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1 The aim was to test the hypothesis that nitric oxide (NO) donor drugs can inhibit the
5-hydroxytryptamine (5-HT) transporter, SERT.

2 The NO donors, MAHMA/NO (a NONOate; (Z)-1-[N-methyl-N-[6-(N-methylammoniohexyl)-
amino]]diazen-1-ium-1,2-diolate), SIN-1 (a sydnonimine; 5-amino-3-(4-morpholinyl)-1,2,3-oxadiazo-
lium chloride), FK409 (an oxime; (7)-(4-ethyl-2E-(hydroxyimino)-5-nitro-3E-hexenamide)) and
peroxynitrite, but not Angeli’s salt (source of nitroxyl anion) or sodium nitrite, caused concentration-
dependent inhibition of the specific uptake of [3H]-5-HT in COS-7 cells expressing human SERT.

3 Superoxide dismutase (150Uml�1) plus catalase (1200Uml�1), used to remove superoxide and
hence prevent peroxynitrite formation, prevented the inhibitory effect of SIN-1 (which generates
superoxide) but not of MAHMA/NO or FK409.

4 The inhibitory effects of the NO donors were not affected by the free radical scavenger,
hydroxocobalamin (1mM) or the guanylate cyclase inhibitor, ODQ (1H-[1,2,4]oxadiazolo[4,3-
a]quinoxalin-1-one; 3 mM).

5 L-Cysteine (1mM; source of excess thiol residues) abolished or markedly reduced the inhibitory
effects of MAHMA/NO, SIN-1, FK409 and peroxynitrite.

6 It is concluded that inhibition of SERT by the NO donors cannot be attributed exclusively to NO
free radical nor to nitroxyl anion. It does not involve guanosine-30,50-cyclic monophosphate, but may
involve nitrosation of cysteine residues on the SERT protein. Peroxynitrite mediates the effect of SIN-
1, but not the other drugs.

7 Data in mice with hypoxic pulmonary hypertension suggest that SERT inhibitors may attenuate
pulmonary vascular remodelling. Thus, NO donors may be useful in pulmonary hypertension, not
only as vasodilators, but also because they inhibit SERT, provided they display this effect in vivo at
appropriate doses.
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ethane sulphonic acid; 5-HT, 5-hydroxytryptamine (serotonin); MAHMA/NO, (Z)-1-[N-methyl-N-[6-(N-
methylammoniohexyl)-amino]]diazen-1-ium-1, 2-diolate; Na2EDTA, disodium ethylenediaminetetraacetate;
NET, noradrenaline transporter; NO, nitric oxide; NONOates, diazeniumdiolates; PAPA/NO, (Z)-1-[N-(3-
aminopropyl)-N-(n-propyl)amino]diazen-1-ium-1, 2-diolate; SERT, 5-HT (serotonin) transporter; SIN-1, 5-
amino-3-(4-morpholinyl)-1,2,3-oxadiazolium chloride (linsidomine); SOD, superoxide dismutase; U-0521, 30, 40-
dihydroxy-2-methylpropiophenone

Introduction

Nitric oxide (NO) donors are known primarily for their

vasodilator properties and are used in a variety of cardiovascular

diseases such as angina pectoris, heart failure and hypertension.

They may also have a role as pulmonary vasodilators in pul-

monary hypertension (Tilton et al., 2001; Keefer, 2003). In this

condition, they could provide an alternative to NO gas, which

is successfully used in neonatal pulmonary hypertension

(Golombek, 2000), but is impractical for long-term use in adults

(Hoeper et al., 2002). In addition to their vasodilator properties,

NO donors have a variety of other pharmacological actions.

One of these is the ability to inhibit the dopamine transporter

(DAT) in both neuronal and non-neuronal cells (Lonart &

Johnson, 1994; Pogun et al., 1994; Cook et al., 1996; Cao &

Reith, 2002; Park et al., 2002). The 5-hydroxytryptamine (5-HT)

transporter (SERT) is closely related to DAT and this raises the

possibility that NO donors may be able to inhibit SERT as well.

