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Analysis of 3-morpholinosydnonimine and sodium nitroprusside
effects on dopamine release in the striatum of freely moving rats:
role of nitric oxide, iron and ascorbic acid
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1 The effects of intrastriatal infusion of 3-morpholinosydnonimine (SIN-1) or sodium nitroprusside
(SNP) on dopamine (DA), 3-methoxytyramine (3-MT), dihydroxyphenylacetic acid (DOPAC),
homovanillic acid (HVA), L-dihydroxyphenylalanine (L-DOPA), ascorbic acid and uric acid
concentrations in dialysates from the striatum of freely moving rats were evaluated using
microdialysis.

2 SIN-1 (1 mMm) infusion for 180 min increased microdialysate DA and 3-MT concentrations, while
L-DOPA, DOPCA +HVA, ascorbic acid and uric acid levels were unaffected. Co-infusion with
ascorbic acid (0.1 mM) inhibited SIN-I-induced increases in DA and 3-MT dialysate concentration.
3 SNP (1 mMm) infusion for 180 min increased greatly the dialysate DA concentration to a peak
(2950% of baseline) at the end of the infusion, while increases in 3-MT were negligible. In addition,
SNP decreased ascorbic acid and L-DOPA but increased uric acid concentration in the dialysate.
Co-infusion with deferoxamine (0.2 mM) inhibited the late SNP-induced increase in DA dialysate
concentration, but did not affect the decrease in ascorbic acid and increase uric acid dialysate
concentrations.

4 SNP (I mM) infusion for 20 min moderately increased uric acid, DA and 3-MT, but decreased L-
DOPA levels in the dialysate. Ascorbic acid concentration increased at the end of SNP infusion. Co-
infusion with ascorbic acid (0.1 mM) inhibited the SNP-induced increase in DA and 3-MT, but did
not affect the decrease in L-DOPA and increase in uric acid dialysate concentrations.

5 These results suggest that NO released from SIN-1 may account for the increase in the dialysate
DA concentration. NO released following decomposition of SNP may account for the early increase
in dialysate DA, while late changes in microdialysate composition following SNP may result from an
interaction between NO and the ferrocyanide moiety of SNP. Exogenous ascorbic acid inhibits the
effect of exogenous NO on DA release probably by scavenging NO, suggesting that endogenous
ascorbic acid may modulate the NO control of DA release from 300 striatal dopaminergic terminals.
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Introduction

Sodium nitroprusside (SNP) and 3-morpholinosydnonimine
(SIN-1) have been widely employed in in vitro and in vivo
experimental studies as nitric oxide (NO) donors in order to
study the role of NO in dopamine (DA) release and
metabolism in terminal dopaminergic fields. For instance, NO
has been thought to facilitate calcium-dependent DA release,
since NO-donors, such as SNP and hydroxylamine in striatal
slices in vitro (Zhu & Luo, 1992; Lonart et al., 1993), or SNP
and SIN-1 in the striatum of anaesthetized rats in vivo (West &
Galloway, 1997; 1998), increased extracellular DA levels. In
the striatum of anaesthetized rats, Guevara-Guzman et al.
(1994) showed that SNP and another NO-donor, S-nitrosoglu-
tathione, increased extracellular DA concentrations; in
contrast, the NO-donor S-nitroso-N-acetylpenicillamine
(SNAP) decreased extracellular DA concentration, as did NO
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gas, given directly by dissolution in degassed perfusion fluid.
Segieth et al. (2000) showed that SNAP promoted DA release
from the rat hippocampus in vivo at low concentrations, whilst
high concentrations induced long-lasting DA decreases. Thus,
the results of these studies have been conflicting, probably
because different mechanisms underlie the NO generation from
different NO-donors. For instance, SNP-1, besides NO,
generates the superoxide anion, being thus a potential
peroxynitrite generator (Menconi et al., 1998), while the
release of NO from SNP occurs after reaction with various
reducing agents, including ascorbic acid. Thereafter, the
ferrocyanide moiety generates cyanide and Fe(II) (Bates et
al., 1991); the latter may react with NO to form N,O and
Fe(III) (Le Brun et al., 1997).

