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Abstract

Background: The discovery that nitric oxide (NO) functions as a signalling molecule in the nervous system has radically
changed the concept of neuronal communication. NO induces the release of amino acid neurotransmitters but the
underlying mechanisms remain to be elucidated.

Findings: The aim of this work was to study the effect of NO on amino acid neurotransmitter release (Asp, Glu, Gly and
GABA) in cortical neurons as well as the mechanism underlying the release of these neurotransmitters. Cortical neurons
were stimulated with SNAP, a NO donor, and the release of different amino acid neurotransmitters was measured by HPLC.
The involvement of voltage dependent Na+ and Ca2+ channels as well as cGMP in its mechanism of action was evaluated.

Conclusions: Our results indicate that NO induces release of aspartate, glutamate, glycine and GABA in cortical neurons and
that this release is inhibited by ODQ, an inhibitor of soluble guanylate cyclase. Thus, the NO effect on amino acid
neurotransmission could be mediated by cGMP formation in cortical neurons. Our data also demonstrate that the Na+ and
Ca2+ voltage- dependent calcium channels are involved in the NO effects on cortical neurons.
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Introduction

Nitric oxide (NO) is a short-lived gas produced by the family of

NO synthases from the amino acid L-arginine [1]. Its identifica-

tion as a signalling molecule in the nervous system changed the

concept of neuronal communication [2]. NO is synthesized on

demand and diffuses from nerve terminals in the vicinity of the

NO producing cells. The mechanism occurs at neuronal and non-

neuronal levels and NO release has pleiotrophic effects [3–5],

suggesting that it acts as a neuromodulator and/or neurotrans-

mitter [6,7]. NO has also been implicated in behaviour, learning

and feeding [8–10]. The soluble guanylate cyclase (sGC) enzyme

has long been considered the major physiological target for

neuronal NO [11–13]. Thus, nitrergic nerve stimulation or

administration of NO donors increases intracellular cGMP

concentrations [14–18] and could enhance nitrergic effects.

NO has been shown to modify the release of several

neurotransmitters such as acetylcholine [19,20], noradrenaline

[21,22], dopamine [23], glutamate [24–27], GABA [28–30],

serotonin [31], adenosine [30], carbon monoxide [32] and opioids

[33]. Conversely, Jin et al. [34] report that the NO precursor

arginine and the NO donor SNAP reduce glutamate release from

primary afferent terminals through S-nitrosylation of voltage-

activated Ca2+ channels. On the other hand, Sistiaga et al [16]

reported that NO inhibits glutamate release in cortical neurons

stimulated with 4-aminopyridine. The mechanisms underlying in

these effects are still not fully understood. Nonetheless, the direct

S-nitrosylation of receptors, the activation of cGMP-dependent

protein phosphorylation, the regulation of neuronal energy and

the modulation of transporters are potential mechanisms affecting

neurotransmitter release [35–37]. In this study, we look into the

role of NO as a regulator of excitatory (Asp and Glu) and

inhibitory (Gly and GABA) amino acid release in cortical neurons

and the possible involvement of calcium and sodium channels on

neurotransmitter release (Glu, Asp, Gly, GABA). For this purpose,

we used SNAP, a NO donor to increase NO levels in cortical

neurons. We evaluated the levels of different neurotransmitters in

these cells (Asp, Glu, Gly, GABA) by HPLC.
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Materials and Methods

Ethics statement
Pregnant rats were obtained from the ‘‘Laboratory Animal from

the Universidad Complutense de Madrid (U.C.M)’’; Licence

number #ES280790000086. The work was also approved by the

University Animal Care Committee (C.E.A = Commite of Exper-

imental Research and Ethics) from the Universidad Complutense

de Madrid (U.C.M; form number RD # 53/2013 for research)

and it was carried out in strict accordance with Guidelines for the

Care and Use of Laboratory Animals from the European

Communities Council Directive (86/609/EEC). All surgeries were

performed under sodium pentobarbital anesthesia, and all efforts

were made to minimize suffering of animals.

Materials
Minimum Essential Eagle’s Medium (EMEM) (Bio-Whittaker),

and Foetal calf serum (FCS) were purchased from Sera-Lab

(Sussex, England). SNAP, ODQ, CPTIO, w-conotoxin GVIA (w-

CTX GVIA), verapamil and bisoxonol (bis-[1,3-diethyl-thio-

barbiturate]-trimethineoxonol), were purchased from Sigma (ST.

