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L-Citrulline inhibits [*H]acetylcholine release from
rat motor nerve terminals by increasing adenosine
outflow and activation of A; receptors
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3Departamento de Farmdcia, Centro Universitdrio de Maringd, Parand, Brasil

Background and purpose: Nitric oxide (NO) production and depression of neuromuscular transmission are closely related,
but little is known about the role of L-citrulline, a co-product of NO biosynthesis, on neurotransmitter release.
Experimental approach: Muscle tension recordings and outflow experiments were performed on rat phrenic nerve-
hemidiaphragm preparations stimulated electrically.

Key results: L-citrulline concentration-dependently inhibited evoked [*H]ACh release from motor nerve terminals and
depressed nerve-evoked muscle contractions. The NO synthase (NOS) substrate, L-arginine, and the NO donor, 3-morpho-
linosydnonimine chloride (SIN-1), also inhibited [*H]JACh release with a potency order of SIN-1> L-arginine > L-citrulline.
Co-application of L-citrulline and SIN-1 caused additive effects. NOS inactivation with N®-nitro-L-arginine prevented
L-arginine inhibition, but not that of L-citrulline. The NO scavenger, haemoglobin, abolished inhibition of [3H]ACh release
caused by SIN-1, but not that caused by L-arginine. Inactivation of guanylyl cyclase with 1H-[1,2,4]Joxadiazolo[4,3-
alquinoxalin-1-one (ODQ) fully blocked SIN-1 inhibition, but only partially attenuated the effects of L-arginine. Reduction of
extracellular adenosine accumulation with adenosine deaminase or with the nucleoside transport inhibitor, S-(p-nitrobenzyl)-
6-thioinosine, attenuated the effects of L-arginine and L-citrulline, while not affecting inhibition by SIN-1. Similar results were
obtained with the selective adenosine A; receptor antagonist, 1,3-dipropyl-8-cyclopentylxanthine. L-citrulline increased the
resting extracellular concentration of adenosine, without changing that of the adenine nucleotides.

Conclusions and implications: NOS catalyses the formation of two neuronally active products, NO and L-citrulline. While, NO
may directly reduce transmitter release through stimulation of soluble guanylyl cyclase, the inhibitory action of L-citrulline may
be indirect through increasing adenosine outflow and subsequently activating inhibitory A; receptors.
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Introduction

Nitric oxide synthases (NOS) are a family of enzymes capable
of oxidizing the amino acid, L-arginine, to form L-citrulline
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and nitric oxide (NO). NO is a freely membrane-permeant
molecule with a short half-life. In the brain, NO acts as a
neurotransmitter or neuromodulator-like substance during
synaptic transmission (Garthwaite, 1991). In the peripheral
nervous system, NO has been extensively studied and its
involvement in a wide variety of functions has been
demonstrated in the autonomic nervous system, though its
functions in the motor system are less well defined. There is
a close relationship between NOS activity and depression of
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neuromuscular transmission (Wang et al., 1995; Thomas and
Robitaille, 2001). The most common mode of action of NO is
by stimulating soluble guanylyl cyclase thereby increasing
neuronal levels of cyclic GMP (Garthwaite, 1991; Boulton
et al., 1994), but it also has several other biochemical effects
of potential biological significance (reviewed by Stamler and
Meissner, 2001). It has been proposed that NO acts through
both cyclic GMP-dependant and -independent pathways at
the amphibian neuromuscular junction, with the domi-
nance of a particular pathway determined by the level of
synaptic activity (Thomas and Robitaille, 2001).

L-citrulline, which is a ubiquitous amino acid in mam-
mals, is closely related to arginine (reviewed by Curis et al.,
2005). In hepatocytes, L-citrulline is locally synthesized by
the enzyme ornithine carbamoyltransferase and metabolized
by argininosuccinate synthetase (ASS, EC 6.3.4.5) for urea
production. However, in NO-producing tissues, L-citrulline is
the co-product in the biosynthesis of NO by NOS. Because
L-citrulline can be easily converted into L-arginine by the
successive action of ASS and argininosuccinate lyase (ASL),
which are expressed in every cell examined including
neurons (Wiesinger, 2001), some authors suggested that
L-citrulline might be an indirect precursor of NO in NO-
synthesizing cells (Mori and Gotoh, 2000). Previously, Ruiz
and Tejerina (1998) advanced the possibility that L-citrulline
was not merely a by-product of NO synthesis but might also
play a role in cell signalling. In spite of this, little is known
about the action of L-citrulline on synaptic transmission,
particularly in the control of neurotransmitter release. This
prompted us to investigate the role of L-citrulline on nerve-
evoked skeletal muscle contractions and on [3H]acety1-
choline ([*H]JACh) release from stimulated motor nerve
terminals in comparison with the effects caused by the
NOS substrate, L-arginine and by the NO donor, 3-morpho-
linosydnonimine chloride (SIN-1). To block L-citrulline
conversion to L-arginine and subsequent formation of NO,
we used the NOS inhibitor N“-nitro-L-arginine (L-NOARG)
(Moncada et al., 1991).

