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Abstract

Nitric oxide (NO), including NO free radicals (-NO) and peroxynitrite (OONO™), modulates the release of neurotransmitters from
neuronal tissues. Although we reported that S-nitroso-cysteine stimulated noradrenaline release in brain slices, we now show that only
S-nitroso-cysteine inhibits noradrenaline release from PC12 cells. SNitroso-cysteine inhibited, in a dose-dependent manner (up to 0.6
mM), the Ca?*-dependent [*HInoradrenaline release induced by ionomycin, adenosine 5-O-(3-thiotriphosphate), or high K *, from PC12
cells labeled with [*H]noradrenaline. Sodium nitroprusside, S-nitroso-N-acetylpenicillamine, and 1-hydroxy-2-oxo-3,3-bis(2-aminoethy!)-
1-triazene, which specifically release NO free radicals in neutral buffer, had minimal effects on [3H]noradrenaline release, although they
markedly stimulated cyclic GMP accumulation. 3-Morpholinosydonimine, which releases peroxynitrite, had no effect on either
[*H]noradrenaline release or cyclic GMP accumulation. S-Nitroso-cysteine inhibited phorbol 12-myristate 13-acetate- and mastoparan
(wasp venom toxin)-induced [*H]noradrenaline release. These findings suggest that 1) S-nitroso-cysteine, but not other NO donors,
inhibits some common process occurring during noradrenaline release in PC12 cells, 2) neither NO radicals, peroxynitrite, nor cyclic

GMP mediate the inhibitory effects of S-nitroso-cysteine in PC12 cells. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO) is thought to have a wide variety of
physiological functions. In the nervous system, NO has
been reported to mediate synaptic plasticity such as long-
term potentiation and depression, neurotoxicity, and neuro-
transmission. The release of neurotransmitters and neu-
ropeptides is modulated by NO (for review, see Chai,
1993; Davis and Murphey, 1994). NO is unstable and
reacts rapidly with various molecules. Molecules contain-
ing NO, such as NO free radicals, nitrosonium cations
(NO"), nitroxy anions (NO™), higher oxides of NO, and
nitrosothiols are presumed to have physiological effects,
including effects on neurotransmitter release. NO has the
ability to modulate the activities of proteins within func-
tional groups, notably cofactor Fe and thiols (Vanin, 1991;
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YIn this paper, ‘NO, nitric oxide' refers to al NO species. ‘NO free
radicals' indicates -NO, which is called nitric oxide in other papers.

Stamler et al., 1992; Stamler, 1994). For example, the
activation of guanylyl cyclase by NO binding to its heme
group is well known, and cyclic GMP mediates some of
the effects of NO such as vasorelaxation and platelet
inhibition (Murad, 1994). However, the active NO species
and the mechanism underlying the actions of NO in neuro-
transmitter release seem to depend on the neuronal tissue
type.

Previously, we reported that NO donors such as sodium
nitroprusside and S-nitroso-N-acetylpenicillamine stimu-
late noradrenaline release from the rat hippocampus in
vitro (Satoh et d., 1996a,b) and in vivo (Satoh et al.,
1996b) in the presence of thiol compounds, such as dithio-
threitol and L-cysteine. The addition of S-nitroso-cysteine
alone stimulated noradrenaline release (Satoh et al., 1997).
The stimulatory effect of Snitroso-cysteine on noradrena
line release was not mediated by cyclic GMP accumula
tion. These findings suggest that nitrosothiol compounds,
not NO free radicals, are the active species that stimulate
noradrenaline release. Thus, it is important to establish the
effects of S-nitrosothiols on other neuronal cells.

0014-2999,/98/$ - see front matter © 1998 Elsevier Science B.V. All rights reserved.

Pll: S0014-2999(98)00721-3



278 T. Naganuma et al. / European Journal of Pharmacology 361 (1998) 277-283

The PC12 pheochromocytomacell lineis a useful model
with which to study Ca?*-dependent neurosecretion. Re-
cently, we reported that Ca?*-dependent noradrenaline re-
lease induced by P2 purinoceptor stimulation and high K*
is positively regulated by dua protein kinase C and cyclic
AMP dependent mechanisms (Oda et d., 1995). We have
now investigated the effect of Snitroso-cysteine on nor-
adrenaline release from PC12 cells. The addition of S
nitroso-cysteine, but not of other chemical NO donors such
as sodium nitroprusside, S-nitroso-N-acetylpenicillamine,
3-morpholinosydonimine (SIN-1), or S-nitrosoglutathione,
inhibited noradrenaline release from PC12 cells in a cyclic
GMP-independent manner. The physiological roles of ni-
trosothiols such as S-nitroso-cysteine are discussed.

