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Abstract
Serotonin (5HT) was shown to induce in vitro the production of ROS in the presence of neuronal nitric oxide synthase
(nNOS) in addition to the basal NO

+
formation. With the aim of understanding this mechanism, this study investigated the

potential binding of 5HT to nNOS. By using [3H]5HT, it is reported here that 5HT binds to nNOS, but only when the
enzyme is active and in a superoxide-dependent manner. This binding is prevented by DPI but not by L-NAME. The
formation of 5HT-nNOS complex was shown to be very well correlated with the production of ROS by 5HT in the presence
of nNOS. A mechanism involving nNOS only in its initial step is proposed to explain both the formation of 5HT-nNOS
complex and the production of ROS observed in the presence of nNOS and 5HT.
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Abbreviations: NO
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, nitric oxide; nNOS, neuronal nitric-oxide synthase; BH4, 6R-tetrahydrobiopterin; CaM, calmodulin;
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L-NAME, L-NG-nitroarginine methyl ester; DPI, diphenyleneiodonium chloride; ROS, reactive oxygen species

Introduction

Both serotonin (5HT) and nitric oxide (NO
+
) are

important neuromediators responsible, respectively,

for the vasoconstriction and the vasodilatation of

blood vessels. Numerous studies have demonstrated

close relationships between the nitrergic and seroto-

ninergic systems [1]. Both molecules interfere with

the other one. NO
+

acts on 5HT turnover by

inhibiting tryptophan hydroxylase activity, the main

enzyme involved in 5HT biosynthesis [2]. On the

other hand, 5HT modulates NO
+

levels in endothelial

cells, stomach and colon [3] and a decrease in 5HT

increases both nNOS expression and NOS activity

in various parts of the brain [4]. Very recently, a

physical interaction between nNOS and the serotonin

transporter was demonstrated, leading to reciprocal

modulation of their activity [5].

Based on these results, we wondered about a

possible direct effect of 5HT on nNOS activity and

we demonstrated, in a recent in vitro study, that 5HT

induced O2
�+

and H2O2 production in the presence

of nNOS without affecting the transformation of L-

arginine to L-citrulline and NO
+

[6]. In the present

work, we investigated possible direct binding of 5HT

to nNOS and we compared the conditions of 5HT-

nNOS complex formation with those leading to the

production of ROS. These results led us to propose a

mechanism explaining both the binding of 5HT to

nNOS and the production of reactive oxygen species

(ROS) in the simultaneous presence of nNOS and

5HT.
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Materials and methods

Materials

Calmodulin (CaM) was from Calbiochem (VWR

International, Fontenay sous Bois, France), BH4,

L-NG-nitroarginine (L-NNA and NG-nitro-L-argi-

nine methyl ester (L-NAME) were from Cayman

Chemical Co. (Ann Arbor, MI) and 5HT hydrochlo-

ride was from Acros Organics (Noisy le Grand,

France). L-Arg, human haemoglobin, superoxide

dismutase (SOD), catalase, bovine serum albumin

(BSA), NADPH, FMN, FAD, diphenyleneiodonium

chloride (DPI), ferricytochrome C, potassium ferri-

cyanide, sodium ascorbate and cysteine were from

Sigma-Aldrich (Saint Quentin Fallavier, France).

Oxyhaemoglobin (OxyHb) was prepared as described

previously [7].

nNOS preparation

Recombinant full-length bovine nNOS was purified

as described previously [6] and then submitted to an

ADP-Sepharose affinity chromatography. The nNOS

purity was 94�96% and the specific activity was

800945 nmol citrulline/min�mg protein in 50

mM Hepes buffer, pH 7.4. SDS-PAGE analysis also

attested that nNOS preparation was not contami-

nated by nNOS fragments like its reductase domain.

In some experiments, purified recombinant full-

length rat nNOS from Cayman Chemicals was

used. Its specific activity was 513 nmol NO
+
/min�

mg protein in 50 mM Hepes buffer, pH 7.4. Exactly

the same results were obtained on 5HT binding using

nNOS from both origins (data not shown).