The depressant action of the NO pathway on synaptic
transmission in the central nervous system (CNS) is, at
least, partially mediated through increases in the release of
endogenous adenosine acting on A; receptors (Fallahi et al.,
1996; Bon and Garthwaite, 2002). Controversy, however,
exists over whether cyclic GMP is involved in NOS-depen-
dant adenosine outflow (Boulton et al., 1994; Broad et al.,
2000; Rosenberg et al., 2000; Bon and Garthwaite, 2002). At
the rat neuromuscular junction, adenosine acts as a neuro-
modulator either inhibiting (via A; receptors) or facilitating
(via Ay, receptors) the release of [PHJACh from motor nerve
terminals (Correia-de-Sa et al., 1991), depending on the
concentration of the nucleoside at the synapse (Correia-
de-Sa and Ribeiro, 1996). Interestingly, which adenosine
receptor is predominantly activated is apparently deter-
mined by the differential contribution of the two main
pathways leading to extracellular adenosine accumulation
(Correia-de-Sa and Ribeiro, 1996; Cunha et al., 1996). Indeed,
adenosine can either be released as such or can be formed
upon the sequential extracellular dephosphorylation of ATP
co-released with ACh in a frequency-dependant manner
(Magalhdes-Cardoso et al., 2003). The activity of the ecto-
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nucleotidase pathway is crucial in defining the pattern of
formation of extracellular ATP-derived adenosine, which
activates preferentially facilitatory A,, receptors (Cunha
et al., 1996) overcoming the activation of A; receptors
restraining transmitter release at low synaptic adenosine
levels (Correia-de-Sa and Ribeiro, 1996).

Due to the putative interactions between NOS activity and
the adenosine system, we manipulated extracellular adeno-
sine accumulation using either adenosine deaminase (ADA),
the enzyme that inactivates endogenous adenosine by
conversion to inosine, or the nucleoside transport inhibitor,
S-(p-nitrobenzyl)-6-thioinosine (NBTI) (Correia-de-Sa and
Ribeiro, 1996), to probe adenosine’s role on NOS-induced
depression of [PHJACh release from nerve terminals of
the motor endplate. We also investigated the ability of
L-citrulline to cause the outflow of adenine nucleotides and
adenosine from the rat phrenic nerve-hemidiaphragm. This
worKk is the first to suggest that NOS catalyses the formation
of two biologically active products, NO and L-citrulline, both
capable of inhibiting neurotransmitter release from motor
nerve terminals. Data are presented suggesting that while
NO directly reduces transmitter release probability via a
soluble guanylyl cyclase-dependant mechanism, the inhibi-
tory action of L-citrulline is guanylyl cyclase-independent
and results from the release of adenosine and subsequent
activation of pre-synaptic inhibitory A; receptors.

Methods

Preparation and experimental conditions

Rats (Wistar, 150-200g) of either sex (Charles River,
Barcelona, Spain) were kept at a constant temperature
(21°C) and a regular light (0630-1930) dark (1930-0630)
cycle, with food and water ad libitum. The animals were
killed after stunning followed by exsanguination. Animal
handling and experiments followed the guidelines of
the International Council for Laboratory Animal Science.
The experiments were performed on left phrenic nerve-
hemidiaphragm preparations (4-6 mm width). Each muscle
was superfused with gassed (95% O, and 5% CO,) Tyrode’s
solution (pH 7.4) containing (mM): NaCl 137, KCl1 2.7, CaCl,
1.8, MgCl, 1, NaH,PO4 0.4, NaHCO3 11.9, glucose 11.2 and
choline 0.001, at 37°C.

Nerve stimulation conditions

The left phrenic nerve was stimulated with an extracellular
glass-platinum suction electrode placed near its first division
branch, to avoid direct stimulation of muscle fibres (indirect
stimulation). To evaluate drug effects on muscle contractile
properties, direct stimulation of muscle fibres was delivered
through a pair of platinum electrodes placed at each side of
the diaphragm near its costal insertion (field stimulation).
Supramaximal intensity (current strength of 8 mA) rectan-
gular pulses of 0.04ms (indirect stimulation) or 1ms
(field stimulation) duration were used to achieve firing
synchronization, thus reducing the number of silent units
(motoneurons and/or muscle fibres) that might make
interpretation of data difficult. The pulses were delivered



by a Grass S48 (Quincy, MA, USA) stimulator coupled to a
stimulus isolation unit (Grass SIUS) operating in a constant
current mode. The stimulation parameters were continu-
ously monitored on an oscilloscope (Meguro, MO-1251A,
Japan) and were within the same range used in previous
studies with this preparation (e.g., Wessler and Kilbinger,
1986; Correia-de-Sa et al., 2000).

[PHJacetylcholine release experiments

The procedures used for labelling the preparations and
measuring-evoked [PH]ACh release were as previously des-
cribed (Correia-de-Sa et al., 1991), with minor modifications.
Phrenic nerve-hemidiaphragm preparations were mounted
in 3ml capacity Perspex chambers heated to 37°C. Nerve
terminals were labelled for 40 min with 1uM [*H]choline
(specific activity 2.5 uCi nmol 1) under electrical stimulation
at a 1Hz frequency. Washout of the preparations was
performed for 60min, by superfusion (15mlmin~') with
Tyrode solution supplemented with the choline uptake
inhibitor, hemicholinium-3 (10 uM). Tritium outflow was
evaluated by liquid scintillation spectrometry (% counting
efficiency 40+ 2%) after appropriate background subtraction
using 2 ml bath samples collected automatically every 3 min.
After the loading and washout periods, the preparation
contained (5542 +248) x 10* disintegrations per minute per
gram (d.p.m. g ') wet weight of tissue and the resting release
was (132+12) x 103d.p.m. g~! (n=8). The fractional release
was calculated to be 2.38 +0.14% of the radioactivity present
in the tissue at the first collected sample.

Unless otherwise stated, [’HJACh release was evoked by
electrical stimulation of the phrenic nerve with trains of 750
supramaximal intensity pulses of 0.04 ms duration delivered
at a frequency of S5Hz. Two stimulation periods were
used, starting respectively at twelfth (S;) and thirty-ninth
(S») minutes after the end of washout (zero time). Electrical
stimulation increased only the release of [PHJACh in a
Ca?*- and tetrodotoxin-sensitive manner (Correia-de-S&
et al., 2000), while the output of [*H|choline remained
unchanged (Wessler and Kilbinger, 1986), thus indicating
that ACh comes mainly from vesicle exocytosis from
depolarized nerve terminals. Therefore, evoked [*H]ACh
release was calculated by subtracting the basal tritium
outflow from the total tritium outflow during the stimula-
tion period (cf. Correia-de-Sa et al., 1991).