This could be of particular interest since it has been suggested

that inhibitors of SERT may be of value in the treatment of

patients with pulmonary hypertension (Marcos et al., 2003).
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Both SERT and DAT belong to the monoamine transporter

subfamily of the Naþ - and Cl�-dependent neurotransmitter

transporter family, and share 44% amino-acid identity

(Ramamoorthy et al., 1993). The few studies in which the

effects of NO donors on SERT have been investigated have

provided conflicting results. Some studies have reported

increases in 5-HT uptake by the S-nitrosothiol, S-nitroso-

acetylpenicillamine, mediated via a guanosine-30,50-cyclic
monophosphate (c-GMP)-dependent mechanism (Miller &

Hoffman, 1994; Kilic et al., 2003) and others have reported

decreases in 5-HT uptake by sodium nitroprusside and S-

nitrosoacetylpenicillamine (Pogun et al., 1994; Asano et al.,

1997) via a c-GMP-independent mechanism (Asano et al.,

1997). However, more importantly, these previous studies have

mainly examined S-nitrosothiols and sodium nitroprusside,

which are not representative of NO donors in general (Feelisch

& Stamler, 1996).

The objective of the present study was to test the hypothesis

that NO donors inhibit SERT activity and, if they do, to

investigate the mechanisms by which inhibition occurs. The

NO donors selected belong to different chemical classes, but

have in common the ability to generate NO ‘spontaneously’ at

physiological pH. Thus, they differ from the drugs used in the

previous studies (see above), since nitroprusside requires tissue

activation to generate NO and S-nitrosothiols can act without

the release of free NO (Feelisch & Stamler, 1996). SERT

activity was evaluated in this study by determining the specific

uptake of [3H]-5-HT in COS-7 cells transiently transfected with

the cDNA of human SERT (hSERT). In some parts of the

study, the effects of the NO donors on DAT activity (specific

uptake of [3H]-dopamine into COS–7 cells transiently trans-

fected with the cDNA of hDAT) have also been determined

for comparison with the results for SERT.

A preliminary account of some of these data was commu-

nicated to the Australasian Society of Clinical and Experi-

mental Pharmacologists and Toxicologists (Bryan-Lluka

et al., 2003).

Methods

Cell culture and transfection

COS-7 cells (SV40-transformed African green monkey kidney

cells; American Type Culture Collection, Bethesda, MD,

U.S.A.) were selected for the study because they do not

endogenously express SERT or DAT. The cells were grown at

371C in a 5% CO2, humidified atmosphere on standard plastic

cultureware in Dulbecco’s modified Eagle’s medium (Invitro-

gen Australia Pty Ltd, Melbourne, Australia), supplemented

with 10% foetal calf serum (Invitrogen) and 100Uml�1

penicillin and 100 mgml�1 streptomycin (Invitrogen). The cells

were subcultured onto 12-well culture plates and transiently

transfected with hSERT or hDAT cDNA using Lipofectamine

(Invitrogen) as previously described (Paczkowski et al., 1999)

for experiments 48 h later.

Uptake assays

Culture medium was removed from the COS-7 cells, and

they were then washed twice with 1ml Krebs/HEPES

buffer containing 0.1% bovine serum albumin (Catalogue

No. A-7906, Sigma-Aldrich, Sydney, NSW, Australia) at 371C.

The composition of the Krebs/HEPES buffer was 125mM

NaCl, 4.8mM KCl, 1.2mM MgSO4, 1.2mM KH2PO4, 1.3mM

CaCl2, 25mM HEPES, 5.55mM glucose, 40mM Na2EDTA,

5mM U-0521 (to inhibit catechol-O-methyltransferase; only

in experiments with [3H]-dopamine) and 1 mM pargyline (to

inhibit monoamine oxidase), pH 7.4. The cells were preincu-

bated for 15min (unless indicated otherwise) at 371C with

1ml Krebs/HEPES buffer containing 0.1% bovine serum

albumin in the absence or presence of the SERT inhibitor

paroxetine (1 mM; 1000� greater than the Ki of paroxetine

for inhibition of SERT (Owens et al., 1997)) for hSERT-

expressing cells or the DAT inhibitor GBR 12909 (1 mM; 50�
greater than the Ki of GBR 12909 for inhibition of DAT

(Eshleman et al., 1999)) for hDAT-expressing cells (to

determine total and non-specific uptake, respectively). NO

donors or nucleophiles (12.5–800mM) or vehicle were present

for the last 10min of preincubation. In some experiments,

1mM hydroxocobalamin, 150Uml�1 superoxide dismutase

(SOD) plus 1200Uml�1 catalase (CAT), 1mM L-cysteine or

vehicle was present for the last 13min of the 15min

preincubation period. In other experiments, 3 mM ODQ or

vehicle was present for an extended 20min preincubation

period. After the preincubation period, [3H]-5-HT (10 nM) or

[3H]-dopamine (10 nM) was added for an incubation period of

exactly 2min. The cells were then immediately washed three

times with Krebs/HEPES buffer at 01C and lysed by addition

of 750 ml of 0.1% Triton X-100 in 10mM Tris–HCl (pH 7.5).

