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Determination of reactive oxygen species associated with the
degeneration of dopaminergic neurons during dopamine metabolism
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Abstract

Oxidative stress is believed to be an important mechanisr anderly '~ ~ Zopai. ‘v e-in:‘aced neur: aal damage. This study pro-
vides X-band electron spin resonance (ESR) spectros- spic evicdc ace for rc-ctive ovygen sr .cies (ROS) generation during
dopamine metabolism. The authors induced excess < vpamine ~.>abnh v in tie it:ouse © .1atum by bathing it in tyramine-
containing perfusate using microdialysis. The addi* .on of tyra. e ro v perfuss < raise” che levels of extracellular dopamine
and hydrogen peroxide significantly. The ESR - gnal fror. . dror-" ENPQ aecaye . during tyramine perfusion and treat-
ment with a monoamine-oxidase inhibitor » . radical ~c2/enge. supriressec the < gnal decay. Decreases in the number of
tyrosine hydroxylase-immunopositive fibrs . and in ¢ 5pamin ~Cricevarasion afte tyramine perfusion were observed. Moreo-
ver, the tyramine-perfused mice shower a marke < n.zthar +hetasins-nducr o rotational response. Notably, these effects of
tyramine were suppressed by the sim- .taneous | eviusic= Ynycroxyv-TEM™ O. These findings indicate that the ROS genera-

tion, which was monitored by hyd- ,xy-TEMI-O, ca 'sec ovinative dam- ze to the dopaminergic neurons.

Keywords: Oxidative stresc reactive o jgen sy ies. jrec radico’, Tempol, nitroxide, dopamine.

Introduction

Dopamine plays an impor «nt #0110 a0 iatine vol-
untary movements i1. the bra’i. . nd aiterations 1 dop-
aminergic function are . 'osel, linked to the pathology
of motor/movement disc. ders such as Parkinson’s
disease. Although dopamine has a p'* ysiological role
as an essential neurotransmitter, 1« can also act as a
toxic agent and vulnerability factor for neurodegen-
eration [1,2]. For example, the high extracellular dop-
amine in dopamine transporter-knockout mice is
neurotoxic to presynaptic dopaminergic neurons [3].
In addition, the rate-controlling enzyme of dopamine
biosynthesis, tyrosine hydroxylase (TH), is signifi-
cantly decreased by an intrastriatal injection of a high
dose of dopamine [4].

Oxidative stress is thought to play a major role in
dopamine-induced neuronal damage. A small fraction

of dopamine is taken up into the cytosol and is metab-
olized at the mitochondrial outer membrane, which
leads to its neurotoxic effects. Transgenic mice in
which striatal neurons were engineered to take up
extracellular dopamine developed motor dysfunctions
and progressive neurodegeneration in the striatum
via dopamine metabolism and oxidation [5]. Cytoso-
lic dopamine undergoes degradation to form
3,4-dihydroxyphenylacetic acid (DOPAC) and homo-
vanillic acid (HVA) as well as hydrogen peroxide
(H,0,) via the monoamine oxidase (MAO) pathway
[6]. Mallajosyula et al. [7] demonstrated that an
elevation in the astrocytic monoamine oxidase-B
(MAO-B) level resulted in increased H,O, and a
relatively selective loss of dopaminergic neurons.
Moreover, the cytotoxic hydroxyl radical («OH),
which is generated by interactions between H,O, and
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transition metals in the brain, may damage dopamin-
ergic neurons [8]. However, despite much conjecture
about the nature of the oxidative stress caused by
dopamine metabolism, there is little experimental evi-
dence for the direct elevation of a factor responsible
for the degeneration.

The methods for detecting reactive oxygen species
(ROS) such as *OH in biological systems involve the
introduction of a spin-trapping agent that competes
with the cellular molecules and electron spin reso-
nance (ESR, also known as electron paramagnetic
resonance, EPR) spectroscopy is a convenient method
for their detection [9], because ROS are highly reac-
tive and short-lived species. Although spin-trapping is
used for the direct analysis of radical intermediates,
its sensitivity may be limited by the low stability of
the spin adducts i vivo.

Nitroxyl radicals have been used as antioxidants to
protect animal tissues from oxidative damage [10,11].
The effective reactions of nitroxyl radicals with ROS
such as superoxide anion radical and *OH are gener-
ally proved to be a key mechanism for antioxidant
function. Willson [12] suggested that the final product
might be the oxoammonium cation, when *OH reacts
with the nitroxyl group of 4-hydroxy-2,2,6,6-tetrame-
thylpiperidine-N-oxyl (hydroxy-TEMPO, i.e. Tempol)
at almost the diffusion-controlled rate [13]. The
oxoammonium cation was reduced to the hydroxy-
lamine by NADH [14]. In addition, we successfully
detected the generation of ROS by dopamine metab-
olism 2 vitro using hydroxy-TEMPO as a spin probe
for ESR spectroscopy [15]. We also showed that the
reaction between hydroxy-TEMPO and ROS con-
verted the nitroxyl radical form of the probe to its
corresponding hydroxylamine form in the presence of
NADH. The effective reaction of hydroxy-TEMPO
with ROS during dopamine metabolism may be
proved to be a key mechanism for antioxidant func-
tion. Therefore, in this study, we used the ESR/spin
probe technique to provide direct evidence of ROS
generation during dopamine metabolism i vivo,
by stimulating its metabolism with tyramine, an
endogenous trace amine that is known to increase the
extracellular dopamine level [16]. Furthermore,
we found that the generation of ROS was correlated
with decreased TH immunoreactivity and metham-
phetamine-induced rotational behaviour.