Test drugs were added 15 min before S, and were present
up to the end of the experiments (see Figure 2). The
percentage change in the ratio between the evoked
[*H]ACh release during the two stimulation periods (S,/S;)
relative to that observed in control situations (in the absence
of test drugs) was taken as a measure of the effect of the
tested drugs. When we evaluated changes in the effect of test
drugs induced by a modifier (e.g., enzymatic inhibitor,
receptor antagonist, transport inhibitor), these compounds
were applied 15min before starting sample collection and
hence were present during S; and S,. When present during S;
and S, none of the modifiers significantly altered (P>0.05)
the S,/S; ratio as compared to the S,/S; ratio obtained in the
absence of the modifiers (0.81+0.03, n=38). None of the
drugs changed significantly (P>0.05) basal tritium outflow.
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Release of adenine nucleotides and adenosine

To follow the release of adenine nucleotides and adenosine,
the preparations were incubated as for the release of
[*H]ACh, except that no [*H]choline was added to the
Tyrode’s solution. The preparations were superfused
(3mlmin ) for 30 min with gassed Tyrode solution contain-
ing the ADA inhibitor, erythro-9(2-hydroxy-3-nonyl) ade-
nine (EHNA, 0.3 uM), which was present from then on. After
stopping superfusion, the preparations were incubated with
2ml oxygenated Tyrode solution that was automatically
changed every 3min by emptying and refilling the organ
bath with the solution in use. As for the release of [*H]ACh,
the preparations were also stimulated twice using similar
nerve stimulating conditions (750 pulses of 0.04 ms duration
delivered at a frequency of 5 Hz), starting respectively at 12th
(S7) and 39th (S2) min after starting sample collection (zero
time). In these experiments, only the four samples collected
before stimulus application and the three samples collected
immediately after stimulation were retained for analysis.

Bath aliquots were frozen in liquid nitrogen immediately
after collection, stored at —20°C and analysed by high
performance liquid chromatography (HPLC) (see Cunha and
Sebastido, 1991) within 1 week of collection. To measure
adenine nucleotides and adenosine, we used 200 ul aliquots
from collected samples. Test drugs were added 15 min before
S2 and were present throughout the assay. The effects of
test drugs were expressed by the ratios S,/S;, that is the ratio
between the evoked release of adenine nucleotides and
adenosine during the second stimulation period (in the
presence of the test drug) and the corresponding release
during the first stimulation period (without the test drug).
To evaluate the effect of test drugs on the basal outflow
of adenine nucleotides and adenosine, we calculated the
B, ,/B;_, ratios (see Figure 6). B;_, and B,_,, correspond to
the content of adenine nucleotides and adenosine in bath
samples collected n minutes before the first (without the test
drug) and the second (in the presence of the test drug)
stimulation periods, respectively.

The remaining incubation medium was used to quantify
the lactate dehydrogenase (LDH, EC 1.1.1.27) activity. The
negligible activity of LDH in bath samples collected before
(0.14+0.02mUml ™', n=16) and after (0.15+0.01lmUml ",
n=16) electrical nerve stimulation is an indicator of the
integrity of cells during the experimental procedure.

Muscle contraction recordings

When tension responses were recorded, the innervated
diaphragm strips were mounted in 10ml capacity isolated
organ bath chambers. The preparations were superfused
(5mlmin*, 37°C, pH 7.4) with gassed (95% O, + 5% CO,)
Tyrode’s solution. Alternate (0.1 Hz frequency) direct- and
nerve-induced responses were recorded isometrically at a
resting tension of 50mN with a force transducer and
displayed on a Hugo-Sachs (Germany) recorder. After the
initial stabilization period, these experimental conditions
allowed a well-preserved contraction pattern for several
hours in the absence of test drugs. The solutions were
changed by transferring the inlet tube of the peristaltic
pump (Gilson, Minipuls3, France) from one flask to another.
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Test drugs were allowed to be in contact with the prepara-
tions for at least 12min. To reduce the safety margin of
neuromuscular transmission (see, e.g., Wood and Slater,
2001), MgCl, (6 mM) was added to the bath in some of the
experiments. Osmolarity was maintained by equimolar
substitution of NaCl. Elevation of magnesium ions to 6 mMm
decreased the amplitude of nerve-evoked responses from a
control value of 40+2 to 17+1mN (n=6), without sig-
nificantly (P>0.05) changing the contractions induced by
direct muscle stimulation.

Presentation of data and statistical analysis

The data are expressed as mean +s.e.m. from n observations.
Statistical analysis of data was carried out using paired
or unpaired Student’s t-test or one-way analysis of variance
(ANOVA) followed by Dunnett’s modified t-test. A value of
P<0.05 was considered to represent a significant difference.

Materials and solutions

ADA (type VI, 1803 Uml !, EC 3.5.4.4), choline chloride,
hemicholinium-3, haemoglobin from rat, D- and L-arginine,
D- and L-citrulline, L-NOARG, NBTI (Sigma, St Louis, MO, USA);
1,3-dipropyl-8-cyclopentylxanthine (DPCPX), EHNA (Research
Biochemicals, Natick, MA, USA); 1H-[1,2,4]oxadiazolo[4,3-a]
quinoxalin-1-one (ODQ), SIN-1, 4-(2-[7-amino-2-(2-furyl)
[1,2,4]triazolo(2,3-a][1,3,5]triazin-5-ylamino]ethyl)phenol (ZM
241385) (Tocris Cookson Inc., UK); [methyl->H]choline chloride
(ethanol solution, 80 Cimmol™') (Amersham, UK). All other
reagents were of the highest purity available.