The close relationship between NO and ascorbic acid has
been outlined in several biological systems (Millar, 1995;
Lilley & Gibson, 1997). Ascorbic acid is not synthesized in
the brain. However, it is found in high concentrations
throughout the mammalian brain. Ascorbic acid undergoes
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active uptake at the choroid plexus (Spector, 1982) by a
carrier-mediated saturable process (Lam & Daniel, 1986), but
traverses the blood-brain barrier by simple diffusion (Lam &
Daniel, 1986). A homeostatic mechanism regulates extra-
cellular brain ascorbic acid (Shenk er al., 1982; Miele &
Fillenz, 1996). Ascorbic exists primarily in the reduced form
in vivo, since it can be recycled by enzymatic mechanisms,
involving both semidehydroascorbate/dehydroascorbate re-
ductases (Diliberto er al., 1982) and GSH-dependent
glutaredoxin (Martenson & Meister, 1991). Neuronal
ascorbic acid concentrations are 20—25 times greater than
extracellular ascorbic acid concentration (Rice, 2000).
Ascorbic acid may either protect NO from destruction by
superoxide anion (Dudgeon et al., 1998; Jackson et al., 1998)
or scavenge it (Whiteman & Halliwell, 1996). In this regard,
Karanth et al. (2000) claimed that ascorbic acid may even act
as an inhibitory transmitter in the hypothalamus by
scavenging NO. Neal et al. (1999) showed that DA released
from the retina is oxidized by NO and that endogenous
ascorbic acid protects DA from oxidation by scavenging NO.
Ascorbic acid, however, may induce hydroxyl radical
generation from both freshly prepared and photodegraded
SNP, an in vitro effect which was blocked by NO (Rauhala et
al., 1998). The study of the role of endogenous ascorbic acid
in SIN-1- or SNP-induced changes in dopamine release and
metabolism in the striatum of freely moving rats was
therefore deemed of interest.

Methods

Animals

Male Wistar rats (Morini, R. Emilia, Italy), weighing between
280—-330 g were used in all experiments. The rats were
maintained under standard animal care conditions (12:12 h
light/dark cycle, lights coming on at 07.00 h; room tempera-
ture 21°C), with food and water ad libitum. Prior to the start of
any experiment, the health of the rat was assessed according to
published guidelines (Morton & Griffiths, 1985). All proce-
dures were specifically licensed under the European Commu-
nity directive 86/609 included in Decreto No. 116/1992 of the
Italian Ministry of Public Health.

Drugs

SNP, SIN-1, deferoxamine, ascorbic acid, and potassium
ferrocyanide (K4FeCN4.3H,0) were purchased from Sigma-
Aldrich (Milan, Italy).

Drug administration

Drug concentrations were chosen as follows: SNP and SIN-1,
according to Guevara-Guzman et al. (1994) and West &
Galloway (1998); deferoxamine, according to Desole et al.
(1998).

Microdialysis probe construction

The striatal probe combined two independent microdialysis
probes of concentric design with two separate inlets and a
shared outlet, as previously described (Miele et al., 2000; Serra
et al., 2000). The probes were constructed using two sections of
plastic-coated silica tubing (diameter 0.15 mm; Scientific Glass
Engineering, Milton Keynes, U.K.) each placed in the centre of
a semi-permeable polyacrylonitrile dialysis fibres (molecular

cut-off weight of 12 KD, Filtral 16 Hospal Industrie, France).
Each probe had a final diameter of 0.22 mm. The tips of the
dialysis fibres were sealed and joined using quick-drying epoxy
glue. The two sections of silica tubing served as inlets; the
outlet was made also with a section of plastic-coated silica
tubing, positioned in the centre of polythene tubing. The semi-
permeable membrane was coated with epoxy leaving an active
length of 4 mm. The diameter of the final probe was
approximately 0.50 mm. The striatal probe combining two
microdialysis probes of concentric design with two separate
inlets and a shared outlet, allowed separate co-infusion of
drugs (Serra et al., 2000).

Surgery

Stereotaxic surgery was performed under chloral hydrate
(400 mg kg~ i.p.) anaesthesia. The microdialysis probes were
implanted in the right striatum using the following co-
ordinates from the atlas of Paxinos & Watson (1986): A/P
+0.5 mm from bregma, +2.5 mm M/L, and —6.0 mm D/V
from dura. Body temperature during anaesthesia was
maintained at 37°C by means of an isothermal-heating pad
(Harvard Apparatus, Kent, U.K.). Following surgery the
animals were placed in large plastic bowls (50 x 55 cm), and
maintained in a temperature- and light-controlled environ-
ment, with free access to food and water. Experiments were
carried out 24 h after probe implantation with the animal in
its home bowl. This arrangement allowed the rats free
movement.