Louis, USA) and w-agatoxin IVA (w-AGA IVA) and TTX were

from Calbiochem (Darmstadt, Germany). Other chemicals were

research grade products from Merck (Darmstadt, Germany).

Methods
Cell isolation and culture of cortical neurons. Foetal rat

brains from the Wistar rats at 19 days of gestation (E19) were used

in the present study. Cortical neurons were obtained following a

procedure from Segal [38] with minor modifications. Isolated

neurons were suspended in EMEM containing 0.3 g/l glutamine,

3 g/l glucose, 10% foetal calf serum (FCS), 100 U/ml penicillin

and 100 mg/ml streptomycin. Cells were placed at a density of

106 cells/ml on plastic multiwell Petri dishes. These plates were

previously treated with 10 mg/ml of poly-D-lysine, to allow the

attachment of the neurons to the plates. Cortical neurons were

grown in a humidified chamber with 95% air/5% CO2 at 37uC.

After 72 hours, the culture medium was replaced by fresh medium

containing 10 mM of cytosine arabinoside to prevent glial cells

growth. Cell viability was tested by the trypan blue exclusion

method.

Glial contamination was measured following a protocol from

Figueroa et al [39] using the specific anti-GFAP antibody. Briefly,

cells were incubated for 1 h with anti-GFAP antibody diluted

1:500 in PBS at room temperature. After a further wash with PBS,

anti-rabbit IgG FITC conjugated was applied and incubated for

30 min as before. The secondary antibody was diluted 1:100 in

PBS prior to addition. After a final wash with PBS, the glial cells

were identified by flow cytometry analysis.

Under these conditions, the glial cells represented 9%63% of

the total cell population of the culture.

Measurement of amino acid secretion. The secreted

amino acids (Asp, Glu, Gly and GABA) were analysed by HPLC

performed following the procedure described by Márquez and

coworkers [40]. Cells, after 10 culture days, were washed twice

with 1 ml of Locke medium. The medium was removed and cells

were stimulated for 15 min at 37uC with 0.5 ml of fresh Locke

medium containing the different SNAP concentrations indicated

in each case. After stimulation, we followed these steps: (i) the

solution containing the released amino acids were collected (ii) the

cells were lysed by adding 0.5 ml of distilled water and this

suspension, containing the unreleased neurotransmitters, was

centrifuged at 130006g for 5 min. Supernatants were collected

out.

The amino acid concentrations were determined by reverse-

phase high-performance liquid chromatography using a precol-

umn derivation with dansyl chloride and UV detection at 254 nm.

Peaks were integrated using a Spectraphysic integrator and then

quantified and compared with standards for these neurotransmit-

ters. The separation of dansyl derivatives was carried out using a

Waters Spherisorb ODS 2 column (5 mM particle size;

1560.46 cm).

Results were expressed as % of amino acid release as compared

to the total amino acid content (amino acid in the medium plus

amino acid inside the cells).

Assessment of cell viability (XTT tests). This assay is

based on the ability of live metabolically active cells to reduce

yellow tetrazolium salt (XTT) to form an orange formazan dye.

Thus, this conversion can only occur in living cells. The newly-

formed formazan dye is directly quantified using a scanning

multiwell spectrophotometer at a wavelength of 492 nm (reference

wavelength 690). The amount of orange formazan formed, as

monitored by the absorbance, directly correlates with the number

of living cells. Control and treated neurons were washed with PBS

and incubated with the XTT solution (final concentration 0.3 mg/

ml) according to Kit manufacture’s instructions. After this

incubation period, orange dye solution was spectrophotometrically

quantified. Results were expressed as percentages with respect to

the control cells, which were considered as 100%.

Measurement of the membrane potential. Changes in the

membrane potential were monitored with the fluorescent dye

bisoxonol (bis-[1, 3-diethyl-thio-barbiturate]-trimethineoxonol), a

lipophylic anion that enter cell membrane in the presence of a

depolarization. The increase of bisoxonol fluorescence indicates

membrane depolarization, thus allows more of the negatively

charged dye to enter the cells [41]. The control and treated

neurons were washed and incubated for 15 min with 0.2 mM

bisoxonol in the culture medium. We used 60 mM KCl as a

positive control for cell depolarization. After this exposure time,

the bisoxonol was removed and the neurons washed with PBS.