2. Materials and methods
2.1. Materials

L-[7,8-*H]Noradrenaline (40 Ci /mmol) was purchased
from Amersham. The cyclic GMP assay kit was a gift
from the Y amasa-Shoyu (Chiba, Japan). Sodium nitroprus-
side, NaNO,, NaNO, and fura-2 acetoxymethyl ester were
purchased from Wako (Osaka, Japan). Adenosine 5-O-(3-
thiotrisphosphate) (ATPyS) and rolipram were obtained
from Boehringer Mannheim (Mannheim, Germany) and
the Meiji (Tokyo, Japan), respectively. Phorbol 12-myri-
state 13-acetate (PMA), 8-bromo cyclic GMP, mastoparan
and ionomycin were purchased from Sigma (St. Louis,
MO, USA). SIN-1 and S-nitroso-N-acetylpenicillamine
were purchased from BIOMOL (PA, USA) and Research
Biochemicals International (Natick, MA, USA), respec-
tively. SNitroso-L-glutathione was purchased from
ALEXIS (Postfach, Switzerland). 1-Hydroxy-2-oxo-3,3-
bis(2-aminoethyl)-1-triazene (NOC-18) and S-nitroso-cy-
steine were given to us by Drs. Miyazaki and Katayama in
DOJINDO Laboratory (Kumamoto, Japan). 1H-
[1,2,4]0xadiazolo[4,3-a]quinoxalin-1-one, an inhibitor of
guanylyl cyclase, was obtained from Tocris (Britol, UK).

2.2. [*H]Noradrenaline release from PC12 cells

PC12 cells (D-type, Katoh-Semba et al., 1987) were
grown in Dulbecco's modified essential medium supple-
mented with 5% heat-inactivated fetal bovine and horse
serum. At 24 h after the final change of medium, [*H]nor-
adrenaline release was measured, as described previously
(Oda et al., 1995, 1996; Murayama et al., 1995). Briefly,
subconfluent cells were labeled with 1 wCi/ml of L-[7,8
—3H]noradrenaline (25 nM) for 2 h in a modified Tyrode's
HEPES buffer (20 mM HEPES (pH 7.0), 140 mM NaCl, 5
mM KCI, 5 mM glucose, 1 mM MgCl,, 1 mM CaCl,).
The pH of the buffer was lowered from 7.4 to 7.0 to
reduce the degradation of noradrenaline in al experiments
in this study. In some experiments, 0.1 mM ascorbic acid

was added to the labeling buffer (pH 7.4), or 10 pM
nialamide (an inhibitor of monoamine oxidase) was added
to the labeling buffer (pH 7.0). Data obtained with both
procedures were similar to those obtained with the usual
procedure. Detached cells were washed twice by centrifu-
gation (200 X g, 2 min) at 4°C and resuspended in Tyrode's
buffer (pH 7.4). Cell suspensions (50—70 g protein /tube)
were incubated for 8 min at 37°C in Tyrode's buffer
containing 0.2% fatty acid-free bovine serum abumin with
or without stimulants such as ATPyS or Shnitroso-cy-
steine. The high K* depolarization-induced release was
investigated in modified Tyrode's buffer containing 50
mM KCI and 90 mM NaCl. The reaction was terminated
by the addition of 0.5 ml ice-cold Ca?*- and Mg?*-free
Tyrode' s buffer containing 5 mM EGTA and 5 mM EDTA,
followed by a 30-s, 5000 X g centrifugation at 4°C. The
radioactivity in the supernatant was quantified with a
liquid scintillation spectrometer. The data are presented as
percentages of total [*H]noradrenaline incorporated. This
procedure had been applied to neuronal tissues including
PC12 cdlls. The increase in tritium (over 90%) in cultured
ganglion cells has been shown to be composed predomi-
nantly of intact noradrenaline and not its metabolites
(Schwartz and Malik, 1993). In PC12 cells, only a small
percentage (under 5%) of the [*H]noradrenaline taken up
by these cells in the buffer (pH 7.4) is metabolized, and
the release of tritium correlates well with results of the
chemica assay for noradrenaline (Scha'fer et al., 1987;
Lomneth et al., 1991).

2.3. Cyclic GMP accumulation in PC12 cells

Detached PC12 cells were incubated for 5 min at 37°C
with stimulants in Tyrode's buffer (pH 7.4) containing 0.5
mM isobutyl-methylxanthine and 0.2 mM rolipram. The
reaction was stopped by the addition of HCI and by boiling
for 2 min. Cyclic GMP levels were measured with a
radioimmunoassay kit.

2.4. Measurement of [Ca?*]; in PC12 cells

Intracellular free Ca?* concentrations ([Ca?*],) were
estimated as described previously (Yakushi et al., 1996).
Briefly, PC12 cells on dishes were incubated in 0.7 wM
fura-2 acetoxymethyl ester for 20 min at 37°C in Tyrode's
buffer containing 0.2% fatty acid-free bovine serum albu-
min. The PC12 cells were washed and detached from the
dishes under a gentle stream of buffer. An aliquot of
3-5x 10° cells was used for autofluorescence measure-
ments at 37°C.