The [3H] content of the cell lysates was determined in a 2500

TR Packard Liquid Scintillation Analyzer (Packard, Mel-

bourne, Australia) after addition of Starscint scintillation

medium (Packard) to the samples. The protein content of the

cell lysates was measured according to the Lowry method

(Lowry et al., 1951) using bovine serum albumin as standard.

The presence of the NO donors, nucleophiles or other drugs

did not affect the protein content of the wells at the end of the

experiments, indicating that they were not toxic to the cells

over these short exposure times.

Data analysis

The results of liquid scintillation counting and Lowry protein

determinations from duplicate wells for each treatment

condition on each 12-well plate were used to calculate [3H]-5-

HT or [3H]-dopamine uptake (in fmol (mg protein)�1) into the

COS-7 cells during the constant 2min incubation time. Specific

[3H]-5-HT or [3H]-dopamine uptake was then calculated for

each 12-well plate as the difference between uptake measured

in the absence and presence of paroxetine or GBR 12909,

respectively, on the same 12-well plate. In the absence of NO

donors, specific uptake was 93.3% of the total uptake of [3H]-

5-HT and 92.6% of that of [3H]-dopamine in the cells that

were transfected with the cDNA of hSERT and hDAT,

respectively. There was no specific uptake of the amines in

COS-7 cells that were transfected with the vector plasmid

without hSERT or hDAT, that is no endogenous expression of

SERT or DAT in the COS-7 cells. Specific [3H]-5-HT or [3H]-

dopamine uptake was expressed either as % inhibition of the

specific uptake in vehicle-treated controls in the absence of NO

donors on the same 12-well plate or as a % of specific uptake

in vehicle-treated controls on the same 12-well plate.
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Drugs and solutions

The drugs used in the study were: Angeli’s Salt (disodium

diazen-1-ium-1,2,2-triolate; Cayman Chemical Company,

Ann Arbor, MI, U.S.A.), catalase (CAT; Sigma-Aldrich),

L-cysteine (Sigma-Aldrich), FK409 ((7)-(4-ethyl-2E-(hydroxy-

imino)-5-nitro-3E-hexenamide; Cayman)), GBR 12909 (1-[2-

[bis(4-fluorophenyl)methoxy]ethyl]-4-(3-phenylpropyl)pipera-

zine dihydrochloride; Research Biochemicals Inc., Natick,

MA, U.S.A.), hydroxocobalamin (Sigma-Aldrich), MAHMA/

NO ((Z)-1-[N-methyl-N-[6-(N-methylammoniohexyl)-amino]]-

diazen-1-ium-1,2-diolate; Cayman), ODQ (1H-[1,2,4]oxadia-

zolo[4,3-a]quinoxalin-1-one; Cayman), PAPA/NO ((Z)-1-[N-

(3-aminopropyl)-N-(n-propyl)amino]diazen-1-ium-1,2-diolate;

Cayman), pargyline hydrochloride (Sigma-Aldrich), paroxe-

tine hydrochloride (GlaxoSmithKline, Uxbridge, Middlesex,

U.K.), SIN–1 chloride (5-amino-3-(4-morpholinyl)-1,2,3-oxa-

diazolium chloride, linsidomine; Cayman), sodium nitrite

(Sigma-Aldrich), sodium peroxynitrite (Cayman), superoxide

dismutase (SOD; Sigma-Aldrich), U-0521 (30,40-dihydroxy-2-
methylpropiophenone; Pharmacia and Upjohn, Kalamazoo,

MI, U.S.A.). The radiolabelled compounds used in the study

were 5-[1,2-3H(N)]-HT creatinine sulphate ([3H]-5-HT; NET-

498, specific activity: 1 Bq fmol�1) and [ring-2,5,6-3H]-dopa-

mine (NET-673, specific activity: 2 Bq fmol�1) from Perkin-

Elmer Life Sciences Inc., Boston, MA, U.S.A. All other

chemicals were AR grade, molecular biology grade or cell

culture tested as appropriate, and were obtained from

standard suppliers. All drugs were stored as recommended

by the manufacturer.

