aminoacido L-
arginina (L-arg) por uma enzima enantiomericamesgpecifica denominada NO-sintase
(NOS) e apresenta como co-produto a L-citrulinaN@S se distribui largamente pelo
organismo, nos mais diversos tipos de células,saptando trés isoformas distintas. As
isoformas da NOS que estéo presentes na juncaomescular sdo a NOS | e Il. Ao contrario
da NOS I, a NOS do subtipo Il é calcio/calmodulimgependente.

O NO, atua sobre a enzima guanilato ciclase sol(®€l) para exercer seus efeitos
biolégicos através do aumento nos niveis intraaedsl de guanosina monofosfato ciclica
(GMPc). O NO pode atuar direta ou indiretamenteresais tecidos bioldgicos. Sua acdo
indireta € mediada por GMPc.

Em preparacdes neuromusculares de ratos demoastyjaeso NO pode aumentar a
amplitude de contra¢cdes musculares a 0,2 Hz owinthdiga de transmisséo se a frequéncia
de estimulacdo aplicada ao nervo motor for eleymda 50 Hz. Os efeitos neuromusculares
do NO tém sido investigados com o uso de técnic&s envolvam registros miograficos.
Contudo, os efeitos do NO sobre a transmissado aramf até o momento, investigados com
técnicas capazes de avaliar a liberacdo do nensotiasor. Assim, parte do presente trabalho
foi realizada para verificar os efeitos da L-Arg literacdo da*H]JACh do TNM de ratos
tratados ou ndo com antagonista de receptore€lM [[2- 1 [(diethylamino) methyll- 1-
piperidinyl]- acetyl]- 5, 11- dihydro- 6H- pyrid®] 3- b] [1, 4] benzodiazepine-6-one, AF-DX
116), inibidor de NOS (Rnitro-L-arginine, L-NOARG), antagonista de recep® A
(1,3dipropyl-8-cyclopentylxanthine, DPCPX), ademasideaminase (EC 3.5.44, ADA) ou
antagonista de receptorA((4-(2-[7-amino-2- (2-furyl{1,2,4}-triazolo{2,3-41,3,5}triazin-
5-yl-aminoethyl)phenol, ZM241385).

L-arg (47 uM) reduziu a liberacdo evocada delJACh em 266% (=11) e 432%
(n=5), quando o nervo frénico foi estimulado a 5 H30eHz, respectivamente. L-NOARG
(100 uM) antagonizou a reducdo da liberac&d]ACh induzida por L-arg a 5 Hz e 50 Hz.
AF-DX 116 (10 nM) ndo modificou o efeito inibitérimduzido por L-Arg a 5 Hz, mas
promoveu um efeito excitatério a 50 Hz. ADA (0,5m) reduziu o efeito de L-arg a 5 Hz e
50 Hz. DPCPX (2,5 nM) reduziu o efeito inibitéri@ d.-Arg a 5 Hz, mas ndo modificou o
efeito a 50 Hz. ZM241385 (10 nM) reduziu a inibigioliberacdo de’fiJACh produzida por
L-arg a 50 Hz, mas ndo modificou o efeito a 5 HE-[#X-116 antagonizou o efeito inibitério
produzido por oxotremorina (M) na liberacéo de’H]ACh a 50 Hz.

A L-citrulina € um aminoacido amplamente encontraso mamiferos, fortemente
relacionado a L-Arg. Em hepatécitos a L-Citrulinasiétetizada localmente pela enzima
Ornitina carbamoiltransferase (OCT) e metabolizpdi argininosuccinato sintetase (ASS)
em uréia. Entretanto, na produgédo de NO tecidualtrulina é um co-produto na biossintese
do NO pela enzima NOS. Assim, a L-citrulina podefaeilmente convertida em L-Arg pela
acao sucessiva da ASS e argininosuccinato liase)(ABe sdo expressas em todas as células,
incluindo neurdnios. Alguns autores sugerem quecdrlulina pode ser um precursor indireto
do NO e que este aminoacido ndo seria simplesment@roduto da sintese do NO, mas
poderia também estar envolvido na sinalizacao glenasds células.



Pouco se sabe a respeito da acdo da L-citrulineanamissdo sinaptica, isto €, no
controle da liberacdo de neurotransmissores. Edte I€vou-nos a também investigar os
efeitos deste aminoacido sobre as contracfes naussué sobre a liberagcdo evocada da
[*HJACh em comparacdo com os efeitos causados pdistrato de NOS, L-arg, e pelo
doador de NO, 3-morpholinosydnonimine chloride (80Nem preparacfes neuromusculares
estimuladas a 5 Hz.

L-Arg (0.01-4.7 mM), concentragdo dependente, reduz liberacdo evocada de
[*H]ACh. SIN-1 (1-100 uM) e L-citrulina (0.01-4.7 mMiimetizaram o efeito inibitorio da
L-arg. As concentragfes exigidas para deprimibersicdo em 30% foram respectivamente 10
MM SIN-1, 47 uM L-arg e 470 uM L-citrulina. L-citina (0.01-47 mM) também reduziu as
tensdes no diafragma causadas por estimulaca@&lée forma concentracdo dependente. A
poténcia de inibicdo ocorreu na ordem: SIN-1>L-arg#rulina.

L-NOARG (100uM, aplicado durante todo teste, incluindpeSS) preveniu a agéao
depressora da L-Arg (47 uM), mas o efeito inib@ddia L-citrulina (470 pM) permaneceu
inalterado ©>0.05). A inativacdo da GC com 1H-[1,2,4]oxadiag®-alquinoxalin-1-one
(ODQ) (10uM) atenuou parcialmente a inibicdo da L-arg () e preveniu totalmente o
efeito inibitorio do SIN-1 (10 uM). ODQ foi incapae alterar a acao inibitoria da L-citrulina
(470 pM). L-NOARG e ODQ incrementaram a liberac&ocada de *HJACh em 22+1%
(n=4) e 34+7% 1§=5), respectivamente, indicando que NOS e GC sdicamente ativados
para controlar a liberacédo de neurotransmissords\ib.

ADA (0,5 U/ml) ou NBTI (10 uM), atenuou os efeitda L-arg e L-citrulina, enquanto
a inibicdo pelo SIN-1 manteve-se inalterada. Redolt semelhantes foram obtidos com o
antagonista seletivo de receptoresDP¥CPX (2.5 nM). O bloqueio dos receptores Aom
ZM241385 (10 nM) foi incapaz de modificar os efsitimibitorios de L-Arg (47 pM), L-
citrulina (470 uM) e SIN-1 (10 uM).

Os dados sugerem que:

O controle da liberacdo de Ac na placa motora t@sld uma complexa interagédo entre
a sintese de mediadores intracelulares difusiveisjo o NO, e a atividade tdnica de
receptores pré-sinapticos operada por substaniberadas pelo neurbnio motor. A adenosina
tem um papel fundamental, pois pode exercer asagigs diretamente através dos receptores
inibitérios do subtipo A ou indiretamente através do controle da atividadscarinica (M
facilitatoria / Mp-inibitéria) pela ativacéo de receptores A

NOS catalisa a formacao de dois produtos neuromagmativos, NO e L-citrulina.
Enquanto NO pode agir diretamente para reduzioexdgdo de neurotransmissor através da
estimulacéo da GC, a acéo inibitéria da L-citrulimale ser secundaria ao induzir a liberacao
de adenosina que estimula os receptokesiBitorios.

Os resultados obtidos desses estudos permitiramal@oracdo de dois artigos
cientificos, que serdo aqui apresentados seguigdm@mas impostas pelas revistas para as
guais foram enviados. Os artigos encontram-se guarge ordem de apresentacao:

1. The reduction by nitric oxide on evokedH]-Ach release in the phrenic nerve-
hemidiaphragm preparations of rats is mediated byedeptor at 5 Hz and by cross- talk
between A, and M receptors at 50 Hz. Artigo enviado para a re\isteopean Journal of
Pharmacology.

2. L-Citrulline inhibits PH]acetylcholine release from rat motor nerve teatfsn by
increasing adenosine outflow channelling tp rAceptor activation. Artigo publicado na
revista British Journal of Pharmacology. Online Ipdiion, April 2, 2007,
doi:10.1038/sj.bjp.0707242.



ABSTRACT

Acetylcholine (Ac) is the neurotransmitter respbles for the neuromuscular
transmission and is stored in vesicles at the mmtove terminal (MNT). The release of Ac
fro the MNT occurs when the propagated action pibcauses the opening of €ahannels,
determining an increase on the intracellular leeékbis ion.

Once at the synaptic cleft, Ac can interact batbspnaptically and postsynaptically
and/or be hydrolyzed by acetylcholinesterase. Wihéracting with postsynaptic nicotinic
sites, Ac alters the cell membrane conductance @ K" and C&" which, reaching the
depolarization threshold triggers the terminal @labtential (tpp) and setting into motion the
contraction process. The interaction of Ac withgyreaptic nicotinic sites results in increased
release of Ac, with the purpose of assuring therarauscular transmission when large
demands of neurotransmitter are needed. When th& Miscarinic receptors are activated, a
decrease or an increase in the amount of neurotrtias released at the synaptic cleft may
occur, depending on the frequency and duratiorhefdlectric stimuli applied to the motor
nerve.

When the motor nerve receives frequency electimusi between 30-80 Hz, the
muscle contrations recorded are well-sustained. d¥ew a non-sustained contraction, named
transmission fade, tetanic fade or Wedensky inibitjtcan be observed when stimulation
frequencies greater than 100 Hz are used. Tetadie €an also be observed with electric
stimuli smaller than 100 Hz if the neuromusculaepgarations are treated with nicotinic
cholinolytic agents or with agents that increagertlease of Ac from the MNT.

The neuronal autoregulation through muscariniepéars begins with the recruitment
of Ms-subtype stimulatory muscarinic receptors when swulation frequencies (5 Hz) are
applied to the motor nerve. Nevertheless, the recent of My receptors is replaced for the
activation of M muscarinic receptors when high stimulation freques are used on the
motor nerve.

Ac and ATP are co-released from the motor nerveefiVimetabolized at the synaptic
cleft by a cascade of ecto-nucleotidases ATP preslucienosine. Inhibitory and excitatory
adenosinergic receptors are present as well a¥Iiti€, modulating the release of Ac. When
the motor nerve is stimulated with 5Hz pulses @gdiency that mimics the respiratory
rhythm) there is a predominance of inhibitory ad#nergic tonus, mediated by;-Aubtype
receptors. On the other hand, when burts of 50 &l4rdquency that mimics voluntary
movement), with intervals of 20 seconds, are appliemotor nerve, there is a predominance
of A4 facilitatory tonus on the release #f-acetycholine @H]Ach). This same facilitatory
effect (via A receptor) can be seen under low-frequency stimiili the use of drugs that
increase the concentrations of adenosine at thapsigncleft, such as $+nitrobenzyl)-6-
thioinosine (30 puM) (NBTI), a blocker of adenosinptake, and/or erythro-9(2-hidroxi-3-
nonil)adenine (50 uM) (EHNA), inhibitor of adenosimeaminase (ADA). Therefore, the
balance for the activation of;Anhibitory/Axa-facilitatory receptors is dependent on the levels
of adenosine at the synaptic cleft. The stimulatmpattern used on the neuromuscular
preparations is what determines the greater oeddgsamation of this neuromodulator.

The adenosine formed during the neuronal disclsamgmlulates the MM, muscarinic
balance in such a way that, when low-frequencydtiare applied to the motor nerve, the M
tonus predominates and exerts an inhibitory eftgmdn the M receptors. This effect is
synergistically potentialized by ;Areceptors. On the other hand, when 50 Hz (busts)
impulses are applied to the motor nerve, the neadumatory balance changes. In this
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situation the M inhibitory tonus predominates, because in additiothe high levels of Ac at
the synaptic cleft acting preferentially on the Mceptors, the larger formation of adenosine
activates Aa receptors, that in turn exert a negative effectteninhibition that M suffers
from M;.

Nitric oxide (NO) is a gas endogenously produagednfthe aminoacid L-arginine (L-
arg) by an enantiomerically specific enzyme named-dihthase (NOS) and yielding L-
citrulline as a by-product. NOS is widely distribdtin the organism, on the most diverse cell
types, showing three distinct isoforms. The NOSfasus that are present at the
neuromuscular junction are NOS | and Il. Contrany NOS [, subtype II-NOS is
calcium/calmodulin-independent.

NO acts on the soluble enzyme guanilate cyclase (G@roduce its biological effects
indirectly by the increase on the intracellulardisvof cyclic guanosine monophosphate
(cGMP). NO can act either directly or indirectly biological tissues. Its indirect action is
mediated by cGMP.