Microdialysis procedure

The composition of the Ringer solution used was as follows, in
mM: NaCl 147, KCl 4, CaCl, 1.2, MgCl, 1 (pH 6.0). A
microinfusion pump (CMA/100, Microdialysis, Sweden)
pumped Ringer solution at a flow rate of 1.0 ul min~! using
two separate syringes connected to the inlets by a length of
polythene tubing; every 20 min, 60 ul dialysate samples were
collected manually in 250 ul micro-centrifuge tubes (Alpha
Laboratories, U.K.) attached to the outlet. Subsequently, a
20 ul aliquot of collected dialysate was injected into the
analytical system. Drugs were added to the Ringer solution
and infused via the striatal probe implanted in the striatum.

Chromatographic analysis

DA, L-DOPA, dihydroxyphenylacetic acid (DOPAC), homo-
vanillic acid (HVA) 3-methoxytyramine (3-MT), ascorbic acid
and uric acid were quantified by high performance liquid
chromatography with electrochemical detection (HPLC-EC)
as previously described (Miele ef al., 2000; Serra et al., 2000),
using an Alltech 426 HPLC pump equipped with a Rheodyne
injector, column 15 cm x 4.6 mm i.d. Alltech Adsorbsphere
C18 5U, electrochemical detector Antec CU-04-AZ and
Varian Star Chromatographic Workstation. The mobile phase
was citric acid 0.5 M, Na acetate 1 M, EDTA 12.5 mM, MeOH
10% and sodium octylsulphate 650 mg 1-! (pH 3.0); the flow
rate was 1.3 ml min—'. The first sample was collected after
60 min of stabilization (time 0), then dialysates were collected,
at 20 min intervals, for 40 min prior to the start of
experiments.

Histology
Following the experiments, rats were killed with an
overdose of chloral hydrate (800 mg kg~' 1ip.). The
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location of each microdialysis probe was confirmed by post-
mortem histology. Brains were fixed in formal saline and
50 pum coronal sections were made with a cryostat. The
slices were stained with cresyl violet and examined under a
microscope.
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Figure 1 Effect of intrastriatal infusion of SIN-1 on DA dialysate

concentrations, and effect of ascorbic acid co-infusion on SIN-1-
induced changes. Dialysates were collected, at 20 min intervals, for
180 min during drug infusion (horizontal black bar) and for 80 min
after discontinuation of drug infusion. Values are given as mean+
s.e.mean (n=3). *P<0.05 compared with baseline values. + P <0.05
compared with SIN-1 group.
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Statistical analysis

The concentrations in the dialysate were expressed in nM (DA,
L-DOPA, 3-MT) or um (DOPAC, HVA, ascorbic acid, uric
acid) and given as mean+s.e.mean. Drug effects on
neurochemicals were statistically evaluated in terms of changes
in absolute dialysate concentrations. Statistical significance
was assessed using analysis of variance (ANOVA) for
difference between groups and over time. Difference within
or between groups were determined by paired or unpaired ¢-
tests with Bonferroni multiple comparison adjustment.

Results

Effects of intrastriatal SIN-1 or SNP infusion on
dialysate concentrations of DA, 3-MT, L.-DOPA,
DOPAC+ HV A, ascorbic acid and and uric acid

Intrastriatal SIN-1 infusion (1 mM for 180 min, n=3)
significantly increased DA (Figure 1) and 3-MT (data not
shown) dialysate concentrations, compared with preceding
control values which returned to baseline within 60 min after
SIN-1 discontinuation. SIN-1 infusion did not affect ascorbic
(Figure 2A), L-DOPA (Figure 2B), or uric acid (Figure 2C)
dialysate concentrations. DOPAC+HVA concentrations
(baseline values 3.02+0.32 uM) were unaffected (data not
shown).