Fluorescence was measured at 530/25 nm excitation and 590/

20 nm emission and were monitored with a FL600-BioTek

spectrofluorimeter. Fluorescence intensity was expressed as arbi-

trary fluorescence units (AFU).

Statistical analysis
Data are shown as mean 6 SEM from either two or four

independent experiments using different cultures, each experiment

performed in triplicate with different cell batches (total 6–12

measurements/condition). Statistical analyses were made with a

One Way ANOVA on Ranks followed by the Dunn’s test. One

Way ANOVA on Ranks analyses the ‘‘normality’’ and ‘‘variance’’

of the data. If both data are passed the program uses the tests for

parametric data but if ‘‘normality or ‘‘variance’’ are failed, the

program performs the Kruskal-Wallis test. A value of p,0.05 was

considered statistically significant. Statistical analysis were per-

formed using SigmaPlot 11.0 software.

Results

SNAP action on amino acid release
Our aim was to study whether NO (SNAP) could induce amino

acid neurotransmitter release (Asp, Glu, Gly, GABA). Cortical

neuron cultures were exposed to different SNAP concentrations

(from 1 mM to 1 mM) for 15 minutes and the amino acid content

measured by HPLC in the extracellular medium as well as inside

the cells. Amino acid release was expressed as the percentage of

amino acid in the external medium in comparison to the total

Amino Acid Release by NO in Cortical Neurons
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amino acid release (outside amino acid plus that inside the cells,

which was assumed to make 100%).

The results shown in Figure 1A and 1B indicate that SNAP, at

concentration between 1 mM to 1 mM, induces release of

aspartate (Asp), glutamate (Glu), glycine (Gly) and GABA. The

Asp release increased significantly at all concentrations tested

between 10 mM to 1 mM (Figure 1A). Glutamate release

remained constant at all SNAP dosages from 10 mM up to

1 mM. The maximal release of glycine was achieved at 10 mM

SNAP and was always much higher than the basal values at all

concentrations tested up to 1 mM. (Figure 1B). On the other hand,

GABA was only released at SNAP concentrations of 1 mM

(Figure 1B). The release of these amino acids neurotransmitter was

Ca2+-dependent since SNAP had no effect in a medium without

calcium (data not show).

Action of SNAP (NO) on cell viability
As it has been demonstrated that SNAP (NO) may be toxic in

cortical neurons [42], we studied the action of 1 mM SNAP on cell

viability at different exposure times. This experiment was

performed in order to demonstrate that the amino acid

neurotransmitter release mediated by SNAP was not caused by

cellular death. Exposure times between 15 m to 24 hr were

evaluated. Results from Fig. 2 show that cortical neurons subjected

to 1 mM SNAP for 15 min to 4 hr do not present signs of lost cell

viability. However, longer SNAP exposure times induced a

progressive loss in cell viability that reached 40% at 24 hr.

Effect of carboxy-PTIO on amino acid release mediated
by SNAP (NO)

As Carboxy-PTIO is a NO scavenger molecule its action on

amino acid release mediated by SNAP (NO) was evaluated, in

order to learn the specificity of the NO effect on SNAP-mediated

amino acid release. Cortical neurones were stimulated with 1 mM

SNAP in the absence and presence of 100 mM of carboxy-PTIO

and the resulting amino acid neurotransmitter release was

measured. Results from Figure 3A show that Asp and Gly release

were inhibited in the presence of carboxy-PTIO. Similar results

were found for glutamate and GABA (Fig. 3B).

Action of guanylate cyclase on SNAP-mediated amino
acid release

Many NO actions have been attributed to guanylate cyclase. In

order to study this mechanism, ODQ, an irreversible inhibitor of

soluble guanylate cyclase (sGC), was used in the present study. We

chose 1 mM SNAP concentrations to study the possible involve-

ment of cGMP because this was the only concentration that

induced GABA release in our study. Our data showed that 10 mM

ODQ largely reversed the effect of 1 mM SNAP over the release

of all the amino acid neurotransmitters analyzed. (Figure 4). ODQ

did not significantly affect basal aspartate (Figure 4A), glutamate

(Figure 4B), glycine (Figure 4C) or GABA (Figure 4D) release.