In neuromuscular preparations of rats it has bemnamstrated that NO can increase
the amplitude of muscle contrations at 0.2 Hz auces transmission fade if the stimulation
frequency applied on the motor nerve is increasedhtues upper than 50 Hz. The effects of
NO on neuromuscular transmission have been in\astigusing miographic record. However,
the effects of NO have not been investigated utgngniques that determine the release of Ac
from motor nervous ending. Therefore, part of thespnt work was carried out to verify the
effects of L-arg on the release GHJACh from the NMT of rats treated or not with the
receptor antagonist (11-[[2-1[(diethylamino)methybiperidinyl]- acetyl]-5,11-dihydro-6H-
pyrido[2, 3- b][1, 4]benzodiazepine-6-one, AF-DX 6)1 inhibitor of NOS (N-nitro-L-
arginine, L-NOARG), A receptor antagonist (1,3dipropyl-8-cyclopentylkxam¢, DPCPX),
adenosine deaminase (EC 3.5.44, ADA) o Aeceptor antagonist [(4-(2-[7-amino-2-(2-
furyl{1,2 4}-triazolo{2,3-a-{1,3,5}triazin-5-yl-amnoethyl) phenol, ZM241385].

L-arg (47uM) decreased the evoked release®pf| ACh to 26:6% (n=11) and 432%
(n=5), when the phrenic nerve was stimulated at 5aki@ 50 Hz (bursts), respectively. L-
NOARG (100uM) antagonized the decrease on the releas#ACh induced by L-arg at 5
Hz and 50 Hz. AF-DX 116 (10 nM) did not change itht@ibitory effect induced by L-arg at 5
Hz, but promoted an excitatory effect at 50 Hz. A[DAS U/mL) reduced the effect of L-arg
at 5 Hz and 50 Hz. DPCPX (2.5 nM) reduced the it effect of L-arg at 5 Hz, but did not
change the effect at 50 Hz. ZM241385 (10 nM) redutiee inhibition of the release of
[*HJACh produced by L-arg at 50 Hz, but did not chartbe effect at 5 Hz. AF-DX-116
antagonized the inhibitory effect produced by oew#orine (10uM) on the release of
([*H]JACh) at 50 Hz.

L-citrulline is an aminoacid widely found in mammaktrongly linked to L-arg. In
hepatocytes, L-citrulline is synthesized locally the enzyme ornitine carbamoiltransferase
(OCT) and metabolized by argininosuccinate synthgs8S) to urea. However, in the
production of tissue NO, L-citrulline is a by-pradun the biosynthesis of NO by the enzyme
NOS. Thus, L-citrulline can be easily converted.targ by the successive action of ASS and
argininosuccinate liase (ASL), which are expressedll the cells, including neurons. Some
authors suggest that L-citrulline can be an indigrecursor of NO and that this aminoacid
would not be simply a product of NO synthesis, dmtild be involved in signaling at some
cells as well.
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Little is known with regard to the action of L-aitline in synaptic transmission, that is,
in the control of neurotransmitter release. Thi s also to investigate the effects of this
aminoacid on the muscle contractions and on th&ezlcelease ofHJACh in comparison to
the effects caused by the NOS substrate, L-arg, &yd the NO donor, 3-
morpholinosydnonimine chloride (SIN-1), in neuromuigr preparations stimulated at 5 Hz.

L-arg (0.01-4.7 mM) reduced the evoked release®d]ACh in a concentration-
dependent manner. SIN-1 (1-100 pM) and L-citruli@®1-4.7 mM) mimicked the inhibitory
effect of L-arg. The concentrations demanded taekpthe release in 30% were, respectively,
10 uM SIN-1, 47 pM L-arg and 470 pM L-citrulline.-ditrulline (0.01-47 mM) also
decreased the tensions on the diaphragm causetetityiee stimulation in a concentration-
dependent manner. The potency of inhibition occlimethe order: SIN-1>L-arg>L-citrulline.

L-NOARG (100uM, applied during the whole test, including S1 &%) prevented the
depressant action of L-arg (47 pM), but the inloityit effect of L-citrulline (470 pM)
remained unchanged (P>0.05). Inactivation of GC hwiltH-[1,2 4]oxadiazolo[4,3-
ajquinoxalin-1-one (ODQ) (1@M) partially attenuated the L-arg inhibition (4M) and
totally prevented the inhibitory effect of SIN-10(1uM). ODQ was incapable of changing the
inhibitory action of L-citrulline (470 uM). L-NOARGnNd ODQ enhanced the evoked release
of [*H]ACh to 22+1% (=4) and 34+7%r=5), respectively, indicating that NOS and GC are
tonically activated to control the release of n&namms mitters from the MNT.

ADA (0,5 U/ml) or NBTI (10 uM), smoothed the effecof L-arg and L-citrulline,
while the inhibition by SIN-1 was unchanged. Simiasults were obtained with; Aeceptors
selective antagonist, DPCPX (2.5 nM). The blockatl&2A receptors with ZM 241385 (10
nM) was incapable of changing the inhibitory effeof L-arg (47 puM), L-citrulline (470 uM)
and SIN-1 (10 pM).

The data suggest that:

The control of Ac release at the motor plate tssiubm a complex interaction
between the synthesis of diffusible intracelluladiators, such as NO, and the tonic activity
of presynaptic receptors carried out by substanelessed by the motor neuron. Adenosine
has a key role, because it can exert its actioestty through A-subtype inhibitory receptors,
or indirectly through the control of the muscariractivity (Mi-facilitatory/M-inhibitory)
through the activation of A receptors.

NOS catalyzes the formation of two neuronally aefproducts, NO and L-citrulline.
While NO can act directly to reduce the releaseeafrotransmitter through the stimulation of
GC, the inhibitory action of L-citrulline may becsmdary to adenosine outflow channelling to
inhibitory A; receptors activation.

The results obtained from these studies allowedattieng of two scientific articles,
which are presented here following the rules imgdsgethe journals to which they were sent.
The articles are in the following order of preséinta
1. The reduction by nitric oxide on evokedH[-Ach release in the phrenic nerve-

hemidiaphragm preparations of rats is mediated pyedeptor at 5 Hz and by cross-talk
between Axn and M receptors at 50 Hz. Article sent to the Europeanrnhl of
Pharmacology.

2. L-Citrulline inhibits [PHJacetylcholine release from rat motor nerve teatsn by
increasing adenosine outflow channeling toréceptor activation. Article published at the
British Journal of Pharmacology. British Journal Rtiarmacology. Online publication,
April 2, 2007; doi:10.1038/sj.bjp.0707242.
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LISTA DE ABREVIATURAS

[*H]JACh: *H-Acetilcolina

Ac: Acetilcolina

ADA: adenosina desaminase

AF-DX 116: 11- [[2- 1 [(diethylamino) methyl1- 1igeridinyl]- acetyl]- 5, 11- dihydro- 6H-
pyrido [2, 3- b] [1, 4] benzodiazepine-6-one

ASL: argininosuccinato liase

ASS: argininosuccinato sintetase

DPCPX: 1,3dipropyl-8-cyclopentylxanthine

EHNA: eritro-9(2-hidroxi-3-nonil)adenina

GC: guanilato ciclase solavel

GMPc: guanosina monofosfato ciclica

L-arg: L-arginina

L-NOARG: N”-nitro-L-arginine

NBTI: S-(p-nitrobenzyl)-6-tioinosina

NO: 6xido nitrico

NOS: NO-sintase

OCT: Ornitina carbamoiltransferase

ODQ: 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
ppt: potencial de placa terminal

SIN-1: 3-morpholinosydnonimine chloride

TNM: terminal nervoso motor

ZM241385: (4-(2-[7-amino-2-(2-furyl{1,2,4}-triazo{@,3-a-{1,3,5}triazin-5-yl-

aminoethyl)phenol)
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Abstract

Current work was undertaken to verify the effedts-@rginine on fH]-acetylcholine
released from the motor nerve ending of rats tckatenot with M receptor antagonist (11-
[[2- 1 [(diethylamino) methyll- 1- piperidinyl]- &tyl]- 5, 11- dihydro- 6H- pyrido [2, 3- b]
[1, 4] benzodiazepine-6-one, AF-DX 116), Al receptantagonist (1,3dipropyl-8-
cyclopentylxanthine, DPCPX), adenosine deaminase 35.44, ADA), or Aa receptor
antagonist  ((4-(2-[7-amino-2-(2-furyl{1,2,4}-trialm2,3-a-{1,3,5}triazin-5-yl-aminoethyl)
phenol, ZM241385). L-arginine (47 to 47QM) decreased evokedH]-Ach release at 5.0
Hz. The lowest concentration (4M) of L-arginine able to reduce evoketH]-Ach release at
5.0 Hz produced higher inhibition when the nerves wamulated at 50 Hz. L-NOARG (100
uM) and AF-DX 116 (10 nM) alones increaséH]FAch release at 5.0 Hz and 50 Hz, but the
facilitatory effect of AF-DX 116 was lower at 50 HZ-NOARG antagonized the reduction
on PH]-Ach release induced by L-arginine at 5 Hz and-&#0 AF-DX 116 did not modify the
inhibitory effect induced by L-arginine at 5 Hz,thtichanged the inhibitory effect of amino
acid to facilitatory effect when the preparationsrev stimulated at 50 Hz- burst. ADA (0.5
U/ml) reduced the inhibitory effect of L-argininé & and 50 Hz. DPCPX (2.5 nM) reduced
the inhibition caused by L-arginine at 5 Hz, bud dot modify the inhibitory effect of amino
acid at 50 Hz-burst. ZM241385 (10 nM) reducdd]{Ach release inhibition produced by L-
arginine at 50 Hz, but did not modify the inhibjtaffect of amino acid at 5 Hz. AF-DX-116
antagonized the inhibitory effect produced by oswotorine (10pM) on evoked JH]-Ach
release at 50 Hz. Data indicate that endogenoush&KDimportant inhibitory physiological
tonic action on motor nerve terminal. The inhibytaeffect of gas in the phrenic nerve-
hemidiaphragm preparations of rats is mediated bye&eptor at 5 Hz and by cross-talk

between Ax and M, receptors at 50 Hz-burst.
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Introduction

The acetylcholine released from the motor nerveingndegulates its own output
activating the nicotinic and muscarinic presynapgceptors (See Bowman, 1980). The
activation of such receptors increases (nicotinit lsl; muscarinic receptors) and reduces (M
muscarinic receptors) the acetylcholine outputedelng on frequency and duration of pulses
applied on motor nerve (Somoggtial, 1987;Wessleret al, 1988). It has been shown that the
neuronal nicotinic receptors mediate a short-teasitive feedback mechanism is terminated
by rapid autodesensitization (Wesstdral, 1986; Colquhouret al, 1989). However, the
liberation of acetylcholine may be regulated byesthsubstances released from motor nerve
terminal (adenosine, calcitonin gene-related peptislibstance P, vasoactive e intestinal
peptide) or postsynaptic (arachidonic acid, nimdde) sites (Van Der Kloot and Molgé,
1994). Adenosine buildup from ATP catabolism durmeuronal firing plays a key role in
adjusting the modulatory pattern of neuromusculandmission to stimulation conditions.
While adenosine acts as an inhibitory signal (viaréceptors) under resting conditions,
amplification of neuromuscular transmission depemi€rosstalk between,Areceptors and
receptors for other neurotransmitters and neuromatohs (Correia-de-Sét al, 1997). When
the muscarinic M positive feedback loop is fully operatives at 5, Hioth My and Ana
receptors functions are suppressed, and acetyteholerflow is controlled by endogenous
formation of small amounts of adenosine actingmimbitory A; receptors. On the other hand,
the shift on muscarinic neuromodulation may be ewvidd during high frequency bursts (50
Hz), as the activation of A receptors by adenosine generates from catabolisadenine
nucleotide promotes Mautoinhibitory action by braking counteraction nated by
muscarinic M receptors (Oliveiraet al, 2002). Thus, it has been proposed that the M
positive feedback mechanism predominates ovedinMibition when the motor nerve is
stimulated with pulses (5Hz) close to the firingeraf phrenic motor neurons during quiet
ventilation of rats (Oliveiraet al, 2002, Monteiro and Ribeiro, 1987). Nevertheless;h
predominance is shifted to activation of presynaptic muscarinic receptor if the stimuladion
pulses are increased to 50 Hz (Olivestal, 2002).