Continuous intrastriatal SNP infusion (1 mM for 180 min,
n=13) induced a great increase in the concentration of DA in
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Figure 2 Effect of intrastriatal infusion of SIN-1 (1 mm, n=3), SNP (1 mm, n=3) or deferoxamine 0.2 mM co-infusion with SNP
1 mM (n=4), on ascorbic acid (A), L-DOPA (B, D) and uric acid (C) dialysate concentrations. Dialysates were collected, at 20 min
intervals, for 180 min during drug infusion (horizontal black bar) and for 80 min after discontinuation of drug infusion. Values are
given as mean +s.e.mean (n=3). *P<0.05 compared with baseline values.
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the dialysate, with a peak (2950% of baseline) at the end of the
infusion period (Figure 3A). The increase in 3-MT concentra-
tion, albeit statistically significant, was negligible, if compared
with changes in DA (data not shown); in addition, SNP
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Figure 3 Effect of intrastriatal infusion of SNP (1 mMm, n=3) on DA
dialysate concentrations (A), and effect of deferoxamine (0.2 mm,
n=4) co-infusion on SNP-induced change (B). Dialysates were
collected, at 20 min intervals, for 180 min during drug infusion
(horizontal black bar) and for 80 min after discontinuation of drug
infusion. Values are given as mean+s.e.mean. *P<0.05 compared
with baseline values. + P<0.05 compared with SNP group.
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Figure 4 Effect of a short-lasting intrastriatal infusion of SNP (short
horizonatal black bar) on DA dialysate concentrations, and effect of
ascorbic acid 0.1 mM co-infusion (horizontal black bar) on SNP-
induced changes. Dialysates were collected, at 20 min intervals: (a)
during SNP infusion and for 200 min after SNP discontinuation; (b)
during SNP (20 min) + ascorbic acid 140 min co-infusion, and for
60 min after ascorbic acid discontinuation. Values are given as
meants.emean (n=3). *P<0.05 compared with baseline values;
+ P<0.05 compared with SNP group.

induced decreases in ascorbic acid (Figure 2A) and L-DOPA
(Figure 2B) and increases in uric acid (Figure 2C) dialysate
concentrations; changes in DOPAC+HVA concentrations
(baseline values 2.46+0.40 uM) were negligible (data not
shown). The increase in uric acid was progressive, without a
tendency to return to baseline after SNP discontinuation.

A short-lasting SNP infusion (I mM for 20 min, n=3)
induced a moderate early increase in DA (Figure 4) and 3-MT
(data not shown), an early, although not significant decrease,
and a late significant increase in ascorbic acid dialysate
concentrations (Figure 5A). In addition, SNP induced
decreases in L-DOPA (Figure 5B) and increases in uric acid
concentrations (Figure 5C). DOPAC+HVA concentrations
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Figure 5 Effect of a short-lasting (20 min) intrastriatal infusion of
SNP (1 mmMm, short horizontal black bar) on ascorbic acid (A), L-
DOPA (B) and uric acid (C) dialysate concentrations. The effects of
ascorbic acid 0.1 mM co-infusion for 140 min (horizontal black bar)
on SNP-induced changes in L-DOPA or uric acid dialysate
concentrations are shown in (B) and (C), respectively. Dialysates
were collected, at 20 min intervals: (a) during SNP infusion and for
200 min after SNP discontinuation; (b) during SNP (20 min)+
ascorbic acid (140 min) co-infusion, and for 60 min after ascorbic
acid discontinuation. Values are given as mean+s.e.mean (n=23).
*P<0.05 compared with baseline values.
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(baseline values 2.96+0.30 uM) were unaffected (data not
shown).

Effects of intrastriatal ascorbic acid co-infusion on
SIN-1- or SNP-induced neurochemical changes

The finding that SNP infusion significantly decreased
endogenous ascorbic acid prompted us to evaluate the effect
of exogenous ascorbic acid on SNP- and SIN-1-induced
changes in neurochemical dialysate concentrations. Ascorbic
acid 0.1 mM was co-infused either with SIN-1 (1 mM) or SNP
(1 mM, short-lasting infusion).