EHNA was made up in a 5 mM stock solution in ethanol.
DPCPX was made up in a SmM stock solution in 99%
dimethyl sulphoxide (DMSO)+1% NaOH 1M (v/v). ZM
241385 and NBTI were made up in 5 and 50mM stock
solutions in DMSO, respectively. Other drugs were prepared
in distilled water. All stock solutions were stored as frozen
aliquots at —20°C. Dilutions of these stock solutions were
made daily and appropriate solvent controls were done.
No statistically significant differences between control
experiments, made in the absence or in the presence of the
solvents at the maximal concentrations used (0.5%, v/v),
were observed. The pH of the superfusion solution did not
change following addition of the drugs at the maximum
concentrations applied to the preparations.

Results

Neuronal NOS catalyses the formation of two biologically active
products, NO and L-citrulline, acting independently to reduce ACh
release from motor nerve terminals

When applied in the physiological concentration range
(see Griffith and Stuehr, 1995), the NOS substrate L-arginine
(0.01-4.7mM) concentration dependently decreased
[*H]ACh release from stimulated phrenic nerve terminals
(Figure 1). The NO donor, SIN-1 (1-100 uM) and the co-
product of NO biosynthesis catalysed by NOS, L-citrulline
(0.01-4.7 mM), mimicked the inhibitory effect of L-arginine
on [*H]ACh release; the concentrations required to decrease
neurotransmitter release by about 30% were 10 uM SIN-1,
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Figure 1 Concentration-response curves for the inhibitory effects

of L-arginine (0.01-4.7 mM), L-citrulline (0.01-4.7 mm) and SIN-1
(1-100uM) on [H]JACh release from motor nerve terminals
stimulated with 5Hz-trains (750 pulses). Abscissa, log of the
concentration (M) of L-arginine (0.01-4.7 mMm, squares), L-citrulline
(0.01-4.7 mMm, circles) and SIN-1 (1-100 um, triangles), applied
15min before §,. Ordinate, percentage change in S,/S; ratio as
compared with the S,/$; ratio in control experiments. Zero per cent
represents identity between the two ratios, negative values indicate
inhibition of evoked [*H]JACh release. Each point represents the
mean +s.e.m. of 4-11 experiments.

47 M L-arginine and 470 uM L-citrulline. The effects of
L-arginine and L-citrulline were stereospecific, as their
D-isomers (0.01-4.7 mm) were devoid of effect on [PHJACh
release; in the highest concentration (4.7 mM) tested,
D-arginine and D-citrulline decreased transmitter release
only by 7+3 (n=7) and 6+1% (n=4), respectively. The
maximal inhibitory effects on [PHJACh release of SIN-1
(100 uM) and L-citrulline (470 um) were about half the
magnitude of those exerted by L-arginine (4.7 mMm) (Figure 1).
Interestingly, SIN-1 (10uM) applied 15min before S, to
preparations incubated with L-citrulline (470uM) during
the whole assay, including S; and S,, could still reduce
evoked [*H]ACh release by a similar amount (27 + 5%, n=235)
to that observed in control conditions (30+ 6%, n=4).
Figure 2 illustrates the time course of tritium outflow in
experiments where L-arginine (47 uM) and SIN-1 (10 uM) were
applied 15 min before S, in the absence and in the presence
of the extracellular NO scavenger, haemoglobin (10 uM). As
can be seen from these typical experiments, the inhibitory
effect of the NO donor SIN-1 (10 uM), but not that of the
NOS substrate L-arginine (47 uM), was completely prevented
by haemoglobin (10 uMm). It thus appears that the inhibitory
effect of L-arginine on [PHJACh release from stimulated
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Figure 2 Effect of the extracellular NO scavenger, haemoglobin, on L-arginine- and SIN-1-induced inhibition of [*H]ACh release from
stimulated motor nerve terminals. The time course of tritium outflow from phrenic nerve terminals shown here is taken from typical
experiments in the absence (control, filled squares) and in the presence of (a) L-arginine (L-Arg, 47 uMm) or (b) SIN-1 (10 um), used either alone
(filled circles) or in the presence (open circles) of haemoglobin (Hb, 10 um). Tritium outflow (ordinates) is expressed as a percentage of the total
radioactivity present in the tissue at the beginning of the collection period and was measured in samples collected every 3 min. [*H]JACh release
was elicited by stimulating the phrenic nerve trunk with 750 pulses delivered with a frequency of 5Hz at the indicated times (S; and S,).
L-arginine (47 um) and SIN-1 (10 um) were applied 15 min before S,; haemoglobin (10 uM) was present throughout the assay, including §; and
S, (horizontal bars). None of the drugs changed spontaneous tritium outflow.

motor nerve terminals did not require diffusion of NO
throughout the extracellular space.

To investigate whether changes in neurotransmitter
release caused by L-citrulline (0.01-47 mM) correspond to
alterations in the contraction of hemidiaphragm prepara-
tions, we studied the effect of this compound on twitch
tension induced either by phrenic nerve stimulation or
by direct depolarization of muscle fibres. Because of the high-
safety factor of neuromuscular transmission, depression of
nerve-evoked muscle contractions due to prejunctional acting
drugs might not always reflect the magnitude of trans-
mitter release inhibition (for a review, see Wood and Slater,
2001). This might explain why L-citrulline (0.01-47 mM) was
more potent to inhibit evoked [*H]ACh release (Figure 1) than
to cause depression of nerve-evoked muscle contractions
while keeping a high-transmission safety margin (data not
shown). By decreasing the safety factor of synaptic transmis-
sion with high magnesium (MgCl,, 6mM), L-citrulline
(0.01-47 mM) reduced diaphragm twitch tension caused by
electrical nerve stimulation in a concentration-dependent
manner (Figure 3). The magnitude of inhibition was
significantly (P<0.05) higher when the contractions were
induced by phrenic nerve stimulation as compared with
direct muscle depolarization, indicating that the inhibi-
tory effect of L-citrulline on nerve-evoked contractions
requires synaptic transmission rather than an action on
excitation—-contraction coupling or on the muscle contrac-
tion apparatus.