Miographic studies have shown that skeletal musadspond with a well-sustained

contraction when the motor nerve is being eledtsicstimulated at 30 to 100 hz (Bowman,
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1980). However, tetanic fade may be recorded eweri08 Hz if the neuromuscular
preparations are treated with endogenous (L-arg)ram exogenous (nitric oxide gas, sodium
nitroprusside, SIN 1, SNAP) nitric oxide donorsi¥&iet al.,1999). Additionally, it has been
shown that intra-arterial injections of atropine arblocker of NO-synthase (L-NOARG),
antagonize L-arginine-induced fade in neuromuscptaparations of cats. Thus, it has been
proposed that fade induced by Nfight be determined by previous increment on
acetylcholine output, thereby stimulating the intoky presynaptic muscarinic receptors, then
reducing the liberation of acetylcholine from thetor nerve terminal (Cruciol-Souza and
Alves-do-Prado, 1999)Although data obtained from miographic record offedirect
evidences to presynaptic action of NO modifying fletylcholine release from motor nerve
ending, the effects of gas on release of acetyilobdlave not been investigated. The current
work was undertaken to verify the effects of L-aige on fH]-acetylcholine released from
the motor nerve ending of rats treated or not wih receptor antagonist (11- [[2- 1
[(diethylamino) methyl1- 1- piperidinyl]- acetylp, 11- dihydro- 6H- pyrido [2, 3- b] [1, 4]
benzodiazepine-6 -one, AF-DX 116), ; A receptor antagonist (1,3dipropyl-8-
cyclopentylxanthine, DPCPX), adenosine deaminaseé #5.44, ADA) or Aa receptor
antagonist ((4-(2-[7-amino-2- (2-furyl{1,2,4}-triaio{2,3-a-{1,3,5}triazin-5-yl-
aminoethyl)phenol, ZM241385). The preparations weaeicularly stimulated with pulses of
5 Hz or 50 Hz, as motoneurones are firing at tHesguencies during voluntary movements
(Fischbach and Robbins, 19%imby and Hannerz 1977; Grimley al, 1979).
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Materials and Methods

The left phrenic nerve-hemidiaphragm preparati@8 (nm width) of Rats (Wistar, 150-200
g) were previously described (Correia-dee$al., 1991). The preparations were mounted in 2
ml chambers, with direct oxygenation (95 %add 5% CQ), kept at 37C, and superfused (3
ml min —1) with gassed Tyrode solution containimgM): NaCl 137, KC| 2.7, CaGI1.8,
MgCl, 1.0, NaHPO, 0.4, NaHCQ 11.9, and glucose 11.2.The nerve was drawn istocaon
electrode for stimulation. The preparation wasvedid to equilibrate, under superfusion with
gassed Tyrode solution, for 30 min. The procedus=d for labelling the preparations and
measuring evoked®fiJacetylcholine ({H]-ACh) release have been previously described
(Correia-de-Saet al., 1991; 1996). Experiments were performed in the radeseof
cholinesterase inhibitors to prevent non-physiaabi extracellular accumulation of
acetylcholine that might exaggerate cholinergicrapwdalation. After a 30 min equilibration
period, the superfusion was stopped and the newimgs were labelled for 40 min withyM
[*H]-Ach (specific activity 2.5.Ci nmol*) under electrical stimulation at 1 Hz. After threde

of labelling period, the preparations were agaipesfused (15 ml mif) and the nerve
stimulation stopped. From this time, hemicholini@nf10 uM) was present to prevent uptake
of choline. After a 60 min period of washout, bathmples (2 ml) were automatically
collected every 3 min by emptying and refilling twgan bath with the solution in use, using a
fraction collector (Gilson, FC203B, France) coupliedx peristaltic bump (Gilson, Minipuls 3,
France) programmed device. Aliquots (0.5 ml) ouination medium were added to 3.5 ml of
Packard Insta Gel Il (USA) scintillation cocktallritium content of samples was measure by
liquid scintillation (counting efficiency of 48 2 %) after appropriate background subtraction,
which did not exceed 5% of the trittum content bk tsamples. The radioactivity was
expressed as disintegrations per minute (DPM) pangvet weight of the tissue determined
at the end of the experiments®H]-Ach releases were evoked by electrical stimotptihe
phrenic nerve two times, at the™gS1) and 38 (S2) min after the end of the washout period
(zero time). Drugs were added in the bath 15 miforeeS2. Their effects on transmitter
release were expressed as ratios S2/S1 and compaeelcentage of ratio control (without
drugs). Statistical significance of experimentaiuiés was evaluated by one-way ANOVA (P<

0.5) followed by Dunnett’s.
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Drugs

L-Arginine, D- arginine, N-nitro-L-arginine (L-NOARG), adenosine deaminas€ (&5.44,
ADA), choline chloride, hemicholinium- 3 and oxatrerine sesquifumarate (Sigma, USA).
(11- [[2- 1 [(Diethylamino) methyl1- 1- piperidinlylacetyl]- 5, 11- dihydro- 6H- pyrido [2, 3-
b] [1, 4] benzodiazepine- 6 -one, AF- DX 116) afgt (2- [7- amino- 2- (2- furyl {1, 2, 4}-
triazolo {2, 3- a- {1, 3, 5} triazin- 5- yl- amindleyl) phenol, ZM241385) (Tocris Cookson
Inc., UK). (1, 3 Dipropyl- 8- cyclopentylxanthinBPCPX) (Res. Biochem. Inc., USA).
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Results

L-arginine (47 to 470@M) in a concentration-depend manner decreased eviolkg
Ach release at 5.0 Hz (Figure 1). The effect ofraoracid at lower concentration (4¥) able
to reduce (26 x%) evoked H]-Ach release at 5.0 Hz produced higher inhibit{d8 + 2%)
on evoked H] Ach release when the nerve was stimulated atiB@Figure 2). L-NOARG
(100 uM) and AF-DX 116 (10 nM) alones increaséti]fAch release at 5.0 Hz and 50 Hz,
but the facilitatory effect of AF-DX 116 was lowatr 50 HZ (Figure 3). L-NOARG (100M)
antagonized the reduction ofH]-Ach release induced by L-arginine at 5 Hz and HD
(Figure 4). However, it was verified that AF-DX 1{80 nM) did not modify the inhibitory
effect induced by L-arginine at 5 Hz, but it chathgbe inhibitory effect of amino acid to
facilitatory effect when the preparations were stamed at 50 Hz- burst (Figure 4). The
treatment of preparations with ADA (0.5 U/ml) redddhe inhibitory effect of L-arginine at 5
and 50 Hz (Figure 4). On the other hand, the treatrof preparations with DPCPX (2.5 nM)
reduced the inhibition caused by L-arginine at 5 Ibi# did not modify the inhibitory effect of
amino acid when the preparations were stimulateblOaltiz-burst (Figure 4). Oppositely, it
was verified that ZM241385 (10 nM) reducetH]FAch release inhibition produced by L-
arginine at 50 Hz, but did not modify the inhibytoeffect of amino acid recorded at 5 Hz
(Figure 4). Oxotremorine (1AM) reduced the evokedH]-Ach release at 50 Hz, but such
effect was antagonized by previous treatment opgmaions with AF-DX-116 (10 nM)
(Figure 5).
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Discussion

L-arginine in a concentration-depend manner deetkasoked H]-Ach release at 5.0
Hz. The lowest concentration of amino acid thatpied such effect at 5.0 Hz determined a
higher inhibition on evokedifi]-Ach release when the preparations were stimdlate50 Hz.
In contrast, earginine did not produce any change on evok&{]-Ach release, but the
inhibitory effects of amino acid at 5.0 and 50.0 Wwre antagonized by previous treatment of
preparations with L-NOARG. These data indicate tat inhibitory effect induced by L-
arginine in the phrenic nerve-hemidiaphragm prepara of rats depend on frequency of
stimulations applied on motor nerve, and is deteeaiiby metabolism of L-arginine to NO
through action of NOS (Cruciol-Souza and Alves-adad®, 1999)On the other hand, it was
verified that the inhibitory effect induced by N® %0.0 Hz was impaired by treatment of
preparations with AF-DX 116, but such agent did modify the inhibitory effect produced by
NO at 5.0 Hz. These results indicate that whileittabitory effect produced by NO at 50.0
Hz depend on activation by acetylcholine of inlabyt M, receptors, the effect of gas at 5.0
Hz is not produced by activation of such receptStgh hypothesis is reinforced by data that
showed that the inhibitory effects induced by NOd aoxotremorine at 50 Hz were
qualitatively similar and impaired by treatmentuséparations with AF-DX 116. On the other
hand, it was verified that the inhibitory effectduced by NO at 50 Hz also depended on
release of adenosine from motor nerve terminalvatitig facilitatory Aa presynaptic
receptors, as the treatment of preparation with AAXAZM241385, but not with DPCPX,
reduced the effect of gas at such frequency ofuéition. Thus, data indicate that the
inhibitory effect induced by NO at 50 Hz depends avoss- talk between the presynaptic
facilitatory Apa receptors and the presynaptic inhibitory, Meceptors. In contrast, the
inhibitory effect induced by NO at 5.0 Hz seemséhdepended on activation by adenosine of
inhibitory presynaptic Areceptors, as the treatment of preparations widA Ar DPCPX, but
not with AF-DX 116 or ZM241385, reduced the effetgas at 5.0 Hz.

L-NOARG or AF-DX 116 alones increasett]-Ach release at 5.0 Hz and 50 Hz, but
the facilitatory effect of AF-DX 116 was lower a0 3HZ. These results indicate that both
endogenous NO and acetylcholine have importantiplogscal tonics actions on motor nerve.

The lower ability of AF-DX 116 to produce a highprotection against the activation by
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acetylcholine of inhibitory presynaptic Meceptors at 50 Hz was determined by activation of
presynaptic stimulatory A receptors to produce an increment on acetylchotalease
determining a higher competition between acetylioeoand AF-DX 116 for presynaptic M
receptors. This hypothesis is sustained by prestugy that have shown that the activation of
Aoa receptors by adenosine generates from catabolfsadenine nucleotide promotes,yM
autoinhibitory action by braking counteraction nmegdd by muscarinic Mreceptors when
nerve is stimulated at 50 Hz- burst (Oliveea al., 2002). Furthermore, the Mpositive
feedback mechanism predominates overiffibition when the motor nerve is stimulated at
5Hz (Oliveiraet al., 2002). Thus, the highest facilitatory effect retmit with AF-DX 116
alone in neuromuscular preparations stimulated.@tHz was determined by an unbalance
between activations of Mand M receptors produced by AF-DX 116 determining a @igh
activation by acetylcholine of presynaptic factiey M; receptors. On the other hand, the
increase on °H]-Ach release produced by inhibitor of synthesisND at 5.0 Hz was
determined by a reduction on adenosine releaserddupe lower inhibition on>H]-Ach
release. This hypothesis is proposed taking in tthat in the current study the inhibitory
effect induced by NO at 5.0 Hz was mediated byvatn by adenosine of inhibitory
presynaptic A receptors. Controversially, the increase #]-Ach release produced by L-
NOARG alone at 50.0 Hz might have been determined teduction on release of adenosine
producing lower activation of facilitatory presyti@pA.a receptors, thereby reducing the
activation by acetylcholine of inhibitory presyniag¥l, receptors. This hypothesis is sustained
by data that showed that the inhibitory effect @ Bt 50 Hz was changed to facilitatory when
the preparations were treated with AF-DX 116. Tlpdthesis is also sustained by data that
showed the inhibitory effect of NO at 50 Hz wasueeld by addition of ADA or ZM241385
in the bath, but it was not modified by administatof DPCPX. It is also favorably to that
hypothesis the data that showed the inhibitoryotdfenduced by oxotremorine or NO at 50
Hz were qualitatively similar and abolished afteyatment of preparations with AF-DX 116.
Controversially, it was recorded that the inhibytaaffect induced by NO at 50.0 Hz was
transformed to facilitatory effect when the prepiarss were treated with AF-DX 116. Such
data indicate that the cross- talk between fatlitaAza receptors and inhibitory Mreceptors
activated at 50 Hz was unbalanced by NO inducimgidr activation by adenosine ob/A

receptors, thereby increasing the acetylcholinegpaititIn such situation, the activation of,A
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receptors induced by NO was not counteracted bipitolny presynaptic M receptors, as they
were blocked by AF-DX 116.

Taken together, data show that endogenous NO hasrtiamt inhibitory physiological
tonic action on motor nerve terminal. The inhibjteffect of gas on evokedH]-Ach release
in the phrenic nerve-hemidiaphragm preparationsatsf depend on release of adenosine and
acetylcholine from motor nerve terminal, and itmediated by Areceptor at 5 Hz or by a

cross- talk between A and M, receptors at 50 Hz-burst.
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Figure 1- Reduction by L-arginine (47 to 470®1) on [*H]-Ach release evoked by 5.0 Hz-
trains indirectly applied on the left phrenic nehe&midiaphragm preparations of rats.
Abscissas show values of logarithmic concentratimins-arginine. Ordinates are percentage
changes in S2/S1 ratios compared to control (witltbugs). Height of columns indicates
means+ s.e.m. of 6 experiments. * P< 0.05 (one-way ANOYGNowed by Dunnett’s

modifiedt- test) significant differences compared to control.
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Figure 2- Reduction by L-arginine (4iM) (horizontal bar) on®H]-Ach release from motor

nerve terminals of rats stimulated at 50.0 Hz- tsufS2, filled triangle). The graph shows the
time of course of tritium outflow (ordinates) expsed as percentage of the total radioactivity
present at the beginning of the collection perloscissa indicates time at which the samples
were collected. Control curve (Ctr., filled circJeshows the fractional release induced by 50.0

Hz- bursts (S1 and S2) before addition of L-arggniData are means of 5 experiments.
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Effect of L-NOARG (100 pM, S2) 5-Hz trains 22% 1% 4
Effect of L-NOARG (100 puM, S2) 50-Hz bursts 26% 1% 4

Figure 3- Effects induced by L-NOARG (106M) and AF-DX 116 (10 nM) on °H]-
acetylcholine release evoked by 5.0 Hz-trains a0 3z-burst indirectly applied on the left
phrenic nerve-hemidiaphragm preparations of rabscfssa indicates stimulations conditions
and ordinates shows percentage changes in S2i8& catmpared to control (without drugs).
Heights of columns indicate meatss.e.m. of 4 experiments. * P< 0.05 (one-way ANOVA
followed by Dunnett’'s modified- test) significant differences compared to conttdl(one-
way ANOVA followed by Dunnett's modifiett test) significant differences compared to AF-
DX 116 at 5.0 Hz- trains.
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Crosstalk NO and M2/A1
L-arginine (47 pM) | |
5 Hz Trains 50 Hz Bursts

Control -26 -6 -43 -2
L-NOARG (100 pMm) -1 -4 -6 -8
AF-DX 116 (10 nM) -17 -8 27 6
ADA (0.5 U/mL) 1 6 -30 -2
DPCPX (2.5 nM) -9 -5 -34 -3
ZM241385 (10 nM) -29 -9 -17 -6

Figure 4- Effects induced by L-NOARG (1QM), AF-DX 116 (10 nM), adenosine deaminase (EC
3.5.44, ADA, 0.5 U/mL), 1,3dipropyl-8-cyclopentylxdnine (DPCPX, 2.5 nM) and (4-(2-[7-amino-2-
(2-furyl {1,2,4}-triazolo {2,3-a- {1,3,5} triazin-5yl-aminoethyl) phenol (ZM241385, 10 nM) ofH]-

Ach release evoked by 5.0 Hz-trains or 50.0 Hzibindirectly applied on the left phrenic nerve-

hemidiaphragm preparations of rats. Abscissa iteticatimulations conditions and ordinates shows

percentage changes in S2/S1 ratios compared toot¢nwithout drugs). Heights of columns indicate

meanst s.e.m. of 4 to 6 experiments. * P< 0.05 (one-w&OVA followed by Dunnett’'s modified

test) significant differences compared to contfblack columns, 471M L-arginine, 5 Hz or 50 Hz).