Stock solutions of GBR 12909 (100 mM), U-0521 (1mM)

and paroxetine and pargyline (10mM) were prepared in water

and stored at �201C. Stock solutions of hydroxocobalamin

(100mM), L-cysteine (100mM), SOD (15,000Uml�1) and CAT

(120,000Uml�1) were prepared in water on the day of the

experiment. Stock solutions (80mM) of the following com-

pounds were prepared on the day of the experiment in the

indicated solvents, diluted in the same solvent to 100-fold

greater than the final concentrations required and stored on ice

until just before they were required: MAHMA/NO, PAPA/

NO and Angeli’s salt in 10mM NaOH, FK409 and ODQ

in dimethylsulphoxide (not stored on ice), SIN-1 in 100mM
HCl and sodium nitrite in water. Sodium peroxynitrite was

purchased as a 19mM solution in 300mM NaOH (concentra-

tion determined spectrophotometrically at a wavelength of

302 nm just prior to the experiments; extinction coefficient

1670M
�1 cm�1). The maximal final concentration that could

be examined to avoid pH changes of the preincubation

and incubation solutions was 190 mM. Aliquotted samples of

sodium peroxynitrite were stored at �801C and thawed once

only on ice just prior to dilution in 300mM NaOH. The

dilutions were kept on ice until they were used within 20min of

preparation.

Solutions of the nucleophiles, MAHMA and PAPA were

prepared prior to the experiments by exposing MAHMA/NO

and PAPA/NO, respectively, to conditions under which they

readily break down into NO and the relevant nucleophile.

MAHMA/NO and PAPA/NO were prepared as 160mM

solutions in 1M HCl and left for 48 h at room temperature

in an open vial, followed by 2 h at 371C to allow decomposi-

tion to the nucleophiles (established by spectrophotometric

analysis; loss of absorbance characteristics of MAHMA/NO

and PAPA/NO at a wavelength of 250 nm), and the solutions

were then neutralised and diluted to 80mM with 1M NaOH.

Final dilutions of all drugs (10 ml in 1ml) to the required

concentrations were made in the wells in Krebs/HEPES buffer

containing 0.1% bovine serum albumin at the required time in

the experiment.

Statistical analysis

The results are shown as arithmetic means7s.e.m. for the

indicated number of independent experiments. The controls

showed that the specific [3H]-5-HT and [3H]-dopamine uptake

was unaffected by the presence of the various solvents used

(see above). The significance of differences between values for

specific uptake of [3H]-5-HT or [3H]-dopamine in the absence

and presence of the various concentrations of the drugs and

between drug treatments was analysed by one-factor analysis

of variance (ANOVA) and Tukey–Kramer multiple compar-

ison test or Student’s t-test as appropriate (see Results; Prism

4, GraphPad Software, San Diego, CA, U.S.A.). Values for

percentage inhibition of specific uptake of [3H]-5-HT or [3H]-

dopamine by the NO donors were compared with zero by the

Student’s t-test (Instat 3, GraphPad).

Results

Effects of NO donors on uptake of [3H]-5-HT
by SERT and of [3H]-dopamine by DAT

The NONOate MAHMA/NO (12.5–800 mM) caused a con-

centration-dependent inhibition of specific [3H]-5-HT uptake

into COS-7 cells expressing hSERT and more marked

inhibition of [3H]-dopamine uptake into COS-7 cells expres-

sing hDAT (Figure 1a). MAHMA, the corresponding nucleo-

phile of MAHMA/NO, had no effect on [3H]-dopamine

uptake at the same concentrations and caused a small inhi-

bitory effect on [3H]-5-HT uptake only at the highest concen-

tration used (800mM) (data not shown). Another NONOate

with a longer half-life, PAPA/NO, also caused a concentra-

tion-dependent inhibition of specific uptake of [3H]-5-HT and

[3H]-dopamine, but its effects were less marked than those of

MAHMA/NO, and the inhibition of SERT (but not DAT)

could be almost entirely accounted for by the effect of the

nucleophile PAPA. Hence, PAPA/NO was not examined

further in this study.

Two different NO donors, FK409 (Figure 1b) and SIN-1

(Figure 1c), also caused a concentration-dependent inhibition

of [3H]-5-HT uptake in cells expressing hSERT. These drugs

were not examined in cells expressing hDAT.

Peroxynitrite (Figure 2a) caused concentration-dependent

inhibition of the specific [3H]-5-HT uptake into COS-7 cells

expressing hSERT and more marked inhibition of the specific

[3H]-dopamine uptake into COS-7 cells expressing hDAT

(Figure 2a). The nitroxyl ion donor, Angeli’s salt, had no

effects on specific [3H]-5-HT uptake into cells expressing

hSERT, but caused moderate inhibitory effects on specific

[3H]-dopamine uptake in cells expressing hDAT (Figure 2b).