To block formation of NO by exogenous L-citrulline acting
as a precursor of L-arginine, we used the NOS inhibitor,
L-NOARG (100 uM). As shown in Figure 4, L-NOARG (100 uM,
applied during the whole assay including S; and S,)
completely prevented the action of L-arginine (47 uM), but
the inhibitory effect of L-citrulline (470uM) remained
virtually unchanged (P>0.05). Moreover, pre-treatment of
the preparations with the soluble guanylyl cyclase inhibitor,
ODQ (10 M, applied during the whole assay including S;
and S;), partially attenuated L-arginine (47 uM) inhibition,
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Figure 3 Inhibitory effect of L-citrulline (0.01-47 mm) on dia-

phragm twitch tension induced by phrenic nerve stimulation
(indirect stimulation, filled circles) or by direct muscle depolarization
(direct stimulation, open circles) in conditions where the safety
factor of neuromuscular transmission was reduced (high Mg?*,
6 mM). Twitch responses were induced alternating stimulus applica-
tion to the phrenic nerve trunk or to muscle fibres at a frequency of
0.1Hz. L-citrulline (0.01-47 mM) was applied in a cumulative
manner; each concentration contacted the preparation at least
12 min before solution changeover. Ordinate, percentage change of
the maximal twitch tension obtained in control conditions. Each
point represents the mean+s.e.m. of six experiments. *P<0.05
(one-way ANOVA followed by Dunnett’s modified t-test) compared
with the effect of L-citrulline on twitch tension induced by direct
muscle stimulation.
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Figure 4 Influence of inhibition of soluble guanylyl cyclase (with

ODQ) and NOS (with L-NOARG) on the reduction of evoked
[®HJACh release caused by L-arginine, L-citrulline and SIN-1.
L-arginine (47 uMm), L-citrulline (470 um) and SIN-1 (10 um) were
applied 15 min before S, in concentrations that caused about 30%
inhibition of [*H]ACh release from stimulated motor nerve terminals.
ODQ (10 uM) and L-NOARG (100 uM) were present throughout the
assay, including §; and S,; the S,/S; ratios obtained under these
conditions were not statistically different from the ratio obtained in
control experiments (without any drug during §; and ) (dashed
horizontal line, see ‘Methods’ section). The ordinates represent
evoked tritium outflow expressed by S,/S; ratios. Each column
represents pooled data from 4 to 11 experiments. The vertical bars
represent s.e.m. *P<0.05 (one-way ANOVA followed by Dunnett’s
modified t-test) when compared with the effects of L-arginine,
L-citrulline and SIN-1 applied alone, respectively.

but fully prevented the inhibitory effect of SIN-1 (10 um).
ODQ (10 uM) was unable to change the inhibitory action
of L-citrulline (470 uM) even though this substance and the
two NO-generating compounds, L-arginine (47 uM) and
SIN-1 (10 um), all reduced the release of [*'H]ACh by a similar
amount (~30%) (Figure 4). L-NOARG (100 uM) and ODQ
(10 uM) increased the evoked [*H]ACh release by 22+ 1%
(n=4) and 34+ 7% (n=13), respectively, indicating that both
NOS and guanylyl cyclase are tonically activated to control
neurotransmitter release from stimulated phrenic nerve
terminals.

L-Citrulline inhibition of [’HJACH release is secondary to
activation of pre-synaptic inhibitory A; receptors by endogenous
adenosine

Inactivation of endogenous adenosine with ADA (0.5Uml ')
or inhibition of the nucleoside transport system with NBTI
(10 uM) partially attenuated the inhibitory role of L-arginine
(47uM) on [*HJACh release (Figure 5a). Interestingly,
ADA (0.5Uml™!) or NBTI (10uM) fully prevented the
inhibitory effect of L-citrulline (470 uM), but did not affect
the reduction of evoked [PHJACh release induced by SIN-1
(10 um) (Figure Sa).

We then investigated the adenosine receptor subtype
involved in the control of [*H]ACh release by NOS activity.
Selective blockade of A; receptors with DPCPX (2.5nM)
completely prevented depression of release caused by
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L-citrulline (470 um) (Figure Sb). In the presence of DPCPX
(2.5nM), the inhibitory action of L-arginine (47 uM) was only
partially attenuated by a similar amount to that observed
in the presence of ADA (0.5Uml™!) or NBTI (10 uM) (see
Figure 5a). The A; receptor antagonist failed to affect inhibi-
tion of [*HJACh release induced by SIN-1 (10 um). Conver-
sely, blockade of Az, receptors with ZM 241385 (10 nM) was
unable to modify the inhibitory effects of L-arginine (47 um),
L-citrulline (470 uM) or SIN-1 (10 uM) (Figure Sb).

L-Citrulline increases adenosine outflow via the equilibrative
nucleoside transport system

Stimulation of the phrenic nerve at a frequency of 5 Hz (750
pulses of 0.04 ms duration) led to an increased accumulation
of ATP (and related adenine nucleotides) in the bath effluent
from an average basal value of 7093 +25 fmol (mg tissue)"
to a total value of 11363+57fmol (mgtissue) ' (n=4).
Nerve-evoked release of ATP (and related adenine nucleo-
tides) was dependant on extracellular Ca®> " and on neuronal
activity, since omission of Ca®*" in the Tyrode’s solution
or application of 1uM tetrodotoxin essentially abolished
nucleotide outflow (Magalhaes-Cardoso et al., 2003). Elec-
trical nerve stimulation also led to significant (P<0.05)
extracellular adenosine accumulation while the amounts of
inosine and hypoxanthine remained virtually unchanged
(data not shown) providing that ADA activity was inhi-
bited with EHNA (0.3 uM); nerve-evoked adenosine outflow
increased from an average basal value of 2343+ 26fmol
(mg tissue) ! to a total value of 3525 488 fmol (mg tissue) !
(n=4).