Action of SNAP (NO) on membrane potential
Cortical neurons exposure to 1 mM SNAP for 15 minutes did

not alter the cell membrane potential. However, treatment with

60 mM KCl increased fluorescence (Figure 5). This fluorescence

confirmed the existence of KCl-mediated membrane depolariza-

Figure 1. Effect of different SNAP concentrations on: [A] aspartate and glutamate, [B] glycine and GABA release, in a medium with
calcium. The amino acid release was determined using an HPLC assay. Results are means 6 SEM of four experiments using cells from four different
cultures, each one performed in triplicate with different batches of cells (total 12 measurements/condition). Statistical significances are expressed
with respect to the respective basal release, ns = non significant and (***) = p,0.001. The basal neurotransmitter release levels were: Aspartate
= 3.260.1%, Glutamate = 2.260.3%, Glycine = 760.7% and GABA = 2.360.4%.
doi:10.1371/journal.pone.0090703.g001

Figure 2. Action of 1 mM SNAP on cell viability. Cortical neurons
were exposed to 1 mM SNAP for different durations of time. After that
cellular viability was measured by the XTT assay. Results are mean-
s6SEM of two experiments from cells of different cultures, each one
performed in triplicate with different batches of cells (total 6
measurements/condition). Statistical significances were performed with
respect to the basal values. ns = no significant, * = p,0.05, ** = p,
0.01 and *** = p,0.001
doi:10.1371/journal.pone.0090703.g002

Amino Acid Release by NO in Cortical Neurons
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tion in the cortical neurons as well as the functionality of the assay

methods.

The possible role of voltage-dependent sodium and
calcium channels on SNAP-mediated amino acid release

Since SNAP (NO)-mediated release of amino acid neurotrans-

mitters is Ca2+ dependent, the involvement of the voltage-

dependent calcium channels (VDCC) on the amino acid release

mediated by 1 mM SNAP in cortical neurons was analyzed. When

the action of 1 mM SNAP was assayed in the presence of w-AGA

IVA, a blocker of P/Q VDCC, amino acid release was strongly

inhibited (Figure 6A, 6B, 6C, 6D). Similar results were obtained

with w-CTX GVIA, a blocker of N type VDCC. Nevertheless,

verapamil, a blocker of L type VDCC only inhibited glutamate

Figure 3. Action of carboxy-PTIO on amino acid release mediated by 1 mM SNAP. [A] Asp and Gly release, [B] Glu and GABA release.
Results are means6SEM of two experiments from cells of different cultures, each one performed in triplicate with different cell batches (total 6
measurements/condition). * = p,0.05; ** = p,0.01 and *** = p,0.001.
doi:10.1371/journal.pone.0090703.g003

Figure 4. Effect of ODQ, an inhibitor of soluble guanylate cyclase, on basal and amino acid release mediated by 1 mM SNAP. [A]
aspartate, [B] glutamate, [C] glycine and [D] GABA release. Results are means 6 SEM of two experiments in cells from different cultures, each one
performed in triplicate with different cell batches (total 6 measurements/condition). ns or (*) = statistical significance as compared to basal values, ns
= non significant. (***) = p,0.001; (N) statistical significance between SNAP in absence and presence of ODQ. (NN) = p,0.01 and (NNN) = p,

0.001.
doi:10.1371/journal.pone.0090703.g004

Amino Acid Release by NO in Cortical Neurons
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(Figure 6B) and glycine (Figure 6C) release without affecting

aspartate (Figure 6A) or GABA release (Figure 6D).

In addition, we ascertained whether voltage-dependent Na+
channels are involved in SNAP (NO) mediated amino acid release.

We used tetrodotoxin, (TTX), a toxin which blocks the voltage

dependent Na+ channels (VDSC). TTX inhibited the aspartate

(Figure 6A), glutamate (Figure 6B) and glycine (Figure 6C) release

induced by 1 mM SNAP. However, this toxin did not affect the

GABA release mediated by 1 mM SNAP in the cortical neurons

(Figure 6D).