Binding of 5HT to nNOS

The reaction was initiated at 378C by adding 1.5�3 mg

of nNOS to microtubes containing the cofactors

(FAD (4 mM), FMN (4 mM), BH4 (4 mM), NADPH

(500 mM), CaM (700 nM), CaCl2 (70 mM)) and L-Arg

(100 mM) in 0.1 M phosphate buffer pH 7.4 in a total

volume of 200 ml, unless otherwise stated, in the

presence of 1 mM [3H]5HT creatinine sulphate

monohydrate (1.11 TBq/mmol, Perkin Elmer). In

some experiments, increasing concentrations of un-

labelled 5HT, BSA (100 nM), L-NAME (100 mM),

DPI (100 mM), SOD (400 U/ml), catalase (2000 U/

ml), ascorbate (1 mM) or cysteine (1 mM) were added

to the reaction mixture. The reaction was stopped by

addition of Laemmli buffer containing 5% mercap-

toethanol and heating at 958C for 5 min. After SDS-

PAGE of the samples, the gel was incubated in

isopropanol/acetic acid/water (5:2:13) for 1 h and

then in Amplify (GE Healthcare) for 30 min. The

dried gel was exposed to a film (HyperfilmTM, GE

Healthcare) for � 30�40 days at �808C before

development. The intensity of the [3H]5HT-nNOS

band depends on this exposure time.

Oxyhaemoglobin oxidation assay and NADPH

consumption measurement

The reaction was initiated by adding 0.3 mg of

nNOS to microplate wells containing the cofactors,

L-Arg (100 mM), OxyHb (60 mM), 5HT (100 mM) in

50 mM Hepes buffer pH 7.4 in a total volume of

200 ml. In some experiments, DPI, L-NNA or L-

NAME (100 mM) were used. The reaction was

monitored for 10 min at 378C by a SpectraMax

384 96-well UV-visible spectrophotometer (Molecu-

lar Devices) using SoftMaxPro software. Blank

values were determined in the absence of the

enzyme but in the presence of all cofactors and

subtracted from the value obtained with nNOS.

This calculation excludes both potential auto-oxida-

tion of NADPH or OxyHb during the assay and a

reaction unrelated to the enzyme. The conversion of

OxyHb to methemoglobin by NO
+

and/or other

reactive oxygen species was evaluated by the disap-

pearance of OxyHb, measured by the difference in

absorption between 577�591 nm according to Fee-

lisch and Kubitzek [8]. We established a standard

curve for OxyHb in a 96-well plate in the same

conditions and used it to quantify OxyHb disap-

pearance. NADPH oxidation was followed by mon-

itoring the decrease in absorbance at 340 nm and

quantitated, as for OxyHb, using a standard curve

plotted using known NADPH concentrations.

Cytochrome C and ferricyanide reduction assay

Cytochrome C and ferricyanide reduction by nNOS

were assessed in 96-well microtiter plates. Wells

contained FAD (4 mM), FMN (4 mM, excepted for

ferricyanide assay), CaM (700 nM), CaCl2 (70 mM),

5HT (100 mM) in 50 mM Hepes buffer pH 7.4.

Ferricytochrome C (40 mM) or potassium ferricya-

nide (1 mM) and nNOS (0.5 mg) were added just

before the beginning of the reaction, which was

initiated by adding NADPH (500 mM final concen-

tration) to obtain a final volume of 200 ml. The

reaction was performed at 378C (278C for ferricya-

nide) for 10 min and monitored at 550 nm for

cytochrome C assay and 420 nm for ferricyanide

assay. Blank values were determined as previously.

Standard curves of ferrocytochrome C and ferricya-

nide were established in the same conditions and used

to quantify the appearance of ferrocytochrome C or

the disappearance of ferricyanide.