* P< 0.05 (one-way ANOVA followed by Dunnett's mified t- test) significant differences
compared to control at 5.0 Hz-trains condition.
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Figure 5- Antagonism by AF-DX 116 (10 nM, open @g) of reduction by oxotremorine
(Oxot, 10uM, filled circles) on fH]-acetylcholine release from motor nerve termirafisats
stimulated at 50 Hz- bursts. The graph shows the tf course of tritium outflow (ordinates)
expressed as percentage of the total radioactprisgent at the beginning of the collection
period. Abscissa indicates time at which the samplere collected. Horizontal dark bars
indicate administration of Oxot in presence andeabs of AF-DX 116. Control curve (filled
square) shows the fractional release induced Wy 8- bursts (S1 and S2) before addition of

drugs. Data are means of 6 experiments.
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Summary

Background and purpose.There is a close relationship between NOS actaviy depression
of neuromuscular transmission, but little is knoabout the role of L-citrulline, a co-product
of NO biosynthesis, on neurotransmitter release.

Experimental approach.Muscle tension recordings and outflow experimerdgsavperformed
on rat phrenic nerve-hemidiaphragm preparatiomsutéited electrically.

Key results. L-citrulline concentration-dependently inhibitedo&ed FHJACh release from
motor nerve terminals and depressed nerve-evokestlengontractions. The NOS substrate,
L-arginine, and the NO donor, 3-morpholinosydnomieniSIN-1), also inhibited®*HJACh
release with a rank potency order of SIN-1>L-ang@xL-citrulline. Co-application of L-
citrulline and SIN-1 caused additive effects. NQfactivation with N-nitro-L-arginine
prevented L-arginine inhibition, but failed to mfydithe effect of L-citrulline. The NO
scavenger, haemoglobin, abolished inhibition®bff ACh release caused by SIN-1, but did not
change inhibiton by L-arginine. Inactivation of awlyl cyclase with 1H-
[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) fulblocked SIN-1 inhibition, but only
partially attenuated L-arginine effect. Reductidrertracellular adenosine accumulation with
adenosine deaminase or with the nucleoside trahspdibitor, S-f-nitrobenzyl)-6-
thioinosine, attenuated the effects of L-arginimel &-citrulline, while keeping unchanged
inhibition by SIN-1. Similar results were obtainedth the selective adenosine; Aeceptor
antagonist, 1,3-dipropyl-8-cyclopentylxanthine. itndline enhanced the resting adenosine
outflow, without changing the basal release of atkenucleotides.

Conclusions and implications. Data suggest that NOS catalyses the formation af tw
neuronally active products, NO and L-citrulline. Wéh NO may directly reduce transmitter
release through stimulation of soluble guanylyllage, the inhibitory action of L-citrulline

may be secondary to adenosine outflow channeltingttibitory A; receptors activation.

Keywords. Neuromuscular junction — Acetylcholine release derosine — A receptor —
Nucleoside transport — Nitric oxide (NO) — Nitrizide synthase — L-citrulline — L-arginine —
NO donor.
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Abbreviations. ACh, acetylcholine; ADA, adenosine deaminase; AlXdenosine; ASL,
argininosuccinate lyase; ASS, argininosuccinate tr@tase; DPCPX, 1,3-dipropyl-8-
cyclopentylxanthine; EHNA, erythro-9(2-hydroxy-3mgd) adenine; L-NOARG, Rnitro-L-
arginine; NBTI, S+{9-nitrobenzyl)-6-thioinosine; NO, nitric oxide; NOSitric oxide synthase;
OCT, ornithine carbamoyltransferase; ODQ, 1H-[lj@&xddiazolo[4,3-a]quinoxalin-1-one;
SIN-1, 3-morpholinosydnonimine hydrochloride; ZM 1385, 4-(2-[7-amino-2-(2-
furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylamimlethyl)phenol.



33

INTRODUCTION

Nitric oxide synthases (NOS) are a family of enzgroapable of oxidizing the amino acid, L-
arginine, to form L-citrulline and nitric oxide (NONO is an exceptionally membrane-
permeant gas molecule with short half-life. It l@®n shown that in the brain NO acts as a
neurotransmitter or neuromodulator-like substaneend synaptic transmission (Garthwaite,
1991). In the peripheral nervous system, NO har batensively studied and its involvement
in a wide variety of functions has been demonafratehe autonomic nervous system, though
its functions in the motor system are less wellrof. There is a close relationship between
NOS activity and depression of neuromuscular trassion (Wanget al, 1995; Thomas &
Robitaille, 2001). The most common mode of actibhN© is by stimulating soluble guanylyl
cyclase thereby increasing neuronal levels of cy@MP (Garthwaite, 1991; Boultcet al,
1994), but it also has several other biochemictdcéd of potential biological significance
(reviewed by Stamler & Meissner, 2001). It has bpermposed that NO acts through both
cyclic GMP-dependent and -independent pathwaykeatimphibian neuromuscular junction,
with the dominance of a particular pathway deteedirby the level of synaptic activity
(Thomas & Robitaille, 2001).

L-citrulline, which is a ubiquitous amino acid inammals, is strongly related to
arginine (reviewed by Curist al, 2005). In hepatocytes, L-citrulline is locallyrglgesized by
the enzyme ornithine carbamoyltransferase (OCT) amdabolised by argininosuccinate
synthetase (ASS) for urea production. However, @ producing tissues, L-citrulline is the
co-product in the NO biosynthesis by NOS enzymecaBse L-citrulline can be easily
converted into L-arginine by the successive acbbASS and argininosuccinate lyase (ASL),
which are expressed in every cell examined inclgidimeurons (Wiesinger, 2001), some
authors suggested that L-citrulline might be anrext precursor of NO in NO-synthesising
cells (Mori & Gotoh, 2000). Previously, Ruiz andj@m®na (1998) advanced the possibility
that L-citrulline could be not merely a by-produdtthe NO-synthesis but might also play a
role in cell signalling. In spite of this, littlesiknown about the action of L-citrulline on
synaptic transmission, namely in the control ofrotnansmitters release. This prompted us to
investigate the role of L-citruline on nerve-evdkemuscle contractions and on

[*H]acetylcholine (H]ACh) release from stimulated motor nerve termsnil comparison
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with the effects caused by the NOS substrate, Inermg, and by the NO donor, 3-
morpholinosydnonimine chloride (SIN-1). In order Idock L-citrulline conversion to L-
arginine and subsequent formation of NO, we used\i®S inhibitor N-nitro-L-arginine (L-
NOARG) (Moncadat al, 1991).

The depressing action of the NO pathway on synapdiasmission in the central
nervous system is, at least, partially mediatedubi increases in the release of endogenous
adenosine acting on,Aeceptors (Fallalet al, 1996; Bon & Garthwaite, 2002). Controversy,
however, exists on whether cyclic GMP is involvaed MOS-dependent adenosine outflow
(Boultonet al, 1994, Broackt al, 2000; Rosenbergt al, 2000; Bon & Garthwaite, 2002). At
the rat neuromuscular junction, adenosine actseasomodulator either inhibiting (via:A
receptors) or facilitating (via A receptors) the release ofHJACh from motor nerve
terminals (Correia-de-Sgt al, 1991) depending on the concentration of the msidke at the
synapse (Correia-de-Sa & Ribeiro, 1996). Intergstin which adenosine receptor is
predominantly activated is apparently determinedHsy differential contribution of the two
main pathways leading to extracellular adenosineumalation (Correia-de-Sa & Ribeiro,
1996; Cunheet al, 1996). Indeed, adenosine can either be releassdch or can be formed
upon the sequential extracellular dephosphorylattdnATP co-released with ACh in a
frequency-dependent manner (Magalhdes-Caradisal, 2003). The activity of the ecto-
nucleotidase pathway is critical to define the gratiof formation of extracellular ATP-derived
adenosine, which activates preferentially faciditgt Ao receptors (Cunha&t al, 1996)
overtaking the A receptor activation required to restrain supediidransmitter release by
low synaptic adenosine levels (Correia-de-Sa & Rihd996).

Due to the putative interactions between NOS dagtiand the adenosine system, we
manipulated extracellular adenosine accumulationgusither adenosine deaminase (ADA),
the enzyme that inactivates endogenous adenosiodniosine, or the nucleoside transport
inhibitor, S-p-nitrobenzyl)-6-thioinosine (NBTI) (Correia-de-Sa Ribeiro, 1996), to probe
its role on NOS-induced depression SJACh release from nerve terminals of the motor
endplate. We also investigated the ability of Ltdline to cause the outflow of adenine
nucleotides and adenosine from the rat phreniceneemidiaphragm. This work is pioneering
to suggest that NOS catalyses the formation of wetogically active products, NO and L-

citrulline, capable of inhibiting neurotransmittexrlease from motor nerve terminals. Data is



35

presented suggesting that while NO directly reduitassmitter release probability via a
soluble guanylyl cyclase-dependent mechanism; tit@bitory action of L-citrulline is
guanylyl cyclase-independent requiring endogenalenasine outflow channelling to pre-

synaptic inhibitory A receptors activation.
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M ETHODS

Preparation and experimental conditions

Rats (Wistar, 150-200 g) of either sex (CharleseRiBarcelona, Spain) were kept at a
constant temperature (Z1) and a regular light (06.30-19.30 h) dark (1908030 h) cycle,
with food and waterad libitum The animals were killed after stunning followeg b
exsanguination. Animal handling and experimentlofedd the guidelines of the International
Council for Laboratory Animal Science (ICLAS). Tlexperiments were performed on left
phrenic nerve-hemidiaphragm preparations (4-6 mdihyi Each muscle was superfused with
gassed (95% £and 5% CQ Tyrode’s solution (pH 7.4) containing (mM): NaC37, KCI
2.7, CaC{ 1.8, MgC} 1, NaHPO, 0.4, NaHCQ 11.9, glucose 11.2 and choline 0.001, at
37°C.

Nerve stimulation conditions

The left phrenic nerve was stimulated with an exdHalar glass-platinum suction electrode
placed near its first division branch, to avoidedir stimulation of muscle fibres (indirect
stimulation). To evaluate drug effects on musclaet@axtile properties, direct stimulation of
muscle fibres was delivered through a pair of plat electrodes placed at each side of the
diaphragm near its costal insertion (field stimolal. Supramaximal intensity (current
strength of 8 mA) rectangular pulses of 0.04 mdifect stimulation) or 1-ms (field
stimulation) duration were used to achieve firiggchronization, thus reducing the number of
silent units (motoneurons and/or muscle fibres)t tmght make interpretation of data
difficult. The pulses were delivered by a Grass 8328incy, MA, USA) stimulator coupled to
a stimulus isolation unit (Grass SIU5) operatingainonstant current mode. The stimulation
parameters were continuously monitored on an oscitipe (Meguro, MO-1251A, Japan) and
were within the same range used in previous studits this preparatione(g. Wessler and
Kilbinger, 1986; Correia-de-Sa et al., 2000).
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[*H]Acetylcholine release experiments

The procedures used for labelling the preparatamts measuring evokedHJACh release
were as previously described (Correia-deeal, 1991), with minor modifications. Phrenic
nerve-hemidiaphragm preparations were mountedrm 8apacity Perspex chambers heated
to 37°C. Nerve terminals were labelled for 40 mithvik uM PH]choline (specific activity 2.5
nCi nmol') under electrical stimulation at a 1 Hz frequenafashout of the preparations was
performed for 60 min, by superfusion (15 ml fjiwith Tyrode solution supplemented with
the choline uptake inhibitor, hemicholinium-3 (104l Tritium outflow was evaluated by
liquid scintillation spectrometry (% counting efeacy: 40+2%) after appropriate background
subtraction using 2-ml bath samples collected aatmally every 3 min. After the loading
and washout periods, the preparation contained?3248) x 16 disintegrations per minute
per gram (d.p.m. wet weight of tissue and the resting release @88+12) x 16d.p.m. ¢
(n=8). The fractional release was calculated to B8.14% of the radioactivity present in
the tissue at the first collected sample.