2.5. Satistics
The data were analyzed using a paired t-test and two-

way analysis of variance. P values < 0.01 were consid-
ered to be significant.
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3. Results

3.1. Inhibition of Ca?*-dependent [*H]noradrenaline
release by S-nitroso-cysteine

First, we investigated the role of extracellular CaCl, in
[*HInoradrenaline release from prelabeled PC12 cells. The
non-stimulated (basal) release was 8.1 4+ 0.7% and 12.9 +
1.3% (n = 3), in the absence or presence of extracellular 2
mM CaCl,, respectively. The 10 wM ionomycin-stimu-
lated [*HInoradrenaline release was 9.6 + 1.2 and 36.3 +
1.8% (n = 3), in the absence or presence of 2 mM CaCl,,
respectively. Thus, the effect of ionomycin on noradrena
linerelease is completely dependent on extracellular CaCl ,.
Fig. 1 shows the effect of S-nitroso-cysteine on [*H]nor-
adrenaline release in the presence of 1 mM extracellular
CaCl,. The addition of 0.2 mM S-nitroso-cysteine to the
assay mixture did not significantly stimulate [*H]nor-
adrenaline release. The addition of 0.6 mM S-nitroso-cy-
steine significantly inhibited release. The addition of S
nitroso-cysteine markedly inhibited the ionomycin-stimu-
lated release in a dose-dependent manner (0.2 mM-0.6
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Fig. 1. Inhibition of ionomycin-stimulated [*H]noradrenaline release by
Snitroso-cysteine. Prelabeled PC12 cells were stimulated with (@) or
without (O) 10 wM ionomycin in the presence of S-nitroso-cysteine at
the concentrations indicated. Extracellular CaCl, concentration was 1.0
mM. NA, noradrenaline. Points are means+S.E.M. of three or four
independent experiments performed in triplicate. Statistical significance
was determined by two-way analysis of variance, ®P < 0.01, vs. values
without SNC.

Table 1
Effects of NO donors on [*H]noradrenaline release from PC12 cells

Addition [*HINoradrenaline release (% of total)
None 10 wM lonomycin

None 9.6+0.6 265+13

SNC 6.3+0.3 122408

SNP 12.3+0.7 30.1+0.2

SNAP 9.8+2.0 289+1.1

NOC-18 9.6+1.6 29.0+25

SIN-1 125409 287+1.0

NaNO, 88+1.0 26.7+2.2

NaNO, 95+04 244411

S-Nitrosoglutathione 9.0+1.0 25.0+1.2

Prelabeled PC12 cells were stimulated with or without 10 WM ionomycin
in the presence of various NO donors at concentrations of 0.6 mM.
SNC, S-nitroso-cysteine.

SNP, sodium nitroprusside.

SNAP, S-nitroso-N-acetylpenicillamine.

NOC-18, 1-hydroxy-2-oxo-3,3-big2-aminoethyl)-1-triazene.
SIN-1,3-morpholinosydonimine.

Values are means+ S.D. of three determinations from a typical experi-
ment. Data are representative of three independent experiments.

mM). The addition of S-nitroso-cysteine at concentrations
higher than 0.6 mM strongly stimulated [*H]noradrenaline
release in the absence or presence of extracellular CaCl,
(data not shown). We investigated the inhibitory effects of
lower concentrations of S-nitroso-cysteine on noradrena
line release in PC12 cells. It was difficult to distinguish
whether the effect of high concentrations of S-nitroso-cy-
steine was due to toxicity, although cell viability (mea-
sured by leakage of lactate dehydrogenase) did not change
for a least 8 min following 1 mM S-nitroso-cysteine
addition.

Table 1 shows the effects of 0.6 mM of various NO
donors on ionomycin-stimulated [*H]noradrenaline release
from PC12 cells. Sodium nitroprusside increased [*H]nor-
adrenaline release and enhanced the ionomycin-stimul ated
reaction. However, the effect of sodium nitroprusside was
slight and not significant in two other experiments. NOC-
18, which specifically releases NO free radicals in neutra
buffers containing no co-factor, such as a phosphate buffer
(pH 7.4) (Hrabie et al., 1993), had no effect on [*H]nor-
adrenaline release. SIN-1, which yields peroxynitrite (Hogg
et a., 1992), had no effect. Although 0.6 mM SIN-1
seemed to increase [*H]noradrenaline release slightly (Ta-
ble 1), SIN-1 had no stimulatory effect in two other
experiments. Neither S-nitroso-N-acetylpenicillamine,
NaNO,, nor NaNO, affected the basal or ionomycin-
stimulated [*H]noradrenaline release. S-Nitrosoglutathione
had no effect on basal or ionomycin-stimulated [*HInor-
adrenaline release. The data were reproducible, and none
of the NO donors tested, except S-nitroso-cysteine, had an
inhibitory effect at low (0.2 and 0.4 mM) and high (1 mM)
concentrations. Previously we reported that the combina
tion of sodium nitroprusside or S-nitroso-N-acetylpenicil-
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lamine and dithiothreitol or cysteine yielded S-nitro-
sothiols and stimulated noradrenaline release from brain
dices (Satoh et d., 1996a,b). However, no NO donors
used, except S-nitroso-cysteine, had an effect in the pres-
ence of dithiothreitol (5 mM), cysteine (1 mM), or glu-
tathione (1 mM).

Stimulation of P2 purinoceptors and addition of high
K* increased Ca®* influx and catecholamine release (Oda
et a., 1995 1996). ATPyS or KCl-stimulated [*H]nor-
adrenaline release was inhibited by S-nitroso-cysteine in a
similar and dose-dependent manner. [*H]Noradrenaline re-
lease in the presence of 0.6 mM Snitroso-cysteine was
decreased to 20-30% from its control levels (Table 2).
Previously we reported that PMA stimulated [*H]nor-
adrenaline release from PC12 cells via activation of pro-
tein kinase C in the presence of CaCl, (Oda et a., 1995).
In the present study, stimulation with 100 nM PMA for 8
min increased [*H]noradrendine release markedly; the
basal release and the PMA-stimulated release were 7.5 +
0.4 and 17.6 + 1.3% (n = 3), respectively. The addition of
0.6 mM S-nitroso-cysteine reduced by 47.6 + 4.1% (n=3)
the net increase induced by 100 nM PMA.