Data analysis

All values were determined for several experiments,

as mentioned in the figure legends, and means9
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SEM were calculated. Statistical analysis was per-

formed by means of Student’s unpaired t-test.

Results

We have previously shown that 5HT affects nNOS

activity by inducing ROS generation in addition to

NO
+

production [6]. We investigated here a potential

direct binding of 5HT to nNOS.

Binding of 5HT to nNOS

After 5-min incubation of recombinant rat nNOS

(100 nM) with [3H]5HT (1 mM), followed by

denaturing SDS-PAGE analysis of the samples, the

autoradiography showed a band corresponding to the

molecular weight of nNOS monomer (155 kDa)

which was attributed to the complex [3H]5HT-

nNOS (Figure 1A, control nNOS). The resistance

of the 5HT-nNOS complex to heating at 958C for

5 min in the presence of 2-mercaptoethanol suggests

strongly a covalent linkage between 5HT and nNOS.

This band was lacking at the initial time of the

reaction (T0) and the label remained for increasing

times up to 20 min. In some experiments, we

observed a slower kinetic of 5HT binding depending

likely on the batch of nNOS used (control, Figure 1B

compared to Figure 1A). Control experiments per-

formed with increasing concentrations of non-radio-

active 5HT added to the reaction (Figure 1A) or with

BSA (100 nM), as irrelevant protein in addition to

nNOS (Figure 1B, top) showed, respectively, that

[3H]5HT (and not a hypothetical radiolysis deriva-

tive) does bind to nNOS and that [3H]5HT does not

bind to BSA. On the contrary, an important binding

was shown on catalase when it was added to the

reaction mixture (Figure 1B, bottom). And, as for

nNOS, the binding of [3H]5HT to catalase appears

after a 5-min incubation. Taken together, these

results demonstrate very rapid binding of 5HT to

Figure 1. Binding of [3H]5HT to nNOS. (A) [3H]5HT (1 mM) was incubated with recombinant rat nNOS (1.5�3 mg) with or without

unlabelled 5HT. (B) [3H]5HT (1 mM) was incubated with nNOS, with nNOS and BSA or with nNOS and catalase. SDS-PAGE from

reaction mixtures removed at various times and autoradiography were performed. Bands corresponding to [3H]5HT linked to nNOS

monomer (MM�155 kDa) or BSA (MM�70 kDa) or catalase monomer (MM�60 kDA) were visualized according to the reaction time

and the conditions of the reaction.
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nNOS (and also to catalase when present) during the

first 5 min of the reaction.

Conditions required for 5HT binding to nNOS

In the absence of nNOS cofactors, the [3H]5HT-

nNOS band did not appear after 5-min reaction

(Figure 2A) and was only very weak for longer times

(15�20 min), showing that the [3H]5HT binds to

nNOS only when the enzyme was active. In the

presence of L-NAME, an inhibitor of oxygenase

domain belonging to the L-Arg analogue family, the

binding of 5HT to nNOS was very similar to that of

the control, whereas with DPI, an inhibitor of

flavoenzymes which acts at the reductase domain of

NOS, there was a very weak binding with respect to

the control nNOS lanes (Figure 2A). To address the

question of a potential involvement of reactive oxygen

species produced in 5HT-nNOS complex formation,

we used SOD, catalase or superoxide scavengers. The

addition of SOD (400 U/ml), ascorbic acid (1 mM) or

cysteine (1 mM) to the reaction mixture totally

prevented 5HT binding even after a 20-min reaction

(Figure 2B), suggesting the involvement of super-

oxide in this reaction. Catalase (2000 U/ml) alone did

not affect 5HT binding, excluding the involvement of

hydrogen peroxide, but catalase and SOD did (Figure

2B). Independently of catalase activity, the absence of

5HT binding to nNOS in the presence of SOD alone,

which scavenges only superoxide and furthermore

generates hydrogen peroxide, strenghtens the fact

that hydrogen peroxide is not involved in this

mechanism. From the precedent experiment per-

formed in the presence of L-NAME, we can conclude

that NO
+

is not involved in 5HT binding to nNOS.