Ascorbic acid (0.1 mM) 180 min co-infusion with SIN-1
(n=13) fully inhibited SIN-I-induced increases in DA (Figure
1) and 3-MT (data not shown) concentrations. All other
striatal neurochemical parameters were unaffected (data not
shown). When ascorbic acid 0.1 mM (infusion time 140 min)
was co-infused with SNP 1 mM (infusion time 20 min, n=3),
the SNP-induced increase in DA (Figure 4) and 3-MT (data
not shown) was inhibited, whilst decreases in L-DOPA (Figure
5B) and increases in uric acid (Figure 5C) concentrations were
unaffected. Also, DOPAC+HVA concentrations (baseline
values 2.19+0.18 uM) were unaffected (data not shown).

Effects of intrastriatal deferoxamine co-infusion on
SNP-induced neurochemical changes

In a previous study (Desole et al., 1998), we showed that
deferoxamine, a well-known iron chelator, antagonized SNP-
induced apoptosis in PC12 cells. The study of the effect of
intrastriatal infusion of deferoxamine on SNP-induced
changes in dialysate neurochemicals was therefore deemed of
interest.

Deferoxamine 0.2 mM co-infused for 180 min with SNP
I mM (n=4) greatly antagonized the late SNP-induced
increases in DA (Figure 3B) and 3-MT dialysate concentra-
tions (data not shown)., but did not significantly affect the
early increase in DA or 3-MT. In addition, deferoxamine
induced an early great increase in dialysate L-DOPA (Figure
2D). In contrast, the SNP-induced decrease in ascorbic acid
(Figure 2A) and increase in uric acid concentrations were
unaffected (Figure 2C). In addition, the DOPAC+HVA
concentration (baseline values 1.98+0.31 uM) was unaffected
(data not shown).
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Figure 6 Effect of intrastriatal infusion of potassium ferrocyanide
on DA dialysate concentration. Dialysates were collected, at 20 min
intervals, for 180 min during drug infusion (horizontal black bar) and
for 80 min after drug discontinuation. Values are given as mean+
s.e.mean (n=3). *P<0.05 compared with baseline values.

The infusion of ferrocyanide moiety of SNP (1 mM for
180 min, n=3) induced only a moderate early increase in DA
(Figure 6) and 3-MT (data not shown) dialysate concentra-
tions. It was not possible to measure the dialysate concentra-
tions of ascorbic acid, L-DOPA or uric acid because of an
overlapping ferrocyanide peak. Detection was possible
following discontinuation of drug infusion: ascorbic acid, L-
DOPA and uric acid were in the range of baseline values.

Discussion

The present study was designed to analyse the mechanism by
which the NO-donors SNP and SIN-1 affect release and
metabolism of striatal DA in vivo. The results showed that
prolonged intrastriatal infusion of either SNP or SIN-1
increased dialysate DA and 3-MT concentrations. The effect
of SNP was several times greater than SNP-1; in addition, the
peak of the SNP-induced increase occurred at the end of the
infusion period, while that of SIN-1 occurred earlier.
Furthermore, SNP decreased both ascorbic acid and L-DOPA
and increased uric acid dialysate concentrations, while SIN-1
did not affect any of these parameters. Neither drug affected
dialysate DOPAC+HVA level. A shorter SNP infusion
induced a moderate early increase in DA and a sustained late
increase in uric acid concentration; in addition, SNP produced
decreases in L-DOPA and biphasic changes in ascorbic acid
dialysate concentrations: an early, although not statistically
significant decrease, and a late significant increase. Bates et al.
(1991) showed that SNP decomposition occurs after SNP has
undergone reduction. In the present study, it is likely that the
SNP reducing agents are both ascorbic acid and L-DOPA. The
lasting decrease in L-DOPA following SNP short infusion may
be explained by the fact that L-DOPA is found in nanomolar
concentrations in dialysates and, to our knowledge, no
homeostatic mechanism for its extracellular concentrations
has been so far described. On the contrary, ascorbic acid is
found in micromolar concentrations and an efficient homeo-
static mechanism, demonstrated in vivo (Miele & Fillenz,
1996), regulates its striatal extracellular concentrations. It is
not surprising, therefore, if a sustained decrease in dialysate
ascorbic acid concentrations occurs only following prolonged
SNP infusion. The late increase in ascorbic acid dialysate
concentrations following the short SNP infusion might be a
consequence of the activation of the glutamate-ascorbate
heteroexchange mechanism, which modulates extracellular
brain ascorbic acid (Miele et al., 1994; Rice, 2000). Studies
are in progress to verify this hypothesis.