3.2. Inhibition of Ca?*-independent [*H] noradrenaline
release by S-nitroso-cysteine

Mastoparan, a wasp venom toxin, increases the secre-
tion of neurotransmitters and hormones from a variety of
cell types, including PC12 cells (Murayama et al., 1996).
The addition of mastoparan stimulated [*H]noradrenaline
release from PC12 cells in the presence or absence of
extracellular CaCl, (Table 3). The effect of 10 M
mastoparan in the presence of CaCl, was less than that in
the absence of CaCl,, as described previously (Murayama
et al., 1996). The maximal [*HInoradrenaline release (41.2
+ 0.6, percent of total, n=3) was obtained with 20 uM

Table 2
Inhibition of ATPyS- and KCl-induced [*HInoradrenaline release by
S-nitroso-cysteine

Addition Net increase in [°HInoradrenaline rel ease (%)
None 0.3 mM SNC 0.6 mM SNC

300 pM ATPyS 100 64, 54 20.9+3.92

50 mM KCI 100 72, 60 32.8+4.92

Prelabeled PC12 cells were stimulated with 300 wM ATPyS or 50 mM
KCl in the presence or absence of 0.6 mM S-nitroso-cysteine (SNC).
Data were calculated as percentages of net increase in [*Hlnoradrenaline
release caused by the stimulants. The data are presented as means+ S.E.M.
of three independent experiments performed in triplicate. The data for 0.3
mM  Snitroso-cysteine were from two independent experiments. The
basal, ATPyS- and K Cl-stimulated [*H]noradrenaline rel eases were 5.0+
2.1,17.2+2.2 and 17.0+ 1.3%, respectively. The basal [®Hlnoradrendline
release in the presence of 0.6 mM S-nitroso-cysteine was 3.7 + 1.5%.
Statistical significance was determined by paired t-test and by two-way
analysis of variance.

2P < 0.01, vs. none.

Table 3
Inhibition of mastoparan-stimulated [*H]noradrenaine release by S
nitroso-cysteine

Addition [*H]Noradrenaline release (% of total)
0.2 mM EGTA 2mM CaCl, and

0.2 mM EGTA

None 29+28 84+23

+0.2mM SNC 28+25 9.0+31

+0.4 mM SNC 23+22 58+22

10 .M Mastoparan 429+04 294104

+0.2mM SNC 36.3+1.1 223+12

+0.4mM SNC 18.7+21 14.6+23

Prelabeled PC12 cells were stimulated with or without 10 ..M mastoparan
in the presence or absence of 2 mM CaCl, EGTA (0.2 mM) and the
indicated concentrations of S-nitroso-cysteine (SNC) were subsequently
added to the assay mixture. Data are presented as means+ S.D. of three
determinations in a typical experiment. Data are representative of three
independent experiments.

mastoparan in the absence of 2 mM CaCl,. The effects of
mastoparan are not dependent on the activation of protein
kinase C, as the [*Hlnoradrenaline release induced by
mastoparan in the presence of 3 wM calphostin C, which
greatly inhibits the effect of PMA (Oda et al., 1995), was
identical to the release induced in the absence of the
inhibitor. Additionally, mastoparan was effective in protein
kinase C-depleted PC12 cells, which had been prepared by
incubation with 1 wM PMA for 24 h, as previousy
reported (Oda et al., 1995). S-Nitroso-cysteine dose depen-
dently inhibited the effects of mastoparan in either the
presence or the absence of CaCl,. The mastoparan-stimu-
lated [*H]noradrendine release was significantly de-
creased, by 41 + 5 and 42 + 6%, on addition of 0.4 mM
S-nitroso-cysteine (n= 3) in the absence or presence of
extracellular CaCl ,, respectively.

3.3. Increase of [Ca?*]; by Snitroso-cysteine in PC12
cells

We investigated whether the inhibitory effect of S
nitroso-cysteine on [*Hlnoradrenaline release was due to
inhibition of [Ca®"]; increase. The addition of S-nitroso-
cysteine produced a continuous, dose-dependent [Ca®" ],
increase from an intracellular Ca?* pool in PC12 cells 2.
The increase in [Ca?* ], caused by 0.6 mM S-nitroso-cy-
steine for 350 s in the presence or absence of extracellular
CaCl, (1 mM) was 290 + 15 and 310 + 40 nM (n=3),
respectively. Additionally, Snitroso-cysteine did not in-
hibit the increase in [Ca?* ], caused by 10 pM ionomycin
(data not shown). These findings suggest that the in-
hibitory effect of S-nitroso-cysteine on [*Hlnoradrenaline
release is not due to [Ca?™ ], mobilization.