Unless otherwise statedH]JACh release was evoked by electrical stimulatifrihe
phrenic nerve with trains of 750 supramaximal istBnpulses of 0.04 ms duration delivered
at a frequency of 5 Hz. Two stimulation periods evesed, starting respectively at™1(5))
and 39" (S,) minutes after the end of washout (zero time)ctieal stimulation increased
only the release off{]ACh in a C&*- and tetrodotoxin-sensitive manner (Correia-deS4,
2000), while the output oftfijcholine remained unchanged (Wessler & Kilbinge¥86), thus
indicating that ACh comes mainly from vesicle exosys from depolarised nerve terminals.
Therefore, evoked’H]ACh release was calculated by subtracting thealb@ium outflow
from the total tritium outflow during the stimulati period ¢f. Correia-de-Sét al, 1991).

Test drugs were added 15 min before @d were present up to the end of the
experiments (see.g. Figure 2). The percentage change in the ratio d&mtwthe evoked
[*H]ACh release during the two stimulation periods$g relative to that observed in control
situations (in the absence of test drugs) was taleea measure of the effect of the tested
drugs. When we evaluated changes in the effecestf drugs induced by a modifies.g.
enzymatic inhibitor, receptor antagonist, transpohibitor), these compounds were applied
15 min before starting sample collection and heweee present during;Sand $. When
present during Sand 3, none of the modifiers significantly alterdé>0.05) the S, ratio as
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compared to thef5, ratio obtained in the absence of the modifier8 {80.03% n=8). None
of the drugs changed significantigX0.05) basal tritium outflow.

Release of adenine nucleotides and adenosine

To follow the release of adenine nucleotides anenasine, the preparations were
incubated as for the release HJACh, except that no’H]choline was added to the Tyrode’s
solution. The preparations were superfused (3 nijnfor 30 min with gassed Tyrode
solution containing the adenosine deaminase irdribérythro-9(2-hydroxy-3-nonyl) adenine
(EHNA, 0.3 uM), which was present from then on. ehftstopping superfusion, the
preparations were incubated with 2-ml oxygenatedods solution that was automatically
changed every 3 min by emptying and refilling tmgam bath with the solution in use. As for
the release ofH]ACh, the preparations were also stimulated twigng similar nerve
stimulating conditions (750 pulses of 0.04 ms daradelivered at a frequency of 5 Hz),
starting respectively at £AS;) and 39' (S;) min after starting sample collection (zero time).
In these experiments, only the four samples ca@tkbbefore stimulus application and the three
samples collected immediately after stimulationevetained for analysis.

Bath aliquots were frozen in liquid nitrogen immeeiy after collection, stored at -
20°C and analysed by HPLC (see Cunha & Sebastido,) 18€1in one week of collection. To
measure adenine nucleotides and adenosine, we208ed| aliquots from collected samples.
Test drugs were added 15 min befosead were present throughout the assay. The effécts
test drugs were expressed by the ratig$;Si.e. the ratio between the evoked release of
adenine nucleotides and adenosine during the sestondlation period (in the presence of the
test drug) and the corresponding release durindittstestimulation period (without the test
drug). To evaluate the effect of test drugs onlibeal outflow of adenine nucleotides and
adenosine, we calculated the. B, ratios (see Figure 6).1B and B., correspond to the
content of adenine nucleotides and adenosine im s$mhples collected minutes before the
first (without the test drug) and the second (ie firesence of the test drug) stimulation
periods, respectively.

The remaining incubation medium was used to quarkié lactate dehydrogenase
(LDH, EC 1.1.1.27) activity. The negligible activibf LDH in bath samples collected before
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(0.14+0.02 mU mt, n=16) and after (0.15+0.01 mU thin=16) electrical nerve stimulation,

is an indicator of the integrity of cells duringetexperimental procedure.

Muscle contraction recordings

When tension responses were recorded, the inndrdiéphragm strips were mounted in 10-
ml capacity isolated organ bath chambers. The paéipas were superfused (5 ml fijn
37°C, pH 7.4) with gassed (95%,03 5% CQ) Tyrode's solution. Alternate (0.1-Hz
frequency) direct- and nerve-induced responses wecerded isometrically at a resting
tension of 50 mN with a force transducer and digglaon a Hugo-Sachs (Germany) recorder.
After the initial stabilization period, these exippeental conditions allowed a well-preserved
contraction pattern for several hours in the abseridest drugs. The solutions were changed
by transferring the inlet tube of the peristaltiengp (Gilson, Minipuls3, France) from one
flask to another. Test drugs were allowed to beomtact with the preparations for at least 12
min. In order to reduce the safety margin of newrsecnlar transmission (seeg.Wood and
Slater, 2001), MgGl(6 mM) was added to the bath in some of the erpants. Osmolarity
was maintained by equimolar substitution of NaQevation of magnesium ions to 6 mM,
decreased the amplitude of nerve-evoked respors@sd control value of 40+2 mN to 17+1
mN (n=6), without significantly >0.05) changing the contractions induced by dineagscle

stimulation.
Materials and solutions

Adenosine deaminase (ADA, type VI, 1803 U 'mIEC 3.5.4.4), choline chloride,
hemicholinium-3, haemoglobin from rat, D- and L4iaige, D- and L-citrulline, N-nitro-L-
arginine (L-NOARG), S4§-nitrobenzyl)-6-thioinosine (NBTI) (Sigma, St. LauiMO, USA);
1,3-dipropyl-8-cyclopentylxanthine (DPCPX), eryti#(?-hydroxy-3-nonyl) adenine (EHNA)
(Research Biochemicals, Natick, USA); 1H-[1,2,4]dieaolo[4,3-a]lquinoxalin-1-one (ODQ),
3-morpholinosydnonimine hydrochloride (SIN-1), 4f2amino-2-(2-
furyl)[1,2,4]triazolo[2,3-a][1,3,5]triazin-5-ylammlethyl)phenol  (ZM  241385) (Tocris
Cookson Inc., U.K.); rhethyt®H]choline chloride (ethanol solution, 80 Ci mripl
(Amersham, UK). All other reagents were of the legfipurity available. EHNA was made up

in a 5 mM stock solution in ethanol. DPCPX was magddn a 5 mM stock solution in 99%



40

dimethylsulphoxide (DMSO) + 1% NaOH 1M (Vv ZM 241385 and NBTI were made up in

5 and 50 mM stock solutions in DMSO, respectiv€é§her drugs were prepared in distilled

water. All stock solutions were stored as frozeguaits at -20C. Dilutions of these stock
solutions were made daily and appropriate solvesrttrols were done. No statistically
significant differences between control experimentade in the absence or in the presence of
the solvents at the maximal concentrations usesP40«v"), were observed. The pH of the
superfusion solution did not change following amit of the drugs at the maximum

concentrations applied to the preparations.

Presentation of data and statistical analysis

The data are expressed as mean = s.e.meannfrolpservations. Statistical analysis of data
was carried out using paired or unpaired Studettést or one-way analysis of variance
(ANOVA) followed by Dunnett's modified-test. A value ofP<0.05 was considered to

represent a significant difference.
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RESULTS

Neuronal NOS catalyses the formation of two biaally active productsNO and L-

citrulline, acting independently to reduce ACh release frotommeerve terminals

When applied in the physiological concentrationgeiisee Griffith & Stuehr, 1995),
the NOS substrate L-arginine (0.01-4.7 mM) conagiun-dependently decreasetHJACh
release from stimulated phrenic nerve terminalgufé 1). The NO donor, SIN-1 (1-100 uM),
and the co-product of NO biosynthesis catalysedN&yS, L-citrulline (0.01-4.7 mM),
mimicked the inhibitory effect of L-arginine oAHJACh release; the concentrations required
to decrease neurotransmitter release by about 368 ¥ pM SIN-1, 47 uM L-arginine and
470 pM L-citrulline. The effects of L-arginine ahecitrulline were stereo specific, as their D-
isomers (0.01-4.7 mM) were devoid of effect 3d]ACh release; in the highest concentration
(4.7 mM) tested, D-arginine and D-citrulline dewed transmitter release only by 7+3%
(n=7) and 6x1% r{=4), respectively. The maximal inhibitory effect§ 8IN-1 (100 puM,
38+5%,n=4) and L-citrulline (470 pM, 26+3%)=6) were about half the magnitude of L-
arginine (4.7 mM, 58+6%,n=4)-induced depression ofHJACh release (Figure 1).
Interestingly, SIN-1 (10 pM) applied 15 min befd®e to preparations incubated with L-
citrulline (470 pM) during the whole assay, incligiS and S, could still reduce evoked
[*H]ACh release by a similar amount (27+5%5) to that observed in control conditions
(30£6%,n=4).

Figure 2 illustrates the time course of tritiumfaw in experiments where L-arginine
(47 uM) and SIN-1 (10 pM) were applied 15 min befordrSthe absence and in the presence
of the extracellular NO scavenger, haemoglobin (M). As can be seen from these typical
experiments, the inhibitory effect of the NO dor@IN-1 (10 uM), but not that of the NOS
substrate L-arginine (44M), was completely prevented by haemoglobin (10 ulk)thus,
appears that the inhibitory effect of L-arginine PRJACh release from stimulated motor
nerve terminals does not require diffusion of N@tlghout the extacellular space.

In order to investigate whether changes in neunstratter release caused by L-
citrulline (0.01-47 mM) correspond to alterations the contraction of hemidiaphragm

preparations, we studied the effect of this comgoon twitch tension induced either by
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phrenic nerve stimulation or by direct depolarsatof muscle fibres. Because of the high
safety factor of neuromuscular transmission, dejpwasof nerve-evoked muscle contractions
due to prejunctional acting drugs might not alwegffect the magnitude of transmitter release
inhibition (for a review, see Wood and Slater, 2001his might explain why L-citrulline
(0.01-47 mM) was more potent to inhibit evokéH]ACh release (Figure 1) than to cause
depression of nerve-evoked muscle contractionsewkdéeping a high transmission safety
margin (data not shown). By decreasing the saftyof of synaptic transmission with high
magnesium (MgG|] 6 mM), L-citrulline (0.01-47 mM) reduced diaphragtwitch tension
caused by electrical nerve stimulation in a conmegion-dependent manner (Figure 3). The
magnitude of inhibition was significantip€0.05) higher when the contractions were induced
by phrenic nerve stimulation as compared with direascle depolarisation, indicating that
the inhibitory effect of L-citruline on nerve-evet contractions requires synaptic
transmission rather then an action on excitatiomye@tion coupling or on the muscle
contraction apparatus.

In order to block formation of NO by exogenous kadiine acting as a precursor of
L-arginine, we used the NOS inhibitoryMitro-L-arginine (L-NOARG, 10QuM). As shown
in Figure 4, L-NOARG (100uM, applied during the whole assay including &d )
completely prevented the depressing action of linarg (47 uM), but the inhibitory effect of
L-citrulline (470 uM) remained virtually unchangéé>0.05). Moreover, pre-treatment of the
preparations with the soluble guanylyl cyclase bitor, ODQ (10uM, applied during the
whole assay including;&nd $), partially attenuated L-arginine (4M) inhibition, but fully
prevented the inhibitory effect of SIN-1 (10 pM)DQ (10 uM) was unable to change the
inhibitory action of L-citrulline (470 pM) even thgh this substance reduced the release of
[*H]JACh by a similar amount (~30%) to that causedt®/two NO generating compounds, L-
arginine (47uM) and SIN-1 (10 pM) (Figure 4). L-NOARG (100 uMipch ODQ (10 pM)
increased the evokedHJACh release by 22+1%n&4) and 34+7% r(=5), respectively,
indicating that both NOS and guanylyl cyclase amnidally activated to control

neurotransmitter release from stimulated phrenieenterminals.
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L-citrulline inhibition of PHJACh release is secondary to activation of preagic inhibitory

A; receptors by endogenous adenosine

Inactivation of endogenous adenosine with adenosie@minase (ADA, 0.5 U M) or
inhibition of the nucleoside transport system wifp-nitrobenzyl)-6-thioinosine (NBTI, 10
M) partially attenuated the inhibitory role of kginine (47 uM) onJH]JACh release (Figure
5a). Interestingly, ADA (0.5 U rif) and NBTI (10 puM) fully prevented the inhibitoryfect
of L-citrulline (470 pM), but kept unchanged SINFIO pM)-induced reduction of evoked
[*H]ACh release (Figure 5a).