The increase in dialysate DA is probably due to NO
released following either SIN-1 decomposition or, in the early
phase of the experiment, SNP decomposition. In fact, co-
infusion with ascorbic acid inhibited increases in DA and 3-
MT concentrations induced either by SIN-1 or by the short-
lasting infusion of SNP. Ascorbic acid scavenges NO (White-
man & Halliwell, 1996; Neal et al., 1999; Karanth et al., 2000)
and prevents, at very high physiological concentrations, the
interaction of NO and superoxide (Jackson er al., 1998).
Infusion of SIN-1, however, did not decrease dialysate
concentrations of endogenous ascorbic. These findings may
be explained by the efficiency of homeostatic and recycling
mechanisms which regulate extracellular brain ascorbic acid
(Shenk et al., 1982; Miele & Fillenz, 1996) and by the fact that
NO itself releases ascorbic acid from neurons (Lilley & Gibson,
1997; Neal et al., 1999; Karanth et al., 2000). In a study in
progress, we found that intrastriatal infusion of 7-nitroinda-
zole (a neuronal nitric oxide sinthase inhibitor) significantly
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increased dialysate concentrations of ascorbic acid (unpub-
lished observations). These findings further support the
hypothesis that endogenous ascorbic acid plays a modulatory
role in NO-induced striatal DA release.

The late increase in DA dialysate concentrations following
prolonged SNP infusion is probably due to Fe(II) release from
the ferrocyanide moiety following SNP decomposition. In
turn, Fe(Il) may react with NO to form N,O+ Fe(IlI) (Le
Brun et al., 1997). Some convergent findings indicate that the
above sequence may be the mechanism of SNP-induced late
increases in DA dialysate concentrations: (1) infusion of
ferrocyanide induced only a moderate early increase in
dialysate DA; (2) the late SNP-induced great increase in DA
dialysate was inhibited by the iron chelator deferoxamine; (3)
co-infusion of SIN-1 (NO-donor) with ferrocyanide, which is
released following SNP decomposition, resulted in a late
increase in dialysate DA (unpublished observations); (4)
intrastriatal infusion of Fe(Il) 1 mM induces a late DA
increase in dialysates from the striatum of freely moving rats
(Han et al., 1999). Studies are in progress to further clarify the
role of NO, iron and ascorbic acid in SNP-induced increase in
striatal Da release.

Both prolonged and short-lasting infusion of SNP produced
decreases (below the detection limit) of dialysate L-DOPA; in
contrast, SIN-1 infusion did not induce changes in dialysate L-
DOPA. Surprisingly, co-infusion of deferoxamine with SNP
resulted in a great early increase in dialysate L-DOPA. Like
DA, L-DOPA is found in nanomolar concentration in baseline
dialysates. It is a catechol-containing molecule, and thus may
undergo autoxidation either in vitro or in vivo to generate L-
DOPA-semiquinone (Serra et al., 2000). However, as a
catechol-containing agent, L-DOPA may protect DA from
non-enzymatic oxidation (Kerry & Rice-Evans, 1999). In a
study in progress, we found that intrastriatal infusion of 7-
nitroindazole (a neuronal nitric oxide sinthase inhibitor)
significantly increased dialysate concentrations of L-DOPA
(unpublished observations). These findings support the
hypothesis that L-DOPA might actively co-operate with
ascorbic acid in modulating NO-induced DA release from
striatal dopaminergic terminals.

Uric acid dialysate concentrations progressively increased
during both prolonged and short-lasting SNP infusion, and
after drug discontinuation. In contrast, SIN-1 infusion did not
affect uric acid concentration. Uric acid is the end-product of
the purine metabolism, and its enzymatic formation from
xanthine/xanthine oxidase reaction is a well known superoxide
generating system (Becker, 1993). This system is involved in
some cytopthaic effects of NO-donor SNAP (Menconi et al.,
1998). Uric acid, however, is an active component of the
neuronal antioxidant pool (Becker, 1993). It is capable of
inhibiting free-radical initiated lipid peroxidation and DNA
damage, and it forms strong complexes with iron ions,
particularly Fe(III) (Cohen et al., 1984). Uric acid is a
scavenger of peroxynitrite, but not of NO (Hooper et al.,
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