Discussion

NO formed from SNAP induces amino acid
neurotransmitter release

We analyzed whether NO would trigger neurotransmitter

release in cortical neurons. Our results showed that SNAP (NO)

induces significant Asp, Glu and Gly release at SNAP concentra-

tions ranging from 10 mM to 1 mM while GABA release was only

detected at concentration of 1 mM SNAP.

This suggests that NO could regulate the balance between

excitatory and inhibitory neurotransmitters in cortical neurons by

through the levels of the NO donor SNAP. NO effects on

excitatory and inhibitory synaptic neurotransmitter release have

also been reported by several other researchers. In fact, Segieth

and co-workers [43], using NO donors, found that NO regulates

excitatory amino acid release in a biphasic manner in the

hippocampus of freely-moving rats; Horn et al. [44], demonstrated

that NO may control the activity of hypothalamic neurohypo-

phyisis neurons because these neurons also release Glu, GABA

and taurine ‘‘in vivo’’ after NO stimulation. On the other hand, in

vivo, Engelmann et al. [45], found that NO may differentially

regulate excitatory and inhibitory neurotransmitter release into the

hypothalamic supraoptic nuclei. Taken together, these observa-

tions, accompanied by our findings in cortical neurons, support the

hypothesis that SNAP (NO) could exert a differential effect on

GABA (inhibitory) as well as glutamate (excitatory) release. The

amino acid release induced by SNAP was mediated by NO

because the NO scavenger carboxy-PTIO strongly inhibited the

effects of the NO donor. SNAP-mediated amino acid release was

not the result of cell death because exposing cortical neurons to

1 mM SNAP did not produce any loss of cellular viability (death)

for at least 4 hr and our studies were performed at 15 minutes

after SNAP exposure.

Involvement of VDCCs and VDSCs in amino acid
neurotransmitter release mediated by SNAP (NO)

Our results indicate that SNAP (NO) induced neurotransmitter

release through calcium dependent mechanisms since there was no

effect in a calcium-free medium. This means that NO probably

stimulates Ca2+ entry necessary to provoke neurotransmitter

release in cortical neurons. Calcium entry could be mediated by

the action of different types of Ca2+ channels, such as voltage-

dependent calcium channels (VDCC). In fact, when VDCC were

blocked by different specific toxins, the release of all SNAP (NO)

mediated neurotransmitters was inhibited in our study; since both

AGA-toxin and conotoxin were effective, P/Q-and N-type VDCC

probably cooperate in stimulating neurotransmitter release. The

blockade of L-type VDCC by verapamil strongly reduced

glutamate and glycine release without affecting aspartate or

GABA release. This observation suggests that the L-type voltage

dependent calcium channels do not seem to be involved in Asp

and GABA release mediated by NO (SNAP), maybe because

verapamil may work in a specific cell subpopulation. Differences in

the involvement of different calcium channels in neurotransmitter

release have been reported by others. Waterman et al. [46]

indicates that parasympathetic neurons in the mouse bladder

employ different Ca2+ channels to release neurotransmitters in

these neurons. Additionally, Turner et al. [47] reported that

glutamate release from whole rat brain synaptosomes was

inhibited by v-Aga toxin but unaffected by v-CTX GIVA.

Our results on the inhibition of amino acid neurotransmitter

release by the calcium channel-blocker suggests that NO induces

calcium entry though VDCC since their blockade inhibits

neurotransmitter release in the presence of SNAP (NO).

In addition, our results also showed that when cortical neurons

were stimulated with 1 mM SNAP in the presence of TTX –a

blocker of voltage dependent Na+ channels-, there was a strong

inhibition of aspartate, glutamate and glycine release but GABA

release was unafected. TTX data may suggest that NO activates

voltage-gated Na+ channels and ensures VDCC and Ca2+-

dependent neurotransmitter release. Thus, the differential sensi-

tivity of GABA release may be related to different mechanism in

GABAergic neurons were supported it by literature data [48,49].

GABA release, resistant to Na+ channel blockade (TTX), has also

been reported by others. Bieda and Copenhage [50], using retinal

amacrine cells, found that voltage dependent Na+ blockade by

TTX partially suppressed the Glycinergic and GABAergic input in

these cells. Therefore, they concluded that amacrine cells are a cell

type that uses both dependent and independent action potentials

for light-evoked release of neurotransmitters. In addition,

Martinez Martos et al. [51] have demonstrated that the basal

GABA release in the frontal cortex of awake rats was TTX

resistant.