We, then, investigated the adenosine receptor pabigvolved in the control of
[*H]ACh release by NOS activity. Selective blockadeAa receptors with 1,3-dipropyl-8-
cyclopentyl xanthine (DPCPX, 2.5 nM) completelyyepted release-depression caused by L-
citrulline (470uM) (Figure 5b). In the presence of DPCPX (2.5 nt¥g inhibitory action of
L-arginine (47 pM) was only partially attenuated dgimilar amount to that observed in the
presence of ADA (0.5 U m) or NBTI (10 pM) (see Figure 5a). Tha Aeceptor antagonist
failed to affect inhibition of JH]JACh release induced by SIN-1 (10 pM). Conversely,
blockade of Aa receptors with ZM 241385 (10 nM) was unable to ryothe inhibitory
effects of L-arginine (47 uM), L-citrulline (470 h)Mind SIN-1 (10 pM) (Figure 5b).
L-citrulline increases adenosine outflow via theiggrative nucleoside transport system
Stimulation of the phrenic nerve at a frequenc$ éfz (750 pulses of 0.04 ms duration) led to
an increased accumulation of ATP (and related agemiicleotides) in the bath effluent from
an average basal value of 7,093+25 fmol (mg tissteh total value of 11,363+57 fmol (mg
tissue) (n=4). Nerve-evoked release of ATP (and related agenicleotides) was dependent
on extracellular Cd and on neuronal activity, since omission of Ga the Tyrode’s solution
or application of 1 uM tetrodotoxin essentially b&lved nucleotides outflow (Magalhdes-
Cardoscet al, 2003). Electrical nerve stimulation also led igngficant (P<0.05) extracellular
adenosine accumulation while the amounts of inosin@ hypoxanthine remained virtually
unchanged (data not shown) providing that adenode®minase activity is inhibited with
erythro-9(2-hydroxy-3-nonyl) adenine (EHNA, 0.3 pgM)erve-evoked adenosine outflow
increased from an average basal value of 2,343m&f {mg tissuej to a total value of
3,525+88 fmol (mg tissug)(n=4).
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L-Citrulline (470 uM) decreased the nerve-evokddase of adenine nucleotides by a
similar proportion to that observed when measufitJACh release, but slightlyP0.05)
increased the extracellular adenosine accumul&itowing phrenic nerve stimulation (Table
1). The inhibitory effect of L-Citrulline (470 uMyn the release offlJACh and adenine
nucleotides from stimulated nerve terminals wasvgméd by the nucleoside transport
blocker, NBTI (10 uM) (see also Figure 5a). Althbufese results indicate an essential role
of the adenosine transport system mediating Ld@rnetinduced inhibition of evoked
transmitter release, they do not clearly implickteitrulline as a promoter of extracellular
adenosine production. Therefore, we investigatedane detail the outflow pattern of adenine
nucleotides and adenosine during the resting pdx&idre stimulus application. As shown in
Figure 6, L-citrulline (470 uM) increased the regtiadenosine outflow above the control
level, without significantly P>0.05) affecting the release of adenine nucleotideenosine
production caused by L-citrulline (470 uM) appetrsbe originated predominantly via the
equilibrative nucleoside transport system, as i Wwibcked by NBTI (10 pM) (Griffith &
Jarvis, 1996).
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Discussion and Conclusions

NOS immunoreactivity has been localized in the dlaramal surface of muscle cells,
intramuscular axons and neuromuscular synapses/amiety of vertebrate species including
man. At the skeletal neuromuscular junction, comtie neuronal NOS (nNOS) is considered
to be the predominant isoform and seems to beikmhlmainly in the cytoplasm of pre-
synaptic nerve terminals and terminal Schwann ¢Bliseraet al, 1998; Rotheet al, 2005).
Regional distribution and cellular density of nN@fay be altered during development and
ageing (Blottner & Luck, 2001), and in some speciiseases (e.g. Duchenne muscular
dystrophy, myasthenia gravis) (reviewed by StandleMeissner, 2001). Localization of
endogenous NNOS and cyclic GMP-dependent proteiaski at the neuromuscular junction
suggests that NO may be involved in the physiolmigimodulation of ACh release.
Alternatively, NO may act as a short-lived (milikemds) diffusible (=500 pm) messenger
originated from Schwann cells and muscle fibresegulate synaptic activity and synapse
formation in severed neuromuscular junctions (Deseset al, 1998; Thomas & Robitaille,
2001). The literature provides evidence that NCeaséd from postsynaptic sources acts
presynaptically (Moncada & Higgs, 1993), increadimg release of glutamate from neurons of
the central nervous system (Garthwaite, 1991) coradssing the release of both substance P
and ACh from neurons of peripheral tissues (Gustafset al, 1990). Although this
hypothesis is feasible, we failed to modify theilmory effect of L-arginine by incubating the
preparations with the extracellular NO scavengaenmoglobin, while inhibition of NOS
activity with L-NOARG completely prevented L-argma action. As haemoglobin does not
easily enter cells (Hakirat al, 1996), but it was able to block the action of ¥@ donor,
SIN-1 (Figure 2), the results suggest that L-arggAnduced NO formation catalysed by NOS
occurs mainly inside nerve terminals directly lewgio depression offiJACh release at the
rat motor endplate.

In skeletal muscle, NO plays a role in the regalatf neural transmission (Wamg
al., 1995). NO appears to influence both quantal aodgnantal ACh release from pre-
synaptic terminals in several types of neuromuscjuactions, including the mammalian
skeletal muscle (Riberat al, 1998; Mukhtarowet al, 2000). It is unlikely that nonquantal

transmitter release accounts for the total amoun{’d]ACh released upon electrical
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stimulation of the phrenic nerve. This assumptisrbased on findings indicating that the
spontaneously releasable neuronal pool of ACh islalmelled with fH]choline nor it is
released by electrical nerve stimulation (Moleretaal, 1987), and it is completely exhausted
(within minutes) in the presence of hemicholiniunfhBkolsky et al, 1991). Whether nerve-
induced glutamate secretion modulates non-quanthspontaneous ACh release, directly via
activation of neuronal metabotropic receptors dirgctly via activation of muscle N-methyl-
D-aspartate (NMDA) receptors and retrograde diffnf NO synthesized by skeletal muscle
fibres, has been a matter of debate (sep Malomouzh et al, 2005). Although the
glutamatergic modulation of neuromuscular transiomssleserves further investigation, we
failed to modify the nerve-evokedHJACh release in the presence of D-(-)-2-amino-5-
phosphonopentanoic acid (D-AP5, 50 uM) and 6-cyamitroquinoxaline-2,3-dione (CNQX,
20 pM), which antagonize respectively ionotropic BM and non-NMDA glutamate
receptors (unpublished observations).

The mechanism underlying NO suppression of trarieméixocytosis remains unclear.
NO may regulate calcium-activated potassium cusrdryt mechanisms independent of any
effect on the calcium influx through voltage-senrsitcalcium channels (Certiner & Bennett,
1993). Such channels modulate the release of AGm fmotor nerve terminals of frogs
(Zefirov et al., 2002), where NO may regulate traitter release via cyclic GMP-dependent
and independent pathways (Thomas & Robitaille, 20@1this work, we showed that the NO
donor, SIN-1, decreasedHJACh release from stimulated motor nerve termindlhie
inhibitory action of SIN-1 was prevented by the igyigl cyclase inhibitor, ODQ, suggesting
that NO triggers activation of soluble guanylyl @age and thereby raises cyclic GMP levels in
order to cause depression of transmitter exocytdagy actions of cyclic GMP are elicited
by cyclic GMP-dependent (G) kinase (Moncadal, 1991). However, cyclic GMP can also
directly gate certain ion channels and regulatesatttivity of cyclic AMP phosphodiesterase
yielding to increases in intracellular cyclic AMRyifarro, 1991). This occurrence is highly
improbable as activation of the cyclic AMP pathviagreases, rather than decreas#$ACh
release from stimulated motor nerve terminals efrdit (Correia-de-Sa & Ribeiro, 1994). At
the amphibian neuromuscular junction, NO inhibitmihneurotransmitter release cannot be
solely explained by a reduction in calcium entryggesting that a regulation occur

downstream calcium entrance (Thomas & RobitailleQ1). Alternatively, NO has been
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shown to mediate post-transcriptional modificatiafiroteins through reactions with thiol
and/or transition metal centres (identified in idmannels, receptors, enzymes, transcription
factors, and small G proteins) (Ignarro, 1991). Sehenodifications may prevent normal
interactions between proteins involved in synaptésicle-presynaptic membrane specific
interactions occurring during exocytosis. The ragah via the frequency and the kinetics of
vesicle fusion is, however, improbable since tlegfiency of miniature endplate potentials
and the quantal content of neuromuscular transomssere not affected by NO donors at the
rat diaphragm (Mukhtaroet al, 2000). It, thus, appears that there are imporspecies
differences concerning the mechanisms underlyingrobof neuromuscular transmission by
NO (namely between mammalian and amphibian), whey be of both structural and
functional in nature (see.g, Wanget al, 1995; Thomas & Robitaille, 2001).

L-arginine is a widespread amino acid involved iany physiological processes. The
main importance of L-arginine is attributed tontde as a precursor for the synthesis of NO
and its effects on neuromuscular transmission at@bserved when L-arginine is exchanged
for D-arginine (see also Silat al, 1999). Recently, data about specific targets-afdinine
action independent from NO-synthesis have emengledi & Gotoh, 2000). Here, we showed
that L-arginine depresses the release %flJACh release from stimulated motor nerve
terminals with a higher efficacy than the NO dor®if\-1, while the soluble guanylyl cyclase
inhibitor, ODQ (applied in a 10 uM concentratioratttfully blocked the effect of SIN-1),
partially preserved L-arginine inhibition. Hencéjst suggests that inhibition of electrically
evoked transmitter release by L-arginine involvesoperation of NO-dependent and
independent mechanisms. The latter mechanism méigkeel with an increased synthesis of
L-citrulline, as this co-product of NO biosynthesisso reduced °H]JACh release from
stimulated motor nerve terminals in a way that a@ditive to the inhibitory action of SIN-1.
Inhibition of transmitter release by L-citrullineas independent of soluble guanylyl cyclase
activity, since it was not affected by OD@Ilthough it has been reported that L-citrulline is
capable of sustaining maximal rates of NO producinoNO-synthesising cells due to an extra
supply of L-arginine (reviewed by Curet al, 2005), our results showed that the inhibitory
effect of L-citrulline was virtually unchanged inet presence of the NOS inhibitor, L-NOARG
(Moncadaet al, 1991). Thus, data suggest that NOS catalysesfahmation of two

biologically active products, NO and L-citrullinehich contribute independently to depress
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[*HJACh release from stimulated motor nerve termin&s-cycling of L-arginine from an
endogenous precursor, L-citrulline, might not ocatithe rat motor endplate and, hence, L-
citrulline acts by itself or strengthens the actofrother release inhibitory compound in order
to depress neuromuscular transmission.

The real novelty of the present study is the okmem that endogenous adenosine
mediates L-citrulline-induced inhibition otIJACh release at the rat motor endplate. Previous
reports have implicated endogenous adenosine adatiomuas a key player operating the
effects of the NOS pathway in the nervous systealldFki et al, 1996; Rosenbergt al,
2000). In keeping with this hypothesis, we showwett the inhibitory effect of L-arginine was
partially attenuated by reducing endogenous adeaastcumulation with ADA, the enzyme
that inactivates adenosine into its inactive metsbmosine, or with the nucleoside transport
inhibitor, NBT1 (Correia-de-Sa & Ribeiro, 1996).dctivation of extracellular adenosine with
ADA prevented the ability of L-citrulline to inhibi[®HJACh release, while keeping
unchanged the effect of the NO donor, SIN-1. Beeah8T| also blocked L-citrulline
inhibition of transmitter release, as well as Liditne-induced adenosine outflow without
causing a parallel shift in the release of ATP (aathted adenine nucleotides), it seems
reasonable to assume that adenosine is transpastedch across the plasma membrane via
the equilibrative nucleoside transport system @@mnif& Jarvis, 1996). The adenosine A
receptor seems to be the receptor underlying WHbite-induced inhibition, since pre-
treatment with the selective;fantagonist, DPCPX, but not with the,Aantagonist, ZM
241385, completely prevented the inhibitory effett-citrulline. It remains, however, to be
elucidated whether L-citrulline-induced adenosinatflow results from inhibition of
intracellular adenosine kinase, the primary metabphthway regulating both intra- and
extracellular levels of the nucleoside (Lloyd & &nmelm, 1995), because most adenosine
kinase inhibitors also compete with the nucleoside the uptake system. Alternatively,
intracellular adenosine may be generated from tlgdrdiysis of AMP produced as
consequence of ATP consumption during the metabolaf L-citrulline catalysed by
argininosuccinate synthetase (ASS, EC 6.3.4.5)oktunfiately, there are no inhibitors of this
enzyme responsible for the rate-limiting step i thilization of L-citrulline, but its activity is
genetically impaired in citrullinemia, a rare awgosial recessive disorder leading to the

accumulation (low millimolar range) of citrullinend ammonia in tissues and body fluids
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(Curis et al, 2005). Whether abnormalities of adenosine sigmalicontribute to the
neurochemical imbalance (glutamate-mediated eimitatinderlying neurological sequelae of
citrullinemic patients and animal mode&sd.convulsions, tremor, seizures, extensor rigidity,
coma, brain oedema) (Doed al, 1992), deserve to be investigated in the future.