L-Citrulline (470 uM) decreased the nerve-evoked release of
adenine nucleotides by a similar proportion to that observed
when measuring [PHJACh release, but did not increase
the extracellular adenosine accumulation following phrenic
nerve stimulation (Table 1). The inhibitory effect of
L-citrulline (470 uM) on the release of [*’H]JACh and adenine
nucleotides from stimulated nerve terminals was prevented
by the nucleoside transport blocker, NBTI (10 uM) (see also
Figure Sa). Although these results indicate an essential role of
the adenosine transport system in mediating L-citrulline-
induced inhibition of evoked transmitter release, they do not
clearly implicate L-citrulline as a promoter of extracellular
adenosine production. Therefore, we investigated in more
detail the outflow pattern of adenine nucleotides and
adenosine during the resting period before stimulus applica-
tion. As shown in Figure 6, L-citrulline (470 uM) increased the
resting adenosine concentration above the control level,
without significantly (P>0.05) affecting the release of
adenine nucleotides. This increase in extracellular adenosine
concentration caused by L-citrulline (470 uM) appeared to be
controlled predominantly by the equilibrative nucleoside
transport system, as it was blocked by NBTI (10 uM;
Figure 6a).

Discussion and conclusions

NOS immunoreactivity has been localized in the sarcolem-
mal surface of muscle cells, intramuscular axons and
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Figure 5 Role of endogenous adenosine on the inhibitory effect of L-arginine, L-citrulline and SIN-1 on evoked [>H]ACh release from motor
nerve terminals. L-arginine (47 uM), L-citrulline (470 um) and SIN-1 (10 um) were applied 15 min before S, in concentrations that caused about
30% inhibition of [°H]ACh release from stimulated motor nerve terminals. (a) ADA (0.5Uml™"), the nucleoside transport inhibitor (NBTI,
10 um) and (b) the two adenosine antagonists exhibiting high-subtype selectivity for A; (DPCPX, 2.5nM) and Ay (ZM 241385, 10nm)
receptors were present throughout the assay, including S; and S,. The S,/S; ratios obtained under these conditions were not statistically
different from the ratio obtained in control experiments (without any drug during S; and S;) (dashed horizontal line, see ‘Methods’ section).
The ordinates represent evoked tritium outflow expressed by S,/S; ratios. Each column represents pooled data from (a) 4-11 and (b) 5-11
experiments. The vertical bars represent s.e.m. *P<0.05 (one-way ANOVA followed by Dunnett’s modified t-test) when compared with the
effects of L-arginine, L-citrulline and SIN-1 applied alone, respectively.

Table 1 Effect of L-citrulline on the release of [’H]ACh, adenine nucleotides (ATP) and adenosine (ADO) from stimulated motor nerve terminals in the
absence and in the presence of the nucleoside transport inhibitor, NBTI (10 um)

S»/Sq ratios

[PH]ACh release ATP release ADO release
Control 0.81+0.03 (8) 0.95+0.02 (4) 0.86+0.05 (4)
L-Citrulline (470 uM) 0.59+0.03 (6)* 0.66+0.05 (4)* 0.91+0.12 (4)
L-Citrulline (470 uM) + NBTI (10 am) 0.80+0.06 (5) 0.95+0.09 (4) 0.76+0.03 (4)

The release of [°HJACh, ATP and ADO wais elicited by two trains (S; and S,) of electrical stimulation consisting of 750 pulses delivered at a 5 Hz frequency (0.04 ms
pulse duration). Values for S,/S; ratios are means+s.e.m. L-Citrulline (470 uM) was applied 15 min before S,. NBTI (10 um) was present throughout the assay,
including §; and S; the S,/S; ratio obtained in the presence of NBTI (10 um) alone was not statistically different from control ratios (without any drug during $;
and ). The number of experiments is given in parentheses. *P<0.05 (one-way ANOVA followed by Dunnett’s modified t-test), significant differences from the
control.

neuromuscular synapses in a variety of vertebrate species evidence that NO released from post-synaptic sources acts
including man. At the skeletal neuromuscular junction, pre-synaptically (Moncada and Higgs, 1993), increasing the
constitutive neuronal NOS (nNOS) is considered to be the release of glutamate from neurons of the CNS (Garthwaite,
predominant isoform and seems to be localized mainly in 1991) or decreasing the release of both substance P and ACh
the cytoplasm of pre-synaptic nerve terminals and terminal from neurons of peripheral tissues (Gustafsson et al., 1990).
Schwann cells (Ribera et al.,, 1998; Rothe et al.,, 2005). Although this hypothesis is feasible, we failed to modify the
Regional distribution and cellular density of nNOS may be inhibitory effect of L-arginine by incubating the preparations
altered during development and ageing (Blottner and Liick, with the extracellular NO scavenger, haemoglobin, while
2001), and in some specific diseases (e.g., Duchenne inhibition of NOS activity with L-NOARG completely
muscular dystrophy, myasthenia gravis) (reviewed by Stam- prevented L-arginine action. As haemoglobin does not easily
ler and Meissner, 2001). Localization of endogenous nNOS enter cells (Hakim et al., 1996), but it was able to block the
and cyclic GMP-dependant protein kinase at the neuromus- action of the NO donor, SIN-1 (Figure 2), the results
cular junction suggests that NO may be involved in the suggested that L-arginine-induced NO formation catalysed
physiological modulation of ACh release. Alternatively, NO by NOS occurred mainly inside nerve terminals directly
may act as a short-lived (milliseconds) diffusible (~ 500 ym) leading to depression of [*’H]ACh release at the rat motor

messenger originated from Schwann cells and muscle fibres endplate.