The activation of VDCCs and VDSC may be mediated by
sGC activation

The involvement of VDCC and VDSC in SNAP (NO) release

can suggest that 1) SNAP (NO) may induce depolarization and/or

2) SNAP (NO) directly modulates these channels through

activation of sGC. In our study, we saw no depolarization in

SNAP-treated cells. However, Mongin et al. [52] found membrane

depolarization in synaptosome preparations treated with NO

Figure 5. Action of SNAP on membrane potential. Neurons were
treated for 15 min. with bisoxonol in absence (control), or presence of
either 60 mM KCl (positive control) or 1 mM SNAP. Relative changes in
dye fluorescence reflect changes in membrane potential (See Material
and Methods). Results are means 6 SEM of two experiments in neurons
from different cultures, each one performed in triplicate with different
cell batches (total 6 measurements/condition). Results are shown as
arbitrary fluorescent units (AFU). Statistical significance was expressed
as compared to the basal value. ns = non significant, (**) = p,0.01.
doi:10.1371/journal.pone.0090703.g005
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donors (sodium nitroprusside, S-nitroso-L-cysteine and hydroxyl-

amine). They attributed this plasma membrane depolarization to

decreased potassium permeability and inhibition of the sodium

pump. Although we cannot exclude the possibility that SNAP/

NO–mediated amino acid neurotransmitter release is a conse-

quence of depolarization in cortical neurons, our results, showing

the inhibitor effect of both the channel blockers and ODQ on

amino acid neurotransmitter release, suggest that formation of

cGMP is an intermediate step in the modulation of neurotrans-

mitter release via GMPc on VDCC and VDNC. Although we did

not directly measure VDCC and VDNC activity, the data

available in the literature report that several VDCC are involved

in these mechanisms [53–57].

Taken together, these findings suggest that SNAP(NO) mediates

amino acid release in cortical neurons (Figure 7): the NO formed

from the donor (SNAP) (see 1 on Fig. 7) binds to its intracellular

receptor, the soluble guanylate cyclase (sGC) activating it. The

activation of sGC forms cGMP, which may directly activate Na+

(see 2 in Fig.7) and Ca2+ voltage dependent channels (see 3 on

Fig. 7) by a mechanism which needs to be further elucidate. This

effect would promote activation of these channels and the entry of

Ca2+ (see 4 on Fig.7) and Na+ (see 5 on Fig. 7) to induce

neurotransmitter release. Finally, the increase of Ca2+ through

VDCC may be involved in this neurotransmitter release (see 4 on

Fig. 7) while the increase of Na+ via VDSC would have induced

action potentials in cortical neurons¨in vitrö (see 5 on Fig. 7).

The working model presented in Figure 7 is supported by

several observations from our study: 1) SNAP (NO) induces amino

acid release that is inhibited by the presence of ODQ (an inhibitor

of sGC) and 2) voltage dependent calcium channels of the types N,

Figure 6. Effect of the selective inhibitors of voltage dependent Ca2+ and Na+ channels on amino acid release mediated by
SNAP(NO). [A] aspartate release, [B] glutamate release, [C] Glycine release and [D] GABA release. The toxin concentrations used were w-Aga GIVA
(300 nM), w-CTX GVIA (5 mM) and verapamil (10 mM); Results are means 6 SEM of two experiments with cells from different cultures, each one
performed in triplicate with different cell batches (total 6 measurements/condition). ns or (*) = statistical significance as compared to basal levels,
(N) = statistical significance between SNAP in the absence and presence of the specific channel blocker; ns = non significant, (NN) = p,0.01 and
(***) or (NNN) = p,0.001.
doi:10.1371/journal.pone.0090703.g006

Figure 7. Possible mechanisms by which NO induces neuro-
transmitters release in cortical neurons. (1) Increased in NO
induces activation of sGC and, as a consequence, cGMP formation. The
increases in cGMP levels may activate VDSC (2) and VDCC (3) channels
by a mechanism which yet to be elucidated. An increase in intracellular
calcium levels (4) would be responsible for the amino acid release.
Activation of VDSC may trigger local depolarization and promote or
amplify opening of VDCC (5).
doi:10.1371/journal.pone.0090703.g007

Amino Acid Release by NO in Cortical Neurons
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P/Q and L and voltage dependent Na+ channels are involved in

the amino acid release induced by SNAP (NO).