2 Naganuma, T., Murayama, T. and Nomura, Y., manuscript in prepa-
ration.
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3.4. Effects of NO donors on cyclic GMP accumulation

It has been shown that PC12 cells treated with sodium
nitroprusside accumulate cyclic GMP and have increased
tyrosine hydroxylase activity (Roskoski and Roskoski,
1987). To test for the potential involvement of cyclic GMP
in the regulation of noradrenaline release, PC12 cells were
treated with various NO donors. The addition of sodium
nitroprusside stimulated cyclic GMP accumulation in a
dose-dependent manner, reaching a maximum 300 pM
(Fig. 2). Biphasic (stimulatory and inhibitory) effects of
Snitroso-cysteine on cyclic GMP were observed when
PC12 cells were incubated with increasing concentrations.
SNitroso-cysteine markedly stimulated cyclic GMP accu-
mulation at concentrations from 3 to 30 wM. However,
S-nitroso-cysteine over 30 wM inhibited the accumulation
of cyclic GMP, while the cyclic GMP level after stimula-
tion with 300 .M S-nitroso-cysteine was 10 times higher
than the basal level. The addition of S-nitroso-N-acetyl-
penicillamine, NaNO,, or NOC-18, but not NaNO, or
SIN-1, markedly stimulated cyclic GMP in a dose-depen-
dent manner, without any inhibitory phase; 25.5 + 3.3 by
300 wM S-nitroso-N-acetylpenicillamine, 10.5+ 2.0 by
500 wuM NaNO, and 15.2 + 2.2 pmol /10° cells by 500
wM NOC-18 (mean + S.D. of three determinations in a
typical experiment, similar data were obtained in another
experiment).

Oxyhemoglobin and carboxy-PTIO (2-(4-carbo-
xyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide),

@
3 30
©
o SNP
%
I
&
.5 20 + SNC
©
3
E
3
Q
Q
(]
o 10
=
O]
Q
©
>
O
0 \}\;l 1 l 1 I
0 3 10 30 100 300

[SNC or SNP] (M)

Fig. 2. Effects of NO donors on cyclic GMP accumulation in PC12 cells.
PC12 cells were incubated with the indicated concentrations of S
nitroso-cysteine (SNC, O) and sodium nitroprusside (SNP, @). Results
indicate means+ S.D. of three determinations in a typical experiment.
Data are representative of two independent experiments.

which are NO free radical scavengers, effectively inhibit
cyclic GMP accumulation by NO donors in the hippocam-
pus (Satoh et a., 1996b). These scavengers also inhibit
cyclic GMP accumulation by NO donors including S
nitroso-cysteine cysteine in PC12 cells. The increase in
cyclic GMP caused by S-nitroso-N-acetylpenicillamine in
PC12 cells was not inhibited by the scavengers, as had
been demonstrated for the hippocampus (Satoh et al.,
1996b). The NO radical scavengers did not modify the 10
M ionomycin-stimulated [*H]noradrenaline release; 27.3
+ 1.2 and 284+ 1.5% (n=3), in the presence of 500
p.g/ml oxyhemoglobin and 1 mM carboxy-PTIO, respec-
tively, which is almost the same as without the scavengers.
Furthermore, the ionomycin-stimulated [*H]noradrenaline
release was inhibited by 0.6 mM S-nitroso-cysteine in the
presence of scavengers; 125+ 1.2 and 14.0 + 1.3% (n =
3), in the presence of oxyhemoglobin and carboxy-PTIO,
respectively, which is amost the same as without the
scavengers. Also, the addition of 0.1 mM 1H-
[1,2,4]oxadiazold4,3-a]quinoxalin-1-one, a selective in-
hibitor of NO-sensitive guanylyl cyclase, did not modify
the inhibitory effect of S-nitroso-cysteine, and addition of
1 and 2 mM 8-bromo cyclic GMP in the assay mixture did
not inhibit [*H]noradrenaline release. These findings elimi-
nate the possibility of cyclic GMP and NO free radica
involvement in the regulation of noradrenaline release by
Snitroso-cysteine.

4, Discussion

The release of neurotransmitters and neuropeptides is
thought to be both positively and negatively regulated by
NO. Various NO donors have been shown to stimulate, but
not inhibit, noradrenaline release from hippocampal dices
(Lonart et a., 1992; Lonart and Johnson, 1995) and
synaptosomes (Meffert et al., 1994). We also have reported
that sodium nitroprusside and S-nitroso-N-acetylpenicil-
lamine stimulate noradrenaline release in the presence of
dithiothreitol or L-cysteine (Satoh et al., 1996a,b), and that
Snitroso-cysteine itself stimulates noradrenaline release
(Satoh et a., 1997) from rat hippocampa dlices. The
addition of S-nitroso-N-acetylpenicillamine and L-cysteine
(Satoh et al., 1996b), or 0.5 mM S-nitroso-cysteine (Satoh
et a., 1997) stimulates endogenous noradrenaline release
within 30 min in vivo (microdialysis assay). Myers et al.
(1990) showed that the endothelium-derived relaxing fac-
tor is more likely to be S-nitroso-cysteine than NO free
radicals. Recently, Gow et al. (1997) reported that NO free
radicals react with thiols to form Snitrosothiol under
physiological conditions. These findings suggest that S
nitroso-cysteine is one of the physiological NO molecules.
In the present study, we investigated the roles of S
nitroso-cysteine and other NO donors in noradrenaline
release from PC12 cells. We found that (1) only S
nitroso-cysteine is effective, (2) Snitroso-cysteine inhibits,
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but does not stimulate, [*HInoradrenaline release from
PC12 cells. These findings provide evidence that S
nitroso-cysteine, not NO free radicals, plays an inhibitory
role in noradrenaline release from PC12 cells.