to regulate synaptic activity and synapse formation in In skeletal muscle, NO plays a role in the regulation of
severed neuromuscular junctions (Descarries et al., 1998; neural transmission (Wang et al., 1995). NO appears to
Thomas and Robitaille, 2001). The literature provides influence both quantal and non-quantal ACh release from
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Figure 6 Effect of L-citrulline (470 um) on the resting outflow of (a) adenosine and (b) ATP (and related adenine nucleotides) from the rat
innervated hemidiaphragm in the absence and in the presence of the nucleoside transport inhibitor, NBTI (10 uMm). L-citrulline (470 um) was
applied 15 min before S, NBTI (10 uM) was present throughout the assay, including S; and S,. The ordinates represent the resting outflow of
(a) adenosine and (b) ATP (and related adenine nucleotides) expressed by the B,_,/B;_, ratios; B;_, and B,_, correspond to the adenosine or
adenine nucleotide content in bath samples collected n minutes before the first (without L-citrulline) and the second (in the presence of
L-citrulline) stimulation periods, respectively. Each column represents pooled data from four experiments. The vertical bars represent s.e.m.
*P<0.05 (one-way ANOVA followed by Dunnett’s modified t-test), significant differences from the control.

pre-synaptic terminals in several types of neuromuscular
junctions, including the mammalian skeletal muscle (Ribera
et al., 1998; Mukhtarov et al., 2000). It is unlikely that non-
quantal transmitter release accounts for the total amount of
[*H]ACh released upon electrical stimulation of the phrenic
nerve. This assumption is based on findings indicating that
the spontaneously releasable neuronal pool of ACh is not
labelled with [*H]choline nor it is released by electrical nerve
stimulation (Molenaar et al.,, 1987) and it is completely
exhausted (within minutes) in the presence of hemicholi-
nium-3 (Nikolsky et al., 1991). Whether nerve-induced
glutamate secretion modulates non-quantal and sponta-
neous ACh release, directly via activation of neuronal
metabotropic receptors or indirectly via activation of muscle
N-methyl-D-aspartate (NMDA) receptors and retrograde
diffusion of NO synthesized by skeletal muscle fibres, has
been a matter of debate (see, e.g., Malomouzh et al., 2005).
Although the glutamatergic modulation of neuromuscular
transmission deserves further investigation, we failed to
modify the nerve-evoked [PH]ACh release in the presence
of D-(—)-2-amino-5-phosphonopentanoic acid (50 M) and
6-cyano-7-nitroquinoxaline-2,3-dione (20 uM), which anta-
gonize respectively ionotropic NMDA and non-NMDA
glutamate receptors (unpublished observations).

The mechanism underlying NO suppression of transmitter
exocytosis remains unclear. NO may regulate calcium-
activated potassium currents by mechanisms independent
of any effect on the calcium influx through voltage-sensitive
calcium channels (Certiner and Bennett, 1993). Such
channels modulate the release of ACh from motor nerve
terminals of frogs (Zefirov et al., 2002), where NO may
regulate transmitter release via cyclic GMP-dependant and
-independent pathways (Thomas and Robitaille, 2001). In
this work, we showed that the NO donor, SIN-1, decreased
[*HJACh release from stimulated motor nerve terminals. The
inhibitory action of SIN-1 was prevented by the guanylyl
cyclase inhibitor, ODQ, suggesting that NO triggered activa-
tion of soluble guanylyl cyclase and thereby raised cyclic
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GMP levels to cause depression of transmitter exocytosis.
Many actions of cyclic GMP are elicited by cyclic GMP-
dependant (G) kinase (Moncada et al., 1991). However, cyclic
GMP can also directly gate certain ion channels and
regulates the activity of cyclic adenosine monophosphate
(AMP) phosphodiesterase, yielding increases in intracellular
cyclic AMP (Ignarro, 1991). This pathway is highly unlikely
to be involved here as activation of the cyclic AMP pathway
increases, rather than decreasing, [PHJACh release from
stimulated motor nerve terminals of the rat (Correia-de-Sa
and Ribeiro, 1994). At the amphibian neuromuscular junc-
tion, NO inhibition of neurotransmitter release cannot be
solely explained by a reduction in calcium entry, suggesting
that regulation occurs downstream of calcium entry (Tho-
mas and Robitaille, 2001). Alternatively, NO has been shown
to mediate post-transcriptional modifications of proteins
through reactions with thiol and/or transition metal centres
(identified in ion channels, receptors, enzymes, transcription
factors and small G proteins) (Ignarro, 1991). These mod-
ifications may prevent normal interactions between proteins
involved in synaptic vesicle pre-synaptic membrane-specific
interactions occurring during exocytosis. Regulation via the
frequency and the Kkinetics of vesicle fusion is, however,
improbable as the frequency of miniature endplate poten-
tials and the quantal content of neuromuscular transmission
were not affected by NO donors at the rat diaphragm
(Mukhtarov et al., 2000). It thus appears that there are
important species differences concerning the mechanisms
underlying control of neuromuscular transmission by NO
(namely between mammalian and amphibian), which may
be both structural and functional in nature (see, e.g., Wang
et al., 1995; Thomas and Robitaille, 2001).