Sodium nitrite had no effects on specific [3H]-5-HT or [3H]-

dopamine uptake (Figure 2c).
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Effects of superoxide dismutase (SOD) plus catalase
(CAT)

SOD (150Uml�1) plus CAT (1200Uml�1), which remove

superoxide thereby preventing the formation of peroxynitrite,

had no effects on the specific uptake of [3H]-5-HT (Figure 3).

The inhibitory effects of MAHMA/NO and FK409 were still

apparent in the presence of SOD and CAT, but the inhibitory

effect of SIN-1 was abolished (Figure 3).

Figure 1 Inhibition of specific [3H]-5-HT or [3H]-dopamine uptake
by the NO donors (a) MAHMA/NO, (b) FK409 and (c) SIN-1 in
COS-7 cells expressing hSERT (closed symbols) or hDAT (in (a)
only; open symbols), respectively. Mean concentration–effect curves
from four to five experiments are shown. The data were expressed as
% inhibition of specific uptake in the absence of NO donor for each
individual 12-well plate, and are shown as mean values with s.e.m.
The mean and s.e.m. of the control-specific [3H]-5-HT and [3H]-
dopamine uptake values (no NO donor) in these experiments were
572743 (n¼ 13) and 643726 fmol (mg protein)�1 (n¼ 4), respec-
tively. One-factor ANOVA of the data in each graph showed that
the effects of the NO donors were concentration-dependent
(Po0.001). Asterisks indicate that specific uptake was significantly
less than the control values in the absence of NO donor (i.e. there
was significant inhibition): *0.054P40.01, **0.014P40.001,
***Po0.001 (Student’s t-test).
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Effects of hydroxocobalamin

The NO free radical scavenger, hydroxocobalamin (1mM),

reduced the uptake of [3H]-5-HT by about 50% (Figure 4).

However, the inhibitory effects of MAHMA/NO, FK409 and

SIN-1 on specific [3H]-5-HT uptake were still apparent in the

presence of hydroxocobalamin and no less pronounced than in

the absence of hydroxocobalamin (Figure 4).

Effects of ODQ

The inhibitor of soluble guanylate cyclase, ODQ (3 mM), had

no effects on the specific uptake of [3H]-5-HT (Figure 5). The

inhibitory effects of MAHMA/NO, FK409 and SIN-1 on

specific [3H]-5-HT uptake were unaffected by ODQ (Figure 5).

Effects of L-cysteine

L-Cysteine (1mM), a source of excess thiol residues, had

no effect on the specific uptake of [3H]-5-HT (Figure 6).

Figure 2 Inhibition of specific [3H]-5-HT or [3H]-dopamine uptake
by (a) peroxynitrite, (b) Angeli’s salt and (c) sodium nitrite in COS-7
cells expressing hSERT (closed symbols) or hDAT (open symbols),
respectively. Mean concentration–effect curves from three to four
experiments are shown. The data were expressed as % inhibition of
specific uptake in the absence of drug for each individual 12-well
plate and are shown as mean values with s.e.m. The mean and s.e.m.
of the control-specific [3H]-5-HT uptake and [3H]-dopamine uptake
values (no drug) in these experiments were 640737 (n¼ 11) and
677742 fmol (mg protein)�1 (n¼ 9), respectively. One-factor ANO-
VA of the data in each graph showed that the effects of peroxynitrite
for hSERT (0.014P40.001) and hDAT (Po0.001) and Angeli’s
salt for hDAT only (0.014P40.001) were concentration-depen-
dent. Asterisks indicate that specific uptake was significantly less
than the control values in the absence of drug (i.e. there was
significant inhibition): *0.054P40.01, **0.014P40.001 (Stu-
dent’s t-test).

Figure 3 Effects of superoxide dismutase (SOD; 150Uml�1) plus
catalase (CAT; 1200Uml�1) on the inhibitory effects of NO donors
(800 mM) on specific uptake of [3H]-5-HT in COS-7 cells expressing
hSERT. Values for specific [3H]-5-HT uptake were expressed as a
percentage of control-specific uptake in the absence of drugs (solid
bars) for each individual 12-well plate, and are shown as mean
values with s.e.m. (n¼ 3). The mean and s.e.m. of the control-
specific [3H]-5-HT uptake values (no NO donor or SOD and CAT)
in these experiments were 745741 fmol (mg protein)�1 (n¼ 9). One-
factor repeated-measures ANOVA of the data for each NO donor
showed that the drugs had significant effects on specific [3H]-5-HT
uptake (Po0.01). Asterisks indicate that the value in the presence of
NO donor was significantly less than the corresponding value in the
absence of NO donor: **0.014P40.001, ***Po0.001 (Tukey–
Kramer multiple comparison test).