To our knowledge, this is the first demonstratibiattenzymatic conversion of L-
arginine by NOS originates two neuronally activeducts, NO and L-citrulline, that act
independently to depress evokéd]ACh release from motor nerve endings. Physiolalijc
the NO pathway (and the formation of L-citrulling)activated by nerve stimulation. While,
NO may directly reduce transmitter release prolggtihrough stimulation of soluble guanylyl
cyclase, L-citrulline acts by enhancing the Ahibitory tonus secondary to adenosine
transport into the synaptic cleft. Because of titghitory role of NO on evoked transmitter
exocytosis, tonic activation of facilitatory A receptors by adenosine generated from the
breakdown of ATP co-released with ACh may becomakee On the other hand, reduced
formation of adenosine from ATP hydrolysis may benpensated by the action of L-citrulline
generated during nerve stimulation, which facditatadenosine release as such via
equilibrative nucleoside transporters thereby chanthe receptor activation balance towards
the inhibitory A receptor (Correia-de-Sé & Ribeiro, 1996) (see &4l These findings gain
pathophysiological relevance since systemic L-amginadministration has been recently
shown to provide therapeutic benefit in Duchennstrdphic patients by decreasing muscle
degeneration (Bartoat al, 2005), and adenosine-mediated changes in traesmelease, as

described here, may contribute to the neurologicals of citrullinemia.
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Table 1 Effect of L-citrulline on the release ofHJACh, adenine nucleotides (ATP) and
adenosine (ADO) from stimulated motor nerve tersimathe absence and in the presence of
the nucleoside transport inhibitor, @+fitrobenzyl)-6-thioinosine (NBTI, 10 uM).

S/S ratios
[°*H]ACh release  ATP release ADO release
Control 0.8120.03 (8) 0.9520.02 (4) 0.8620.05 (4)

L-citrulline (470 pM) 0.59+0.03 (6)*  0.66+0.05 (4)* 0.91+0.12 (4)

L-citrulline (470 pM) + 0.80+0.06 (5) 0.95+0.09 (4) 0.76+0.03 (4)

NBTI (10 uM)

The release ofH]JACh, adenine nucleotides (ATP) and ADO was editiby two trains (S
and 3) of electrical stimulation consisting of 750 puds#elivered at a 5 Hz frequency (0.04
ms pulse duration). Values for/S; ratios are means #s.e.m. L-citrulline (470 pM) was
applied 15 min before,SNBTI (10 uM) was present throughout the assasiuging S and

S the $/S; ratio obtained in the presence of NBTI (10 pM)nalowvas not statistically
different from control ratios (without any drug thg S and $). The number of experiments
is between parenthese$2<0.05 (one-way ANOVA followed by Dunnett’s modifigetest),

significant differences from the control.
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Figure 1 Concentration-response curves for the inhibitorfect$ of L-arginine (0.01-4.7
mM), L-citrulline (0.01-4.7 mM) and SIN-1 (1-100 pMn PHJACh release from motor
nerve terminals stimulated with 5 Hz-trains (750sp8). Abscissa, log of the concentration
(M) of L-arginine (0.01-4.7 mM, squares), L-citink (0.01-4.7 mM, circles) and SIN-1 (1-
100 pM, triangles), applied 15 min before Ordinate, percentage change wSpratio as

compared with the £5 ratio in control experiments. Zero per cent repnés identity

between the two ratios, negative values indicatéition of evoked JH]ACh release. Each

point represents the meants.e.mean of 4-11 expetsme
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Figure 2 Effect of the extracellular NO scavenger, haemaglobn L-arginine- and SIN-1-
induced inhibition of JH]ACh release from stimulated motor nerve termin&lsown is the
time course of tritium outflow from phrenic nenarminals taken from typical experiments in
the absence (Control, filled squares) and in tlesgmce of (A) L-arginine (L-Arg, 47 uM) or
(B) SIN-1 (10 puM), used either alone (filled cirg)eor in the presence (open circles) of
haemoglobin (Hb, 10 uM). Tritium outflow (ordina}es expressed as a percentage of the
total radioactivity present in the tissue at thgibeing of the collection period and was
measured in samples collected every 3 mid]ACh release was elicited by stimulating the
phrenic nerve trunk with 750 pulses delivered veitiiequency of 5 Hz at the indicated times
(S and $). L-arginine (47 pM) and SIN-1 (10 puM) were apgdlid5 min before $
haemoglobin (10 pM) was present throughout theyasseluding § and $ (horizontal bars).
None of the drugs changed spontaneous tritiumawifl
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Figure 3 Inhibitory effect of L-citrulline (0.01-47 mM) onidphragm twitch tension induced
by phrenic nerve stimulation (indirect stimulatiofiled circles) or by direct muscle
depolarisation (direct stimulation, open circles) donditions where the safety factor of
neuromuscular transmission was reduced (high*MigmM). Twitch responses were induced
alternating stimulus application to the phrenicveetrunk or to muscle fibres at a frequency
of 0.1 Hz. L-citrulline (0.01-47 mM) was applied ancumulative manner; each concentration
contacted the preparation at least 12 min befolitiso changeover. Ordinate, percentage of
inhibition from maximal twitches tension obtaineddontrol conditions. Each point represents
the meants.e.mean of 6 experiment8<0.05 (one-way ANOVA followed by Dunnett’'s
modifiedt test) as compared with the effect of L-citrullie twitch tension induced by direct

muscle stimulation.
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Figure 4 Influence of inhibition of soluble guanylyl cyclageith ODQ) and NOS (with L-
NOARG) on the reduction of evoketH]ACh release caused by L-arginine, L-citrullinedan
SIN-1. L-arginine (47 uM), L-citrulline (470 pM) dnSIN-1 (10 pM) were applied 15 min
before $ in concentrations that caused about 30% inhibitidn[°H]JACh release from
stimulated motor nerve terminals. ODQ (10 pM) antNQARG (100 uM) were present
throughout the assay, including &xd S; the $/S; ratios obtained under these conditions
were not statistically different from the ratio alsted in control experiments (without any
drug during $and Q) (dashed horizontal line, see Methods sectiong ditdinates represent
evoked tritium outflow expressed by/S ratios. Each column represents pooled data from 4-
11 experiments. The vertical bars represent s.e.ni€&0.05 (one-way ANOVA followed by
Dunnett's modified test) when compared with the effects of L-arginineitrulline and SIN-

1 applied alone, respectively.
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Figure 5 Role of endogenous adenosine on the inhibitoncetiéL-arginine, L-citrulline and
SIN-1 on evoked ®HJACh release from motor nerve terminals. L-argmid7 uM), L-
citrulline (470 pM) and SIN-1 (10 pM) were applid8 min before Sin concentrations that
caused about 30% inhibition GHJACh release from stimulated motor nerve termin&g
Adenosine deaminase (ADA, 0.5 Ul the nucleoside transport inhibitor (NBTI, 10 puM)
and (B) the two adenosine antagonists exhibitimp Isubtype selectivity for ADPCPX, 2.5
nM) and Aa (ZM 241385, 10 nM) receptors were present througitioe assay, includingh S
and S. The $/S; ratios obtained under these conditions were radisitally different from
the ratio obtained in control experiments (withauty drug during Sand $) (dashed
horizontal line, see Methods section). The ordmatepresent evoked tritium outflow
expressed by 5, ratios. Each column represents pooled data frojn4(Al and (B) 5-11
experiments. The vertical bars represent s.e.md¢0.05 (one-way ANOVA followed by
Dunnett's modified test) when compared with the effects of L-arginineitrulline and SIN-

1 applied alone, respectively.
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Figure 6 Effect of L-citrulline (470 pM) on the resting olatlv of (A) adenosine and (B) ATP
(and related adenine nucleotides) from the ratrirated hemidiaphragm in the absence and in

the presence of the nucleoside transport inhibBef-nitrobenzyl)-6-thioinosine (NBTI, 10
pHM). L-citrulline (470 pM) was applied 15 min bedoiS; NBTI (10 pM) was present
throughout the assay, including &d $. The ordinates represent the resting outflow 9f (A

adenosine and (B) ATP (and related adenine nudesitiexpressed by the BB;., ratios; B-

n and B., correspond to the purines content in bath sampmiectedn minutes before the

first (without L-citrulline) and the second (in tpeesence of L-citrulline) stimulation periods,

respectively. Each column represents pooled datm 4 experiments. The vertical bars

represent s.e.meanP<0.05 (one-way ANOVA followed by Dunnett’s modifiedtest),

significant differences from the control.



58
REFERENCES

Barton ER, Morris L, Kawana M, Bish LT, Toursel Z0Q5). Systemic administration of L-
arginine benefitsndxskeletal muscle functioMuscle Nerve2: 751-760.

Blottner D, Luck G (2001). Just in time and pladdOS/NO system assembly in
neuromuscular junction formatiollicrosc Res Tech5: 171-180.

Bon CLM, Garthwaite J (2002). Adenosine acting onréceptors protects NO-triggered
rebound potentiation and LTP in rat hippocampaksiJ Neurophysio87: 1781-1798.

Boulton CL, Irving AJ, Southam E, Potier B, Gartliwal, Collingridge GL (1994). The nitric
oxide-cyclic GMP pathway and synaptic depressionrah hippocampal slicefur J
Neurosci6: 1528-1535.

Broad RM, Fallahi N, Fredholm BB (2000). Nitric o interacts with oxygen free radicals to
evoke the release of adenosine and adenine nudsotiom rat hippocampal slices.
Auton Nerv Sy81: 82-86.

Certiner M, Bennett MR (1993). Nitric oxide modudet of calcium-activated poteassium
channels in postganglionic neurons of avian cuttwidiary ganglia.Br J Pharmacoll10
995-1002.

Correia-de-Séa P, Ribeiro JA (1994). Evidence thatgresynaptic An-adenosine receptor of

the rat motor nerve endings is positively coupled adenylate cyclaseNaunyn-
Schmiedeberg’s Arch Pharma@80 514-522.
Correia-de-Sa P, Ribeiro JA (1996). Adenosine uptakd deamination regulate tonig A

receptor facilitation of evokedH]acetylcholine release from the rat motor nerventeals.
Neuroscienc&3: 85-92.

Correia-de-S4 P, Sebastido AM, Ribeiro JA (199hjibitory and excitatory effects of
adenosine receptor agonists on evoked transmétease from phrenic nerve endings of
the ratBr J Pharmacoll03 1614-1620.

Correia-de-Sa P, Timoteo MA, Ribeiro JA (2000). luehce of stimulation on Ch
recruitment triggeringH]acetylcholine release from the rat motor-nerveliegs. Eur J
Pharmacol406: 355-362.



59

Cunha RA, Correia-de-Sa P, Sebastido AM, Ribeiro(1296). Preferential activation of
excitatory adenosine receptors at the rat hippoearapd neuromuscular synapses by
adenosine formed from released adenine nucleot&tesPharmacoll19 253-260.

Cunha RA, Sebastiao AM (1991). Extracellular melbisbo of adenine nucleotides and
adenosine in the innervated skeletal muscle ofrthige Eur J Pharmacol97: 83-92.

Curis E, Nicolis I, Moinard C, Osowska S, ZerroukB¢nazeth S, Cynober L (2005). Almost
all about citrulline in mammal#&mino Acids29: 177-205.

Descarries LM, Cai S, Robitaille R, Josephson EMyrédt DK (1998). Localization and
characterization of nitric oxide synthase at thegfneuromuscular junctiod. Neurocytol
27:829-840.

Dodd PR, Williams SH, Gundlach AL, Harper PA, HeBly, Dennis JA, Johnston GA (1992).
Glutamate and gamma-aminobutyric acid neurotransmstystems in the acute phase of
maple syrup urine disease and citrullinemia endeplathies in newborn calvesl
Neurochem59: 582-590.

Fallahi N, Broad RM, Jin S, Fredholm BB (1996). &e of adenosine from rat hippocampal
slices by nitric oxideJ Neurochen®7: 186-193.

Garthwaite J (1991). Glutamate, nitric oxide and-cell signalling in the nervous system.
Trends Neurosci4: 60-67.

Griffith DA, Jarvis SM (1996). Nucleoside and nualb@ase transport systems of mammalian
cells.Biochim Biophys Act4286 153-181.

Griffith OW, Stuehr DJ (1995). Nitric oxide syntless properties and catalytic mechanism.
Annu Rev Physid@7: 707-736.

Gustafsson LE, Wiklund CU, Wiklund NP, Persson Mancada S (1990). Modulation of
autonomic neuroefector transmission by nitiric @xidd guinea pig ileumBiophys Res
Comm173 106-110.