L-Arginine is a widespread amino acid involved in many
physiological processes. The main importance of L-arginine
is attributed to its role as a precursor for the synthesis of
NO, and its effects on neuromuscular transmission were
not observed when L-arginine was exchanged for D-arginine
(see also Silva et al., 1999). Recently, data about specific



targets of L-arginine action, independent of NO synthesis,
have emerged (Mori and Gotoh, 2000). Here, we showed that
L-arginine depressed the release of [PH]ACh from stimulated
motor nerve terminals with a higher efficacy than the NO
donor, SIN-1, while the soluble guanylyl cyclase inhibitor,
ODQ (applied in a 10 uM concentration that fully blocked the
effect of SIN-1), partially preserved L-arginine inhibition.
This finding suggested that inhibition of electrically evoked
transmitter release by L-arginine involved cooperation of
NO-dependant and -independent mechanisms. The latter
mechanism may be linked with an increased synthesis of
L-citrulline, as this co-product of NO biosynthesis also
reduced [PHJACh release from stimulated motor nerve
terminals in a way that was additive to the inhibitory action
of SIN-1. Inhibition of transmitter release by L-citrulline was
independent of soluble guanylyl cyclase activity, since it was
not affected by ODQ. Although it has been reported that
L-citrulline is capable of sustaining maximal rates of NO
production in NO-synthesizing cells due to an extra supply
of L-arginine (reviewed by Curis et al., 2005), our results
showed that the inhibitory effect of L-citrulline was virtually
unchanged in the presence of the NOS inhibitor, L-NOARG
(Moncada et al., 1991). Thus, data suggest that NOS catalyses
the formation of two biologically active products, NO and
L-citrulline, which contribute independently to depress
[*HJACh release from stimulated motor nerve terminals.
Recycling of L-citrulline into L-arginine (via the ASS and ASL
pathways) might not occur at the rat motor endplate and,
hence, L-citrulline could act by itself or strengthen the action
of other substances inhibiting release, to depress neuromus-
cular transmission overall.

The real novelty of the present study is the observation
that endogenous adenosine mediates L-citrulline-induced
inhibition of [*HJACh release at the rat motor endplate.
Previous reports have implicated endogenous adenosine
accumulation as a key player operating the effects of
the NOS pathway in the nervous system (Fallahi et al.,
1996; Rosenberg et al., 2000). In keeping with this hypo-
thesis, we showed that the inhibitory effect of L-arginine was
partially attenuated by reducing endogenous adenosine
accumulation with ADA, the enzyme that inactivates
adenosine into its inactive metabolite inosine, or with the
nucleoside transport inhibitor, NBTI (Correia-de-S& and
Ribeiro, 1996). Inactivation of extracellular adenosine with
ADA prevented the ability of L-citrulline to inhibit [*H]ACh
release, while keeping unchanged the effect of the NO donor,
SIN-1. Because NBTI also blocked L-citrulline inhibition of
transmitter release, as well as L-citrulline-induced adenosine
outflow without causing a comparable change in the release
of ATP (and related adenine nucleotides), it seems reasonable
to assume that adenosine is transported as such across the
plasma membrane via the equilibrative nucleoside transport
system (Griffith and Jarvis, 1996). The adenosine A; receptor
seems to be the receptor underlying L-citrulline-induced
inhibition, since pre-treatment with the selective A; antago-
nist, DPCPX, but not with the A,, antagonist, ZM 241385,
completely prevented the inhibitory effect of L-citrulline. It
remains, however, to be elucidated whether L-citrulline-
induced adenosine outflow results from inhibition of intra-
cellular adenosine kinase, the primary metabolic pathway
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regulating both intra- and extracellular levels of the nucleo-
side (Lloyd and Fredholm, 1995), because most adenosine
kinase inhibitors also compete with the nucleoside for the
uptake system. Alternatively, intracellular adenosine may
be generated from the hydrolysis of AMP produced as
consequence of ATP consumption during the metabolism
of L-citrulline catalysed by ASS. Unfortunately, there are no
inhibitors of this enzyme responsible for the rate-limiting
step in the utilization of L-citrulline, but its activity is
genetically impaired in citrullinaemia, a rare autosomal
recessive disorder leading to the accumulation (low milli-
molar range) of citrulline and ammonia in tissues and body
fluids (Curis et al., 2005). Whether abnormalities of adeno-
sine signalling contribute to the neurochemical imbalance
(glutamate-mediated excitation) underlying neurological
sequelae of citrullinaemic patients and animal models (e.g.,
convulsions, tremor, seizures, extensor rigidity, coma, brain
oedema) (Dodd et al., 1992) deserve to be investigated in the
future.

To our knowledge, this is the first demonstration that
enzymatic conversion of L-arginine by NOS generates two
neuronally active products, NO and L-citrulline, that act
independently to depress-evoked [*HJACh release from
motor nerve endings. Physiologically, the NO pathway
(and the formation of L-citrulline) is activated by nerve
stimulation. While NO may directly reduce the probability
of transmitter release through stimulation of soluble guany-
lyl cyclase, L-citrulline acts by enhancing the inhibitory
effects of adenosine A; receptors, subsequent to increased
adenosine transport into the synaptic cleft. Because of
the inhibitory 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 become weaker. On the other hand, reduced formation
of adenosine from ATP hydrolysis may be counterbalanced
by the action of L-citrulline generated during nerve stimu-
lation, which facilitates adenosine release from cells, via
equilibrative nucleoside transporters, thereby changing the
receptor activation balance towards the inhibitory A;
receptor (Correia-de-Sa and Ribeiro, 1996) (see Table 1).
These findings gain pathophysiological relevance since
systemic L-arginine administration has been recently shown
to provide therapeutic benefit in Duchenne dystrophic
patients by decreasing muscle degeneration (Barton et al.,
2005) and adenosine-mediated changes in transmitter
release, as described here, may contribute to the neurological
signs of citrullinaemia.
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