In general, NO molecules are labile in physiological
solutions and react rapidly with various substances includ-
ing molecular oxygen, superoxide anions, hemes and thiols
(Vanin, 1991; Stamler et al., 1992; Stamler, 1994). Thus,
we investigated the pharmacological profile of NO
molecules involved in the inhibition of noradrenaine re-
lease, using various NO donors. Sodium nitroprusside,
S-nitroso-N-acetylpenicillamine, and NaNO,, which are
non-selective NO donors, stimulated cyclic GMP accumu-
lation in PC12 cells (Fig. 2), but had no effect on [*H]nor-
adrenaline release (Table 1). Neither SIN-1 nor NOC-18,
which predominantly release peroxynitrite and NO free
radicals, respectively, modified [*H]noradrenaline release.
Only Snitroso-cysteine inhibited in a dose-dependent
manner the [*H]noradrenaline release induced by stimu-
lants (Fig. 1). Low concentrations of S-nitroso-cysteine
(up to 30 wM) markedly stimulated cyclic GMP accumula-
tion in PC12 cells (Fig. 2), although S-nitroso-cysteine had
no inhibitory effects on noradrenaline release at low con-
centrations (Fig. 1). The addition of 8-bromo cyclic GMP
did not inhibit basal or ionomycin-stimulated [*H]nor-
adrenaline release. These findings suggest that NO free
radicals, peroxynitrite, or cyclic GMP do not mediate the
inhibitory effects of S-nitroso-cysteine on PC12 cells.
Previously, we reported that S-nitroso-cysteine is incorpo-
rated into rat hippocampal dlices via an L-type-like amino
acid transporter (Satoh et al., 1997). This suggests that
only S-nitroso-cysteine, not NO free radicals, is selectively
incorporated and inhibits[*H]noradrenaline release in PC12
cells. Our findings concur with the hypothesis that NO
forms nitrosyl complexes with thiol ligands, including
cysteine and proteins, and that these complexes are stable
and potent bioactive molecules in physiological systems
(Myers et a., 1990; Vanin, 1991).

It has been proposed that S-nitroso-cysteine induces
S-nitrosylation of the N-methyl-p-aspartate receptor—chan-
nel complex (Lei et al., 1992; Lipton et al., 1993). In PC12
cells, stimulation of P2 purinoceptors and their subsequent
depolarization caused by high K™, increase Ca2* influx
via both voltage-insensitive and -sensitive Ca2* channels,
and stimulate the release of catecholamines (Oda et al.,
1995, 1996). Addition of S-nitroso-cysteine inhibits ATP-
and high-K *-stimulated [*H]noradrenaline release (Table
2). The inhibitory effect of S-nitroso-cysteine, however, is
not derived from the inhibition of Ca®* channels and
[Ca®"] mobilization in PC12 cells, because; (1) S
nitroso-cysteine inhibits not only ATP receptor-mediated
and high-K *-stimulated but also Ca?* ionophore-stimu-
lated noradrenaline release (Fig. 1 and Table 2), (2) S
nitroso-cysteine also inhibits the effect of PMA, a protein
kinase C activator. PMA does not stimulate Ca®* influx
into PC12 cells (Fasolato et al., 1990), athough the stimu-

latory effect of PMA is dependent on CaCl, (Oda et al.,
1995), (3) Snitroso-cysteine inhibits the effects of
mastoparan, which stimulates [*H]noradrenaline release in
the absence of CaCl, (Table 3), (4) Snitroso-cysteine
alone, at concentrations of up to 0.6 mM, produces an
increase in [Ca2* . in PC12 cells.

It has been shown that S-nitroso-cysteine inhibits pro-
tein kinase C activity, and that this inactivation is reversed
by the addition of dithiothreitol to B16 melanoma cells
(Gopalakrishna et al., 1993). The [*H]noradrenaline release
stimulated by ATP, high-K* or PMA is inhibited by
protein kinase C inhibitors such as calphostin C, and in
protein kinase C-deficient PC12 cells (Oda et al., 1995).
The addition of S-nitroso-cysteine inhibits the effect of
both Ca?" influx stimulators such as ATP and ionomycin,
and PMA. However, S-nitroso-cysteine also inhibits the
effect of mastoparan, which stimulates noradrenaline re-
lease by a protein kinase C-independent pathway.