Hakim TS, Sugimori K, Camporesi EM, Anderson G @P%alf-life of nitric oxide in
aqueous solutions with and without haemogloBimysiol Measurer7: 267-277.

Ignarro LJ (1991). Signal transduction mechanismsolving nitric oxide. Biochem
Pharmacol41: 485-490.



60

Lloyd HG, Fredholm BB (1995). Involvement of adeinesdeaminase and adenosine kinase
in regulating extracellular adenosine concentratiomat hippocampal slicetNeurochem
Int 26: 387-395.

Magalhdes-Cardoso MT, Pereira MF, Oliveira L, RibeiA, Cunha RA, Correia-de-Sa P
(2003). Ecto-AMP deaminase blunts the ATP-derivddnasine An receptor facilitation
of acetylcholine release at rat motor nerve endihghysiol549.2 399-408.

Malomouzh Al, Nikolsky EE, Lieberman EM, Sherman, JAibischer JL, Grossfeld RM,
Urazaev AK (2005). Effect oN-acetylaspartylglutamate (NAAG) on non-quantal and
spontaneous quantal release of acetylcholine atnthe@omuscular synapse of rak.
Neurochen®4: 257-267.

Molenaar PC, Oen BS, Polak RL, van der Laaken A287). Surplus acetylcholine and
acetylcholine release in the rat diaphragrRhysiol385: 147-167.

Moncada S, Higgs A (1993). The L-arginine-nitridde pathwayN Engl J Med329: 2002-
2012.

Moncada S, Palmer RMJ, Higgs A (1991). Nitiric axigphysiology, pathophysiology and
pharmacologyPharm Rew3: 109-142.

Mori M, Gotoh T (2000). Regulation of nitric oxidproduction by arginine metabolic
enzymesBiochem Biophys Res Comn®ifb: 715-719.

Mukhtarov MR, Urazaev AK, Nikolsky EE, Vyskocil R00). Effect of nitric oxide and NO
synthase inhibition on nonquantal acetylcholineeasé in the rat diaphragnEur J
Neuroscil2: 980-986.

Nikolsky EE, Voronin VA, Oranska TL, Vyskocil F (22). The dependence of non-quantal
acetylcholine release on the choline-uptake systenthe mouse diaphragnifligers
Archiv418 74-78.

Ribera J, Marsal J, Casanovas A, Hukkanen M, Ta@b&squerda JE (1998). Nitric oxide
synthase in rat neuromuscular junctions and inenégvminals oflTorpedoelectric organ:
Its role as regulator of acetylcholine releasBleurosci ReS1: 90-102.

Rosenberg PA, Ya L, Le M, Zhang Y (2000). Nitricddecstimulated increase in extracelular
adenosine accumulation in rat forebrain neuronscutture is associated with ATP
hydrolysis and inhibition of adenosine kinase agtivJ Neurosck0: 6294-6301.



61

Rothe F, Langnaese K, Wolf G (2005). New aspecth@eflocation of neuronal nitric oxide
synthase in the skeletal muscle: A light and edectmicroscopic studyNitric Oxide 13:
21-35.

Ruiz E, Tejerina T (1998). Relaxant effects of trtdiine in rabbit vascular smoth muscky.

J Pharmacoll 25 186-192.

Silva HMV, Ambiel CR, Alves-do-Prado W (1999). Timeuromuscular transmission fade
(Wedensky inhibition) induced by L-arginine in nemuscular preparations from ra@en
Pharmacol32: 705-712.

Stamler JS, Meissner G (2001). Physiology of nits@e in skeletal muscl®hysiol ReB1:
209-237.

Thomas S, Robitaille R (2001). Differential frequgndependent regulation of transmitter
release by endogenous nitric oxide at the amphib&mromuscular junctionl Neurosci
21:1087-1095.

Wang T, Xie Z, Lu B (1995). Nitric oxide mediatedtigity dependent synaptic suppression at
developing neuromuscular synapdéature374: 262-266.

Wessler |, Kilbinger H (1986). Release &H]-acetylcholine from a modified rat phrenic
nerve-hemidiaphragm preparatidtaunyn-Schmiedeberg's Arch Pharma@dd: 357-364.
Wiesinger H (2001). Arginine metabolism and thetkgsis of nitric oxide in the nervous
systemProg Neurobiolb4: 365-391.

Wood SJ, Slater CR (2001). Safety factor at thaomauscular junctionProg Neurobiol64:
393-429.

Zefirov AL, Khaliullina RR, Anuchin AA, Yakovlev AV(2002). The effects of exogenous
nitric oxide on the function of neuromuscular sysegfaNeurosci Behav Physi@2: 583-
588.



Livros Gratis

( http://www.livrosgratis.com.br )

Milhares de Livros para Download:

Baixar livros de Administracao

Baixar livros de Agronomia

Baixar livros de Arquitetura

Baixar livros de Artes

Baixar livros de Astronomia

Baixar livros de Biologia Geral

Baixar livros de Ciéncia da Computacao
Baixar livros de Ciéncia da Informacéo
Baixar livros de Ciéncia Politica

Baixar livros de Ciéncias da Saude
Baixar livros de Comunicacao

Baixar livros do Conselho Nacional de Educacdo - CNE
Baixar livros de Defesa civil

Baixar livros de Direito

Baixar livros de Direitos humanos
Baixar livros de Economia

Baixar livros de Economia Doméstica
Baixar livros de Educacao

Baixar livros de Educacdo - Transito
Baixar livros de Educacao Fisica

Baixar livros de Engenharia Aeroespacial
Baixar livros de Farmacia

Baixar livros de Filosofia

Baixar livros de Fisica

Baixar livros de Geociéncias

Baixar livros de Geografia

Baixar livros de Histdria

Baixar livros de Linguas



http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_1/administracao/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_2/agronomia/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_3/arquitetura/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_4/artes/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_5/astronomia/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_6/biologia_geral/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_8/ciencia_da_computacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_9/ciencia_da_informacao/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_7/ciencia_politica/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_10/ciencias_da_saude/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_11/comunicacao/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_12/conselho_nacional_de_educacao_-_cne/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_13/defesa_civil/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_14/direito/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_15/direitos_humanos/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_16/economia/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_17/economia_domestica/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_18/educacao/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_19/educacao_-_transito/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_20/educacao_fisica/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_21/engenharia_aeroespacial/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_22/farmacia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_23/filosofia/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_24/fisica/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_25/geociencias/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_26/geografia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_27/historia/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1
http://www.livrosgratis.com.br/cat_31/linguas/1

Baixar livros de Literatura

Baixar livros de Literatura de Cordel
Baixar livros de Literatura Infantil
Baixar livros de Matematica

Baixar livros de Medicina

Baixar livros de Medicina Veterinaria
Baixar livros de Meio Ambiente
Baixar livros de Meteorologia
Baixar Monografias e TCC

Baixar livros Multidisciplinar

Baixar livros de Musica

Baixar livros de Psicologia

Baixar livros de Quimica

Baixar livros de Saude Coletiva
Baixar livros de Servico Social
Baixar livros de Sociologia

Baixar livros de Teologia

Baixar livros de Trabalho

Baixar livros de Turismo



http://www.livrosgratis.com.br/cat_28/literatura/1
http://www.livrosgratis.com.br/cat_28/literatura/1
http://www.livrosgratis.com.br/cat_28/literatura/1
http://www.livrosgratis.com.br/cat_28/literatura/1
http://www.livrosgratis.com.br/cat_28/literatura/1
http://www.livrosgratis.com.br/cat_28/literatura/1
http://www.livrosgratis.com.br/cat_28/literatura/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_30/literatura_de_cordel/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_29/literatura_infantil/1
http://www.livrosgratis.com.br/cat_32/matematica/1
http://www.livrosgratis.com.br/cat_32/matematica/1
http://www.livrosgratis.com.br/cat_32/matematica/1
http://www.livrosgratis.com.br/cat_32/matematica/1
http://www.livrosgratis.com.br/cat_32/matematica/1
http://www.livrosgratis.com.br/cat_32/matematica/1
http://www.livrosgratis.com.br/cat_32/matematica/1
http://www.livrosgratis.com.br/cat_33/medicina/1
http://www.livrosgratis.com.br/cat_33/medicina/1
http://www.livrosgratis.com.br/cat_33/medicina/1
http://www.livrosgratis.com.br/cat_33/medicina/1
http://www.livrosgratis.com.br/cat_33/medicina/1
http://www.livrosgratis.com.br/cat_33/medicina/1
http://www.livrosgratis.com.br/cat_33/medicina/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_34/medicina_veterinaria/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_35/meio_ambiente/1
http://www.livrosgratis.com.br/cat_36/meteorologia/1
http://www.livrosgratis.com.br/cat_36/meteorologia/1
http://www.livrosgratis.com.br/cat_36/meteorologia/1
http://www.livrosgratis.com.br/cat_36/meteorologia/1
http://www.livrosgratis.com.br/cat_36/meteorologia/1
http://www.livrosgratis.com.br/cat_36/meteorologia/1
http://www.livrosgratis.com.br/cat_36/meteorologia/1
http://www.livrosgratis.com.br/cat_45/monografias_e_tcc/1
http://www.livrosgratis.com.br/cat_45/monografias_e_tcc/1
http://www.livrosgratis.com.br/cat_45/monografias_e_tcc/1
http://www.livrosgratis.com.br/cat_45/monografias_e_tcc/1
http://www.livrosgratis.com.br/cat_45/monografias_e_tcc/1
http://www.livrosgratis.com.br/cat_45/monografias_e_tcc/1
http://www.livrosgratis.com.br/cat_45/monografias_e_tcc/1
http://www.livrosgratis.com.br/cat_37/multidisciplinar/1
http://www.livrosgratis.com.br/cat_37/multidisciplinar/1
http://www.livrosgratis.com.br/cat_37/multidisciplinar/1
http://www.livrosgratis.com.br/cat_37/multidisciplinar/1
http://www.livrosgratis.com.br/cat_37/multidisciplinar/1
http://www.livrosgratis.com.br/cat_38/musica/1
http://www.livrosgratis.com.br/cat_38/musica/1
http://www.livrosgratis.com.br/cat_38/musica/1
http://www.livrosgratis.com.br/cat_38/musica/1
http://www.livrosgratis.com.br/cat_38/musica/1
http://www.livrosgratis.com.br/cat_38/musica/1
http://www.livrosgratis.com.br/cat_38/musica/1
http://www.livrosgratis.com.br/cat_39/psicologia/1
http://www.livrosgratis.com.br/cat_39/psicologia/1
http://www.livrosgratis.com.br/cat_39/psicologia/1
http://www.livrosgratis.com.br/cat_39/psicologia/1
http://www.livrosgratis.com.br/cat_39/psicologia/1
http://www.livrosgratis.com.br/cat_39/psicologia/1
http://www.livrosgratis.com.br/cat_39/psicologia/1
http://www.livrosgratis.com.br/cat_40/quimica/1
http://www.livrosgratis.com.br/cat_40/quimica/1
http://www.livrosgratis.com.br/cat_40/quimica/1
http://www.livrosgratis.com.br/cat_40/quimica/1
http://www.livrosgratis.com.br/cat_40/quimica/1
http://www.livrosgratis.com.br/cat_40/quimica/1
http://www.livrosgratis.com.br/cat_40/quimica/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_41/saude_coletiva/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_42/servico_social/1
http://www.livrosgratis.com.br/cat_43/sociologia/1
http://www.livrosgratis.com.br/cat_43/sociologia/1
http://www.livrosgratis.com.br/cat_43/sociologia/1
http://www.livrosgratis.com.br/cat_43/sociologia/1
http://www.livrosgratis.com.br/cat_43/sociologia/1
http://www.livrosgratis.com.br/cat_43/sociologia/1
http://www.livrosgratis.com.br/cat_43/sociologia/1
http://www.livrosgratis.com.br/cat_44/teologia/1
http://www.livrosgratis.com.br/cat_44/teologia/1
http://www.livrosgratis.com.br/cat_44/teologia/1
http://www.livrosgratis.com.br/cat_44/teologia/1
http://www.livrosgratis.com.br/cat_44/teologia/1
http://www.livrosgratis.com.br/cat_44/teologia/1
http://www.livrosgratis.com.br/cat_44/teologia/1
http://www.livrosgratis.com.br/cat_46/trabalho/1
http://www.livrosgratis.com.br/cat_46/trabalho/1
http://www.livrosgratis.com.br/cat_46/trabalho/1
http://www.livrosgratis.com.br/cat_46/trabalho/1
http://www.livrosgratis.com.br/cat_46/trabalho/1
http://www.livrosgratis.com.br/cat_46/trabalho/1
http://www.livrosgratis.com.br/cat_46/trabalho/1
http://www.livrosgratis.com.br/cat_47/turismo/1
http://www.livrosgratis.com.br/cat_47/turismo/1
http://www.livrosgratis.com.br/cat_47/turismo/1
http://www.livrosgratis.com.br/cat_47/turismo/1
http://www.livrosgratis.com.br/cat_47/turismo/1
http://www.livrosgratis.com.br/cat_47/turismo/1
http://www.livrosgratis.com.br/cat_47/turismo/1