Acknowledgments

We thank Carol Fox Warren and Mikel Erdocia for revising the

manuscript.

Author Contributions

Conceived and designed the experiments: JJM MPG. Performed the

experiments: JJM CA MJO MPG. Analyzed the data: JJM MPG AN.

Contributed reagents/materials/analysis tools: JJM CA VB MJO MPG.

Wrote the paper: JJM MPG.

References

1. Moncada S, Higgs A (1993) The L-arginine pathway. N Eng J Med 329: 2002–

2012.

2. Moncada S, Higgs A, Furchgott R (1997) International Union of Pharmacology

nomenclature in nitric oxide research. Pharmacol Rev 49:137–142

3. Drapier JC, Bouton C (1996) Modulation by nitric oxide of metalloprotein

regulatory activities. Bioessays 18:549–556.

4. Jaffrey SR, Erdjument-Bromage H, Ferris CD, Tempst P, Zinder SH (2001)

Protein S-nitrosylation: a physiological signal for neuronal nitric oxide. Nat Cell
Biol 3:193–197.

5. Lane P, Hao G, Gross SS (2001) S-nitrosylation is emerging as a specific and
fundamental posttranslational protein modification: head-to-head comparison

with O-phosphorylation. Sci. SKTE 86: re1.

6. Garthwaite J, Boulton CL (1995) Nitric oxide signalling in the central nervous

system. Annu.Rev.Physiol. 57:683–706.

7. Garthwaite J (2008) Concepts of neural nitric oxide-mediated transmission.

Eur J Neurosc 27:2783–2802.

8. Bredt DS, Hwang PM, Snyder SH (1990) Localization of nitric oxide synthase

indicating a neural role for nitric oxide. Nature 347:768–770

9. Reaume CJ, Sokolowski MB (2009) cGMP-dependent protein kinase as a

modifier of behaviour. Handb Exp Pharmacol 191:423–443

10. Gao Y (2010) The multiple actions of NO. Pflugers Arch. 459:829–839

11. Currie DA, de Vente J, Moody WJ (2006) Developmental appearance of cyclic

guanosine monophosphate (cGMP) production and nitric oxide responsiveness

in embrionic mouse cortex and striatum. Dev. Dyn. 235: 1668–1667.

12. Gallo EF, Iaadecola C (2011) Neural nitric oxide contributes to neuroplasticity

associated protein expression through cGMP, protein kinase G, and extracellular
signal-regulate kinae. J. Neurosc. 31: 6947–6955

13. Bartus K, Pigott B, Garthwaiter J (2013) Cellular Targets of Nitric Oxide in

hippocampus. Plos One 8 (2):e57292

14. Torphy TJ, Fine CF, Burman M, Barnette MS, Ormsbee HS (1986) Novel

oesophageal sphincter relaxation is associated with increased cyclic nucleotide

content. Am. J Physiol 251:G786–G793.

15. Bredt DS, Snyder SH (1989) Nitric oxide mediates glutamate-linked enhance-

ment of cGMP levels in the cerebellum. Proc Natl Acad Sci. (USA) 86:9030–
9033.

16. Sistiaga A, Miras-Portugal MT, Sánchez-Prieto J (1997) Modulation of

glutamate release by nitric oxide/cyclic GMP-dependent pathway. Eur.J.Phar-

macol. 321_ 247–257

17. Bellamy TC, Wood J, Gathwaite J (2002) On the activation of soluble guanylyl

cyclase by nitric oxide. Proc.Nat.Acad Sci. (USA) 99:507–510.

18. Wang JQ, Chu XP, Guo ML, Jin DZ, Xue B, et al. (2012) Modulation of
ionotropic glutamate receptors and Acid-sensing ion channels by nitric oxide.

Front. Physiol. 3: 164, 1–6

19. Gustafsson LE, Wiklund CU, Wiklund NP, Persson MG, Moncada S (1990)

Modulation of autonomic neuron effector transmission by nitric oxide in guinea

pig illeon. Biochem Biophysic Res. Commun. 173:106–110.