NO donors including S-nitroso-cysteine regulate the
activity of many other proteins by covalent modification
such as Snitrosylation, NAD linkage, or ADP-ribosyla-
tion, and these modifications are relatively stable for long
periods (Williams et al., 1992; McDonald and Moss, 1993;
Asahi et al., 1995). Under our experimental conditions, the
inhibitory effect of S-nitroso-cysteine was not washed out,
as the effects of ATP and ionomycin on [*H]noradrenaline
release in PC12 cells treated with 0.6 mM S-nitroso-cy-
steine for 5 min and then washed, decreased by 30-40%
compared with those in non-treated cells (data not shown).
Thus, we presume that S-nitroso-cysteine induces the co-
valent modification of proteins other than Ca2* channels
or protein kinase C, which are involved in noradrenaline
release in PC12 cells. It is reported that severa proteins,
such as small GTP-binding proteins (Rab family), synapsin,
and synaptophysin, regulate exocytosis and synaptic vesi-
cle trafficking (for review, see Bennett and Scheller, 1994).
It has been demonstrated that NO stimulates guanine nu-
cleotide exchange on small GTP-binding protein (Lander
et a., 1995). It is probable that S-nitroso-cysteine has
some inhibitory effect(s), which overcome the increase in
[Ca"] by Snitroso-cysteine, on noradrenaline release in
PC12 cells.

As mentioned above, NO donors stimulate noradrena-
line release (Lonart et d., 1992; Meffert et al., 1994;
Lonart and Johnson, 1995). Co-addition of NO donors and
L-cysteine (Satoh et al., 1996ab) and S-nitroso-cysteine
(Satoh et al., 1997) also stimulated noradrenaline release
from rat hippocampus in vitro and in vivo. In PC12 cells,
however, S-nitroso-cysteine inhibits noradrenaline release.
In differentiated PC12 cells, with an acquired neuron-like
phenotype from prolonged treatment with nerve growth
factor (50 ng/ml, 48 h), S-nitroso-cysteine inhibits nor-
adrenaline release (data not shown). Thus, there is a
difference between the effect of S-nitroso-cysteinein PC12
cells and on brain preparations that requires further study.
The metabolism of Snitroso-cysteine in cultured cells
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such as PC12 cells may be different from that in rat
hippocampus. To find the target protein(s) of S-nitroso-cy-
steine or the mechanism by which S-nitroso-cysteine af-
fects PC12 cells, it is important to characterize the differ-
ences in noradrenaline release, the inhibitory effects of NO
in PC12 cells, and its stimulatory effects in other tissues.

Acknowledgements

We are grateful to Drs. Katayama and Miyazaki
(DOJNDO Laboratory) for providing S-nitroso-cysteine,
NOC-18, and for their advice. This study was supported in
part by Grants-in-Aid from the Ministry of Education,
Science, Sports and Culture of Japan and from the Re-
search Foundation of Pharmaceutical Research in Japan.

References

Asahi, M., Fujii, J., Suzuki, K., Seo, H.G., Kuzuya, T., Hori, M., Tada,
M., Fujii, S., Taniguchi, N., 1995. Inactivation of glutathione peroxi-
dase by nitric oxide. J. Biol. Chem. 270, 21035—21039.

Bennett, M.K., Scheller, R.H., 1994. A molecular description of synaptic
vesicle membrane trafficking. Annu. Rev. Biochem. 63, 63—100.
Choi, D.W., 1993. Nitric oxide: foe or friend to the injured brain?. Proc.

Natl. Acad. Sci. USA 90, 9741-9743.

Davis, G.W., Murphey, R.K., 1994. Long-term regulation of short-term
transmitter release properties: retrograde signaling and synaptic devel-
opment. Trends Neurosci. 17, 9-13.

Fasolato, C., Pizzo, P., Pozzan, T., 1990. Receptor-mediated calcium
influx in PC12 cells. J. Biol. Chem. 265, 20351-20355.

Gopalakrishna, R., Chen, Z.H., Gundimeda, U., 1993. Nitric oxide and
nitric oxide-generating agents induce a reversible inactivation of
protein kinase A activity and phorbol ester binding. J. Biol. Chem.
268, 27180-27185.

Gow, A.L., Buerk, D.G., Ischiropoulos, H., 1997. A novel reaction
mechanism for the formation of S-nitrosothiol in vivo. J. Biol. Chem.
272, 2841-2845.

Hogg, N., Darley-Usmar, V.M., Wilson, M.T., Moncada, S., 1992.
Production of hydroxyl radicals from the simultaneous generation of
superoxide and nitric oxide. Biochem. J. 281, 419-424.

Hrabie, JA., Klose, JR., Wink, D.A., Keefer, L.M., 1993. New nitric
oxide-releasing zwitterions derived from polyamines. J. Org. Chem.
58, 1472-1476.

Katoh-Semba, R., Kitgima, S., Yamazaki, Y., Sano, M., 1987. Neuritic
growth from a new subclone of PC12 pheochromocytoma cells: cyclic
AMP mimics the action of nerve growth factor. J. Neurosci. Res. 17,
36-44.

Lander, H.M., Ogiste, J.S., Pearce, SF.A., Levi, R., Novogrodsky, A.,
1995. Nitric oxide-stimulated guanine nucleotide exchange on p21"2°,
J. Biol. Chem. 270, 7017-7020.

Lel, SZ., Pan, Z-H., Aggawa, SK., Chen, H.-SV., Hartman, J,
Sucher, N.J,, Lipton, SA., 1992. Effect of nitric oxide production on
the redox modulatory site of the NMDA receptor—channel complex.
Neuron 8, 1087—-1099.