These results were also confirmed by experiments

carried out in the absence of L-Arg (data not shown).

Therefore, the binding of 5HT to nNOS is

dependent on enzyme activity and among ROS

produced by nNOS, only superoxide is involved in

the binding of 5HT to nNOS and not hydrogen

peroxide or NO
+
.

Relation between 5HT binding to nNOS and ROS

production in the presence of nNOS and 5HT

In order to compare the role of 5HT both on the

binding to nNOS and on the induction of ROS

production in the presence of nNOS, complex

formation and nNOS activity were both evaluated

in various conditions. Taking into account that

OxyHb reacts not only with NO
+

[9] but also with

various oxygen species (O2
�+

[10], ONOO� [11]

and H2O2 [12]) to give methemoglobin, we used this

assay to examine a global activity of nNOS. As shown

in Figure 3, L-NAME (100 mM) and L-NNA (100

mM), inhibitors of the nNOS oxygenase domain

activity, failed to inhibit either NADPH consumption

(Figure 3A) or OxyHb oxidation (Figure 3B) in the

presence of 100 mM 5HT, whereas they strongly

inhibited these activities in the absence of 5HT.

Conversely, DPI (100 mM) strongly and similarly

inhibited the consumption of NADPH (Figure 3A)

and the oxidation of OxyHb (Figure 3B), both in the

absence and presence of 100 mM 5HT.

To investigate a potential involvement of the re-

ductase domain in the effect of 5HT, the activity of the

reductase domain of nNOS was assessed by the

reduction of cytochrome C or ferricyanide. In these

conditions, the presence of 5HT (100 mM) did not

affect the reduction of cytochrome C (Figure 4A) or

ferricyanide (Figure 4B) significantly, excluding an

Figure 2. Binding of [3H]5HT to nNOS according to nNOS

activity and superoxide production. (A) [3H]5HT (1 mM) was

incubated with recombinant rat nNOS (1.5�3 mg) and L-Arg, in the

presence or absence of cofactors or in the presence of L-NAME or

DPI (100 mM). (B) [3H]5HT (1 mM) was incubated with nNOS

(1.5�3 mM) and SOD (400 U/ml), catalase (2000 U/ml), ascorbate

or cysteine (1 mM). Bands corresponding to [3H]5HT linked to

nNOS monomer (MM�155 kDa) were visualized according to the

reaction time and the conditions of the reaction.
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effect of 5HTon electron flux in the reductase domain

of nNOS.

Discussion

In a previous study, we demonstrated that 5HT

induced the production of ROS (H2O2 and O2
�+

) in

the presence of nNOS without affecting the produc-

tion of NO
+

[6]. According to the literature, such

results were difficult to explain if we consider that all

products come from nNOS activity. In fact, produc-

tion of superoxide by NOS, following incubation with

various molecules such as adriamycin [13], paraquat

[14] and very recently superoxide itself [15], is linked

to uncoupling of the enzyme, leading to a decrease in

NO
+

production. In this paper, we studied a different

possibility. We demonstrate, first, that 5HT is able to

bind nNOS, depending on its activity, and particu-

larly on its production of superoxide. Second, the

binding of 5HT to nNOS is inhibited by inhibitors of

the total nNOS activity, but not by inhibitors of only

oxygenase domain. Third, the electron flux in the

reductase domain is not affected by the presence of

5HT. And, finally, 5HT binding to nNOS is very well

correlated with the 5HT-induced production of ROS

in the presence of nNOS. So, the binding of 5HT to

nNOS may be an explanation of the ROS production

in the presence of 5HT and nNOS which we

described previously [6].