Figure 5 Effects of ODQ (3 mM) on the inhibitory effects of NO
donors (800 mM) on specific uptake of [3H]-5-HT in COS-7 cells
expressing hSERT. Values for specific [3H]-5-HT uptake were
expressed as a percentage of control-specific uptake in the absence
of drugs (solid bars) for each individual 12-well plate and are shown
as mean with s.e.m. (n¼ 3). The mean and s.e.m. of the control-
specific [3H]-5-HT uptake values (no NO donor or ODQ) in these
experiments were 775725 fmol (mg protein)�1 (n¼ 9). One-factor
repeated-measures ANOVA of the data for each NO donor showed
that the drugs had significant effects on specific [3H]-5-HT uptake
(Po0.001). Asterisks indicate that the value in the presence of NO
donor was significantly less than the corresponding value in the
absence of NO donor: **0.014P40.001, ***Po0.001.

Figure 4 Effects of hydroxocobalamin (1mM) on the inhibitory
effects of NO donors (800 mM) on specific uptake of [3H]-5-HT in
COS-7 cells expressing hSERT. Values of specific [3H]-5-HT uptake
were expressed as a percentage of control-specific uptake in the
absence of drugs (solid bars) for each individual 12-well plate
and are shown as mean values with s.e.m. (n¼ 3). The mean and
s.e.m. of the control-specific [3H]-5-HT uptake values (no NO donor
or hydroxocobalamin) in these experiments were 646739 fmol
(mg protein)�1 (n¼ 9). One-factor repeated-measures ANOVA of
the data for each NO donor showed that the drugs had significant
effects on specific [3H]-5-HT uptake (Po0.001). Asterisks indicate
that the value in the presence of NO donor was significantly less
than the corresponding value in the absence of NO donor:
***Po0.001; hashes indicate that, in the absence of NO donor,
the value in the presence of hydroxocobalamin was significantly less
than the corresponding control value (no drugs): ###Po0.001
(Tukey–Kramer multiple comparison test).
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L-Cysteine abolished or markedly reduced the inhibitory

effects of MAHMA/NO, FK409, SIN-1 and peroxynitrite on

specific [3H]-5-HT uptake (Figure 6).

Discussion

The results of this study in COS-7 cells expressing hSERT

substantiate the hypothesis that NO donor drugs are able to

inhibit the uptake of 5-HT by its specific transporter. The

drugs for which this has been demonstrated (MAHMA/NO,

SIN-1 and FK409) have diverse chemical structures, but all of

them can generate NO ‘spontaneously’ at physiological pH.

PAPA/NO (another NONOate) also inhibited 5-HT uptake,

but its effect was complicated by the pronounced inhibitory

effect of the nucleophile, PAPA; this did not apply to

MAHMA, the nucleophile for MAHMA/NO. Since the

common feature of these diverse compounds is their ability

to produce NO, it is most likely that NO, in one of its redox

states, is responsible for their inhibitory effect on SERT.

Nitrite is another potential by-product of the decomposition of

the NO donors, but it cannot account for the effects of the

compounds because sodium nitrite did not inhibit either SERT

or DAT.

This study was initially prompted by reports that NO

donors can inhibit the uptake of dopamine by DAT in a

variety of cells (see Introduction). Therefore, for comparison,

some of the experiments on SERT were repeated using uptake

of dopamine (instead of 5-HT) into COS-7 cells expressing

DAT (instead of SERT). MAHMA/NO was found to inhibit

dopamine uptake, reflecting results with PAPA/NO in a

previous study (Cao & Reith, 2002). However, the effects of

MAHMA/NO were less pronounced on SERT than on DAT.

A number of other differences between SERT and DAT were

also observed. For example, the effects of peroxynitrite (like

those of MAHMA/NO) were more pronounced on DAT than

on SERT, and Angeli’s salt inhibited DAT but not SERT.

Furthermore, the nucleophile PAPA inhibited SERT but not

DAT. These discrepancies could point to differences in the

sites or mechanisms of action of the drugs on the two

transporters.