Lipton, SA., Chai, Y.-B., Pan, Z.-H., Lel, SZ., Chen, H.-S.V., Sucher,
N.J, Loscazo, J., Singd, D.J., Stamler, JS, 1993. A redox-based
mechanism for the neuroprotective and neurodestructive effects of
nitric oxide and Nature 364 effects of nitric oxide and related
nitroso-compounds. Nature 364, 626—632.

Lomneth, R., Martin, T.F.J., DasGupta, B.R., 1991. Botulinum neuro-
toxin light chain inhibits norepinephrine secretion in PC12 cells at an

intracellular membranous or cytoskeletal site. J. Neurochem. 57,
1413-1421.

Lonart, G., Johnson, K.M., 1995. Characterization of nitric oxide genera-
tor-induced hippocampal [3H]n0repinephrine release: 1. The role of
glutamate. J. Pharmacol. Exp. Ther. 275, 7-13.

Lonart, G., Wang, J., Johnson, K.M., 1992. Nitric oxide induces neuro-
transmitter release from hippocampal slices. Eur. J. Pharmacol. 220,
271-272.

McDonald, L.J., Moss, J., 1993. Stimulation by nitric oxide of an NAD
linkage to glyceraldehyde-3-phosphate dehydrogenase. Proc. Natl.
Acad. Sci. USA 90, 6238—6241.

Meffert, M.K., Premack, B.A., Schulman, H., 1994. Nitric oxide stimu-
lates Ca?*-independent synaptic vesicle release. Neuron 12, 1235—
1244,

Murad, F., 1994. Cyclic GMP: synthesis, metabolism, and function. Adv.
Pharmacol. 26, 19-33.

Murayama, T., Oda, H., Watanabe, A., Nomura, Y., 1995. ATP
receptor-mediated increase of Ca ionophore-stimulated arachidonic
acid release from PC12 pheochromocytoma cells. Jpn. J. Pharmacol.
69, 43-51.

Murayama, T., Oda, H., Nomura, Y., 1996. Pertussis toxin-insensitive
effects of mastoparan, a wasp venom peptide, in PC12 cells. J. Cell.
Physiol. 169, 448—454.

Myers, P.R., Minor, R.L. J, Guerra, R. J, Bates, JN., Harrison, D.G.,
1990. Vasorelaxant properties of the endothelium-derived relaxing
factor more closely resemble S-nitrosocysteine than nitric oxide.
Nature 345, 161-163.

Oda, H., Murayama, T., Nomura, Y., 1995. Effects of protein kinase C
and A activation on ATP-stimulated release of [*H]noradrenaline from
PC12 cells. J. Biochem. 118, 325-331.

Oda, H., Murayama, T., Nomura, Y., 1996. G, protein does not regulate
ATP-stimulated [Ca2* ], elevation or noradrenaline release in PC12
cells. Arch. Biochem. Biophys. 332, 1-7.

Roskoski Jr, R., Roskoski, L.M., 1987. Activation of tyrosine hydroxyl-
ase in PC12 cells by the cyclic GMP and cyclic AMP second
messenger systems. J. Neurochem. 48, 236—242.

Satoh, S, Kimura, T., Toda, M., Miyazaki, H., Ono, T., Narita, H.,
Murayama, T., Nomura, Y., 1996a. NO donors stimulate noradrena
line release from rat hippocampus in a calmodulin-dependent manner
in the presence of L-cysteine. J. Cell. Physiol. 169, 87-96.

Satoh, S, Murayama, T., Nomura, Y., 1996b. Sodium nitroprusside
stimulates noradrenaline release from rat hippocampal dlices in the
presence of dithiothreitol. Brain Res. 733, 167-174.

Satoh, S., Kimura, T., Toda, M., Maekawa, M., Ono, S., Narita, H.,
Miyazaki, H., Murayama, T., Nomura, Y., 1997. Involvement of
L-type-like amino acid transporters in S-nitrosocysteine-stimulated
noradrenaline release in the rat hippocampus. J. Neurochem. 69,
2197-2205.

Schafer, T., Karli, U.O., Gratwohl, E.K.-M., Schweizer, F.E., Burger,
M.M., 1987. Digitonin-permeabilized cells are exocytosis competent.
J. Neurochem. 49, 1697-1707.

Schwartz, D.D., Malik, K.U., 1993. Cyclic AMP modulates but does not
mediate the inhibition of [*H]norepinephrine release by activation of
alpha-2 adrenergic receptors in cultured rat ganglion cells. Neuro-
science 52, 107-113.

Stamler, JS., 1994. Redox signaling: nitrosylation and related target
interactions of nitric oxide. Cell 78, 931-936.

Stamler, JS., Singel, D.J,, Loscazo, J., 1992. Biochemistry of nitric
oxide and its redox-activated forms. Science 258, 1898—1902.

Vanin, A.F., 1991. Endothelium-derived relaxing factor is a nitrosyl iron
complex with thiol ligands. FEBS Lett. 289, 1-3.

Williams, M.B., Li, X., Gu, X., Jope, R.S., 1992. Modulation of endoge-
nous ADP-ribosylation in rat brain. Brain Res. 592, 49-56.

Yakushi, Y., Watanabe, A., Murayama, T., Nomura, Y., 1996. P,
purinoceptor-mediated stimulation of adenylyl cyclase in PC12 cells.
Eur. J. Pharmacol. 314, 243-248.