An irreversible and SOD-dependent binding of

5HT to rat liver microsomal proteins was previously

shown by Uemura et al. [16] in the presence of

NADPH and O2. Furthermore, Perez-Reyes and

Mason [17] demonstrated the formation of a radical

(a semiquinone imine) upon incubation of 5HT with

O2
�+

. All these results lead us to propose a model

explaining both effects of 5HT on nNOS: (Figure 5)

5HT oxidation by nNOS-produced superoxide leads

to H2O2 formation and 5HT�+
radical, which can

bind to nNOS or which can regenerate by consuming

NADPH leading to NADP� and superoxide.

So, the observed increase in NADPH consumption

is due to the addition of NADPH used by nNOS and

NADPH used to regenerate 5HT from 5HT�+
. In

the same way, the production of O2
�+

and H2O2

results from this reaction and not from nNOS

activity. Thus, 5HT does not modify nNOS activity

but induces an independent ROS production. This

could explain why we observed previously that NO
+

production by nNOS is not affected by 5HT. This is

in agreement with the fact that electron flux in the

reductase domain was not affected by 5HT.

This mechanism involves an initial production of

superoxide to initiate the cycle. The possibility that

the initial O2
�+

come from another source than nNOS

(flavins for example) was excluded: first because at

T0, 5HT did not bind to catalase (Figure 1B, bottom)

although it was incubated with flavins and all

cofactors before the addition of nNOS; second

because ROS production observed by oxyhaemoglo-

bin oxidation is calculated by subtracting the blank

consisting of all cofactors including flavins and 5HT

without nNOS; third, because we demonstrated

previously that calmodulin removing inhibits the

effect of 5HT on ROS production [6]; and finally

because DPI inhibits both 5HT binding on nNOS

and ROS production. Therefore, the presence of

nNOS is required to produce the initial O2
�+

.

As nNOS was shown to produce a small amount of

superoxide in basal conditions even in the presence

of BH4 and L-Arg [6,18], this would be the initiation

of the reaction. In the same way, and to strengthen

these results, we reported previously that, in the

absence of L-Arg (when nNOS produces mainly

superoxide), 5HT increased ROS production [6].

Thus, superoxide production by nNOS may be the

initiator of the chain reaction leading to ROS

Figure 3. Effects of NOS inhibitors on NADPH consumption (A)

and on OxyHb oxidation (B). Recombinant rat nNOS (0.3 mg) was

added to the mixture of its cofactors and L-Arg in the presence

(filled bars) or absence (open bars) of 5HT (100 mM) and with or

without DPI, L-NNA or L-NAME (100 mM). The reaction was

performed at 378C for 10 min. Data are expressed as mean values

of NADPH consumption or OxyHb oxidation (nmole/min�mg)9

SEM from two to eight determinations. Statistical significance

(Student’s unpaired t-test): * pB0.001; NS, not significant when

compared with the respective control with or without 5HT.
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production and to 5HT binding to nNOS. The final

production of O2
�+

would support the reaction,

leading to an amplification of ROS production.

Whether the initial superoxide comes from the

oxygenase or the reductase domain of nNOS remains

unclear. According to the literature, nNOS is able to

produce superoxide [19] (mainly by its oxygenase

domain [20]) but � 10% of its production appears to

depend on enzyme catalysed electron transport [20].

On the other hand, we demonstrated here that,

contrary to DPI which is known to totally inhibit

nNOS activity, i.e. both NO
+

[21] and O2
�+

[19]

production, L-NAME does not inhibit 5HT binding

to nNOS and ROS production. However, L-NAME

(100 mM) was reported to maintain 30% of O2
�+

formation by nNOS [19] and that may be enough to

initiate the formation of the 5HT radical.

The notion of the formation of a radical reacting

with nNOS to form a covalent complex was strength-

ened by our results showing very strong binding

between 5HT and nNOS. The possible involvement

of a 5HT semiquinone-imine radical was based on

the work of Perez-Reyes and Mason [17]. By using

EPR experiments they have shown the formation of

the 5HT semiquinone imine (imino-indole ring

form), suggesting that this radical form is the most

stable and this radical was supposed to be involved in

the stimulation of NADPH oxidation and oxygen

consumption by 5HT. In our case, we observed, in

addition, the binding of 5HT radical to nNOS.