The NO donors studied can each produce NO in one or

more of its different redox states, viz. NO-free radical (NOK),

nitroxyl (NO�) or nitrosonium (NOþ ) (Feelisch & Stamler,

1996). The data obtained in this study showed that nitroxyl

appears not to be responsible for the inhibition of SERT

because Angeli’s salt, which generates nitroxyl, was without

effect on [3H]-5-HT uptake. It is unlikely that the effects of the

NO donors on SERT are due exclusively to free radical NO

since their effects were not prevented by the free radical

scavenger, hydroxocobalamin. This scavenger has been shown

to inhibit responses to solutions of NO gas (NO free radical) as

well as NO donors in other biological systems (Rand & Li,

1993; La et al., 1996; Wanstall et al., 2001). It was found that

hydroxocobalamin itself inhibited SERT, but sufficient uptake

remained to demonstrate that the inhibition of SERT by the

NO donors was no less pronounced in the presence of

hydroxocobalamin than in its absence. This finding is in

contrast to the findings with DAT reported by Cao & Reith

(2002). These authors showed that the inhibitory effects of

SIN-1 and DEA/NO on DAT were prevented by hydroxoco-

balamin, leading them to conclude that NO was responsible

for the effects they observed. In the present study, we showed

that, in contrast to the report of Cao & Reith (2002),

hydroxocobalamin itself abolished uptake of [3H]-dopamine

by DAT (data not shown) and hence we were unable to

confirm whether it abolished the inhibitory effects of the NO

donors on [3H]-dopamine uptake.

Many of the pharmacological effects of NO donors are

mediated by activation of soluble guanylate cyclase, produc-

tion of c-GMP and subsequent activation of G-kinase.

However, this pathway appears not to be involved in the

inhibitory effects on SERT seen in the present study because

the actions of the various NO donors were not prevented by

the guanylate cyclase inhibitor, ODQ. The lack of involvement

of c-GMP is in agreement with the findings of Asano et al.

(1997) in rat brain synaptosomes. Interestingly, in contrast, the

augmentation of 5-HT uptake by S-nitrosoacetylpenicillamine

reported by Kilic et al. (2003) was inhibited by ODQ.

Since neither nitroxyl nor NO-free radical appeared to

account for the effects of the NO donors on SERT, and since

c-GMP is not involved, the possibility of direct nitrosation of

SERT via NOþ was considered. Nitrosation of the thiol site of

cysteine residues on the noradrenaline transporter (NET) has

been proposed to account for the inhibitory effects of NO

donors on NET (Kaye et al., 1997). The evidence to support

this view included the finding that the inhibitory action of an

NO donor on NET was attenuated by L-cysteine, which was

used to provide excess thiol groups to act as a ‘sink’ (Kaye

et al., 1997). In our present study, L-cysteine abolished or

markedly attenuated the inhibitory effects of each of the NO

donors on SERT. This observation is compatible with the

conclusion that the inhibition of SERT by the NO donors

occurs by nitrosation of cysteine residues of the transporter

protein, a process that by definition involves NOþ . It should

be noted that L-cysteine (via a different mechanism) can also

inhibit effects of NO donors when nitroxyl ions contribute to

Figure 6 Effects of L-cysteine (1mM) on the inhibitory effects of
NO donors (800 mM MAHMA/NO, FK409 and SIN-1; 190 mM
peroxynitrite) on specific uptake of [3H]-5-HT in COS-7 cells
expressing hSERT. Values for specific [3H]-5-HT uptake were
expressed as a percentage of control-specific uptake in the absence
of drugs (solid bars) for each individual 12-well plate and are shown
as mean values with s.e.m. (n¼ 3). The mean and s.e.m. of the
control-specific [3H]-5-HT uptake values (no NO donor or L-
cysteine) in these experiments were 707733 fmol (mg protein)�1

(n¼ 12). One-factor repeated-measures ANOVA of the data for
each NO donor showed that the drugs had significant effects on
specific [3H]-5-HT uptake (Po0.01). Asterisks indicate that the
value in the presence of NO donor was significantly less than the
corresponding value in the absence of NO donor: **0.014P40.001,
***Po0.001 (Tukey–Kramer multiple comparison test).
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the response (Wanstall et al., 2001), but this cannot explain the

present findings because the experiments with Angeli’s salt

indicated that nitroxyl was not involved (see above).

Each of the NO donors examined for their effects on SERT

can produce NOþ , with the exception of SIN-1 (Feelisch &

Stamler, 1996). However, SIN-1 differs from the remaining

NO donors studied in that it generates not only NO but also

superoxide (Feelisch & Stamler, 1996). NO and superoxide

interact to produce peroxynitrite, which can then produce

NOþ (even though SIN-1 does not generate NOþ directly).