20. Li CG, Rand MJ (1989b) Prejunctional inhibition of non-adrenergic non-

cholinergic transmission in the anococygeus muscle. Eur J. Pharmacol 168:107–
110.

21. Li CG, Rand MJ (1989a) Evidence for a role of nitric oxide in the

neurotransmitter system mediating relaxation of the rat anococcygeus muscle.

Clin. Exp. Pharmacol. Physiol 16:933–938.

22. Boeckxstaens GE, De Man JG, Pelckmans PA, Herman AG, Van Maercke YM

(1993) Alpha 2-adrenoceptor-mediated modulation in the nitrergic innervation
of the canine isolated ileocolonic junction. Br J Pharmacol 109:1079–1084.

23. Hanbauer I, Wink D, Osawa Y, Edelman GM, Gally JA (1992) Role of nitric
oxide in NMDA-evoked release of [3H]-dopamine from striatal slices.

Neuroreport 3:409–12.

24. Kullmann DM, Nicoll RA (1992) Long-term potentiation is associated with

increases in quantal content and quantyal amplitude. Nature 357:240–244.

25. Sorkin LS (1993) NMDA evoked an L-NAME sensitive spinal release of

glutamate and citrulline.Neuronreport 4:479–482.

26. Montague PR, Gancayco CD, Winn MJ, Marchase RB, Friedlander MJ (1994)

Role of NO production in NMDA receptor-mediated neurotransmitter release
in cerebral cortex. Science 263:973–977

27. Meffert MK, Premack BA, Schulman H (1994) Nitric oxide stimulated Ca2+-

independent synaptic vesicle release. Neuron 12:1235–1244.

28. Kuriyama K, Ohkuma S (1995) Role of nitric oxide in central synaptic

transmission: effects on neurotransmitter release. Jpn J Pharmacol 69:1–8

29. Ohkuma S, Narihara H, Katsura M, Hasegawa T, Kuriyama K (1995) Nitric

oxide-induced [H3]- GABA Release from Cerebral Cortical Neurons Is

Mediated by Peroxynitrite. J. Neurochem. 65: 1109–1114.

30. Beltran B, Borrachina MD, Méndez A, Quintero E, Esplungues JV (1999)

Synthesis of nitric oxide in the dorsal nucleous of the vagus mediates the

inhibition of gastric Acid secretion by central bombesin. Br J Pharmacol

127:1603–1610.

31. Reiser G (1990) Mechanism of stimulation of cyclic-GMP level in neuronal cell

line mediated by serotonin (5-HT3) receptors. Involvement of nitric oxide,

arachidonic acid metabolism and cytosolic Ca2+. Eur J Biochem 189:547–552.

32. Xue l, Farrugia G, Miller SM, Ferris CD, Snyder SH, et al. (2000) Carbon

monoxide and itric oxide as co-neurotransmitters in the enteric nervous system:

evidence from genomic deletion of biosynthetic enzymes. Proc Natl Acad Sci

USA 97:1851–1855.

33. Barnette MS, Grous M, Manning CD, Calaham JF, Barone FC (1990)

Inhibition of neuronally induced relaxation of canine lower esophageal sphincter

by opioid peptides. Eur J Pharmacol 182:363–368.

34. Jin XG, Chen SR, Cao XH, Li L, Pan HL (2011) Nitric oxide inhibitis

nociceptive transmission by differentially regulating glutamate and glycine

release to spinal dorsal horn neurons. J Biol Chem 286:33190–33202

35. Choi YB, Tenneti L, Le DA, Ortiz J, Bay G, et al. (2000) Molecular basis for

NMDA receptor-coupled ion channel modulation by S-nitrosylation. Nat

Neurosci 3:15–21.

36. Pieper AA, Blackshaw S, Clements EE, Brat DJ, Krug DK, et al. (2000) Poly

(ADP-ribosy)lation basally activated by DNA strand breaks reflect glutamate-

nitric oxide neurotransmission. Proc Natl Acad Sci USA 97:1845–1850.

37. Kiss JP, Vizi ES (2001) Nitric oxide: a novel link between synaptic and

nonsynaptic transmission. Trends Neurosci 24:211–215.

38. Segal M (1983) Rat hippocampal neurons in culture: responses to electrical and

chemical stimuli. J Neurophysiol 50:1249–64.
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