Such a radical would be able to react with thiol

functions of proteins. The fact that BSA (used here as

an irrelevant protein) contains only one thiol could

explain the lack of binding of 5HT to BSA, but 5HT

binds to bovine catalase which contains four cy-

steines. In the case of bovine or rat nNOS, 24

cysteine residues are present. As nNOS still produce

NO
+
, it is likely that Cys415, involved in the

interaction with the heme, and the two cysteines

necessary to maintain the zinc thiolate and conse-

quently the stability of the dimer are not modified.

Logically, 5HT binding should occur on Cys present

in the close area where superoxide is produced if 5HT

can be there. However, as explained below, this

nNOS domain remains to be determined. In this

way, the identification of cysteine(s) bound to 5HT

would also help to clarify the nNOS domain involved

in superoxide production. On the other hand, the fact

that 5HT binds also to catalase in the presence of

nNOS suggests that either superoxide and/or 5HT

radical diffuse from the site of production to the

medium. So, as shown for catalase, 5HT binding can

occur everywhere if Cys are available.

In our in vitro model, nNOS is the only possible

target for 5HT binding but it cannot be excluded

that, in vivo, 5HT binds to other proximal proteins.

Figure 4. Effects of 5HT on reduction of cytochrome C and ferricyanide by nNOS. NADPH (500 mM) was added to the reaction mixture

containing recombinant bovine nNOS (0.5 mg) with or without 5HT (1 mM) and, according to the experiment, cytochrome C (40 mM) (A) or

ferricyanide (1 mM) (B). The reaction was performed at 378C or 278C, respectively, for 10 min. Data are expressed as mean values of

reduced-ferricytochrome C or ferricyanide (mmole/min�mg)9SEM from eight to nine determinations. Statistical significance: NS, not

significant.

Figure 5. A proposed model that illustrates the effect of 5HT:

Binding of 5HT to nNOS and production of O2
�+

and H2O2;

adapted from Perez-Reyes and Mason [17].
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In the brain, 5HT is mostly concentrated in

vesicules and a low level is in the cytoplasma, in

possible contact to nNOS. Besides such a comparti-

mentalization, a physical interaction between nNOS

and the serotonin transporter (SERT) has been

reported, suggesting proximity between nNOS and

5HT inside cells [5]. A 5HT content �0.4 mM has

been reported in cultured human neurons from

hippocampus and cortex [22], which is not far from

the concentrations we used in this work. Further-

more, the possibility that such a reaction takes place

in vivo is strengthened by the fact that endogenous

5HT levels have been reported to be increased in

pathological conditions (lesions or ischemia [23],

primary pulmonary hypertension [24]).

Serotonin was recently shown to be transamidated

to fibrinogen [25] or to small GTPases by transglu-

taminases [26]. In this case, an enzyme is responsible

for the binding and the serotonylation is considered

as a signal transduction pathway leading to the release

of platelet a-granules. In the same way, we have

shown here that 5HT is able to bind purified nNOS

upon O2
�+

production by nNOS and to induce ROS

formation in the presence of NADPH and O2.

Therefore, in addition to its usual roles mediated by

various specific receptors, serotonin seems to play

new roles because of its ability to bind other

molecules and particularly proteins.

In conclusion, we demonstrated that 5HT is able to

bind to nNOS and we propose a mechanism, fitting

with all our results, involving the 5HT radical

formation upon superoxide production by nNOS,

resulting in 5HT binding to nNOS, NADPH con-

sumption and ROS production. The present in vitro

study suggests that, in vivo, in the presence of nNOS,

5HT may increase the production of ROS. And,

finally, our results could be widened to a more

general situation: in the presence of any source of

superoxide and in the presence of NADPH and O2,

5HT may result in deleterious effects in vivo due to

amplification of ROS production.
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