Peroxynitrite was shown to effectively inhibit SERT. The

effects of SIN-1, but not the other NO donors studied, were

blocked by SOD and CAT, which remove superoxide, thereby

preventing the formation of peroxynitrite. Furthermore, the

inhibitory effect of peroxynitrite on SERT, like that of SIN-1,

was blocked by L-cysteine. Taken together, these data suggest

that the effect of SIN-1 on SERT is probably mediated by

peroxynitrite. Peroxynitrite was also found to markedly inhibit

DAT in the present study. Park et al. (2002) also reported

inhibition of DAT by peroxynitrite (although at higher

concentrations than in the present study), but, in contrast, a

lack of effect of peroxynitrite on DAT activity was reported by

Cao & Reith (2002). We currently have no explanation for

these discrepancies between the effects of peroxynitrite on

DAT activity in the different studies, but peroxynitrite is very

unstable and great care has to be taken to establish that

breakdown of the compound has not occurred during storage,

and to minimise the possibility of its breakdown during the

experimental protocol.

Our findings that NO donors inhibit SERT are in keeping

with those of two other studies in a different experimental

system, rat brain synaptosomes, where inhibition of 5-HT

uptake was reported for sodium nitroprusside, two S-nitro-

sothiols and SIN-1 (Pogun et al., 1994; Asano et al., 1997).

They do, however, conflict with the results of a study in rat

basophilic leukaemia RBL2H3 cells in which the S-nitro-

sothiol S-nitrosoacetylpenicillamine was shown to increase

5-HT uptake by about 45% (Miller & Hoffman, 1994), and

with a recent study that reported an increase in 5-HT uptake

by S-nitrosoacetylpenicillamine in hSERT-expressing COS-7

cells (Kilic et al., 2003). However, in the latter study, the

authors comment that they sometimes observed inhibition

instead of augmentation of 5-HT uptake at concentrations

of S-nitrosoacetylpenicillamine greater than 100mM (Kilic

et al., 2003).

It is interesting that there is now evidence that NO donors

can inhibit all members of the monoamine neurotransmitter

transporter family, that is, SERT, DAT and NET. However,

there are some discrepancies between the results of the various

studies (see above), so it is not yet clear whether the

mechanisms involved for the three transporters are the same

or not. Nitrosation of cysteine residues has been claimed to be

the mechanism of the inhibitory effects of peroxynitrite on

DAT, via inactivation of cysteine residue 342 in intracellular

loop 3 (Park et al., 2002), and of S-nitrosoacetylpenicillamine

on NET, via inactivation of cysteine 351 in transmembrane

domain 7 (Kaye et al., 2000). It remains to be determined

which particular amino-acid residues are implicated in the

effects of NO donors on SERT. Cysteine residue 342 of DAT

is also present in SERT and NET and cysteine residue 351 of

NET is present in SERT but not in DAT. In view of the

differences between SERT and DAT with respect to the effects

of NO donors, noted above, it is tempting to speculate that

cysteine residue 351 may be involved.

The finding that NO donors can inhibit SERT reveals

another potentially valuable pharmacological property of this

group of drugs. Admittedly, the concentrations of NO donors

used in this study are somewhat higher than those which cause,

for example, vasorelaxation. However, the concentrations are

comparable to those used in other laboratories in studies on

DAT and NET, and it must be remembered that concentra-

tions of drugs that are effective in cell culture experiments are

not necessarily predictive of those required in intact tissues. It

will be interesting to determine whether these in vitro effects of

NO donors on SERT translate into comparable effects in vivo

and, if so, at what dosage levels they occur.

If inhibitory effects of NO donors on SERT can be

demonstrated in vivo, and at doses that correspond to plasma

levels of NO byproducts associated with clinical haemody-

namic effectiveness (e.g. equal to or less than 100mM; Preiser

et al., 1998), then this could be a clinically useful property of

the drugs. Inhibition of SERT may be of particular value in the

treatment of pulmonary hypertension. There is circumstantial

evidence that 5-HT may contribute to pulmonary vascular

remodelling in pulmonary hypertension, and that uptake of

5-HT by SERT into pulmonary vascular smooth muscle cells

may be a prerequisite for this effect (Lee et al., 1991; Eddahibi

et al., 1999). Furthermore, there is increased expression of

SERT in pulmonary arteries from patients with pulmonary

hypertension (Eddahibi et al., 2001), and in mice with hypoxic

pulmonary hypertension inhibitors of SERT have been shown

to attenuate pulmonary vascular remodelling (Marcos et al.,

2003). NO donors could have a therapeutic future as

vasodilators in pulmonary hypertension, especially if given

by the inhalational route to achieve pulmonary selectivity. The

results of this study indicate that inhibition of SERT may

possibly be an additional benefit.
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