Materials and methods
Chemuicals

4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
(hydroxy-TEMPO), 4-carboxy-2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (carboxy-TEMPO), deferoxamine
mesylate salt, tyramine hydrochloride, 3-methoxy-
tyramine hydrochloride (3-MT), 1,3-dimethyl-2-
thiourea (DMTU), tranylcypromine hydrochloride,

pargyline hydrochloride and alpha-methyl-p-tyrosine
were purchased from Sigma-Aldrich Co. (St. Louis,
MO). Sodium dihydrogenphosphate dehydrate, cit-
ric acid, trichloroacetic acid, sodium L-ascorbate,
ferrous sulphate dihydrate, sodium acetate trihy-
drate, potassium hexacyanoferrate, ethylenedi-
amine-N,N,N’,N’-tetraacetic acid disodium salt,
1-heptanesulphonic acid sodium salt, hydrogen
peroxide, calcium chloride, potassium chloride,
magnesium chloride, phosphoric acid, perchloric
acid, zinc sulphate heptahydrate, horseradish per-
oxidase, dopamine, 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), catalase (from
bovine liver) and lithium perchlorate were pur-
chased from Wako Pure Chemical Industries (Osaka,
Japan). Isoflurane and pentobarbital were purchased
from Dainihon Pharmaceutical Co. (Osaka, Japan).
Methanol and acetonitrile (HPLC grade) were pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan).
HPLC standards were dissolved in perchloric acid
(100 mmol/L). Tranylcypromine, pargyline and alpha-
methyl-p-tyrosine were dissolved in saline. The anti-
tyrosine hydroxylase (TH) antibody was purchased
from Chemicon (Temecula, CA). A Histofine mouse
stain kit was purchased from Nichirei Biosciences, Inc.
(Tokyo, Japan). All of the other reagents were of the high-
est purity commercially available. Ultrapure water was
used in all experiments (Millipore Co.; Billerica, MA).

Animals

Male C57Bl/6 mice weighing 21-25 g were purchased
from Charles River Japan. All animals were main-
tained in a temperature- and humidity-controlled
room with free access to a standard diet (MF; Orien-
tal Yeast Co., Ltd., Tokyo, Japan) and tap water.

All the procedures and animal care were approved
by the Animal Care and Use Committee, Kyushu Uni-
versity, and carried out in accordance with the Guide-
lines for Animal Experiments, Kyushu University.

In vivo Microdialysis

Animals were anaesthetized with pentobarbital
(50 mg/kg, i.p.) and mounted in a stereotaxic frame
equipped with a mouse adapter. A guide cannula was
implanted into the striatum (co-ordinates from bregma:
anterior-posterior: +0.5, lateral-medial: +2.0, doral-
ventral: —2.5 from the skull), as described previously
[16]. The guide cannula was fixed to the skull with
one stainless steel screw and methylacrylic cement.
Four days after implantation, microdialysis experi-
ments were performed under anaesthesia with 2.0%
isoflurane. Artificial Ringer’s solution (147 mmol/L
Na®, 4 mmol/LL K*, 1.26 mmol/L. Ca%*, 1 mmol/L
Mg2" and 155.6 mmol/L CI?7) was pumped through
the dialysis probe at a constant flow rate of 2 ul/min.
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We collected the dialysate sample for each 20 min time
point. The total amount of collected sample was 40
pL. The microdialysis session started after a 120-min
equilibration period and the perfusate was changed as
described below. Fractions 1-4 were collected while
Ringer’s solution was perfused, as the baseline. After
fraction 4, tyramine (0, 10 or 100 mmol/L) was added
to the perfusion fluid. After fraction 8, the perfusion
fluid was changed back to Ringer’s solution and dialy-
sis was continued through fraction 18. HPLC analysis
and ESR measurements were performed using 20 puL
of each dialysate sample. The remaining 20 pul. was
used to measure the H202 concentration.

For some experiments, an MAO-A/B inhibitor,
either pargyline (30 mg/kg) or tranylcypromine
(15 mg/kg), was injected 1 h before the start of base-
line recording, to obtain the complete inhibition of
MAO-A/B. In other experiments, TH inhibitor alpha-
methyl-p-tyrosine (250 mg/kg) was injected 4 h before
recording, as described previously [17].

Chromatographic conditions

Dopamine and its metabolites were assayed by HPLC
coupled with electrochemical detection (ECD).
A 20-pL sample was separated on a C18 reverse phase
column (MCM column 150 X 4.6 mm, MC Medical,
Inc., Tokyo Japan) and detected with an ECD system,
which consisted of an ESA Coulochem III (Chelms-
ford, MA) controller fitted with a guard cell (M5020)
and analytical cell set (M5011). The guard cell was set
at +450 mV, electrode 1 at 50 mV and electrode 2 at
400 mV. The mobile phase was phosphate buffer con-
taining heptansulphonic acid and the rate of the mobile
phase flow through the system was 0.8 mL/min.

Hydroxy-TEMPO and its reaction products were
assayed by HPLC coupled with ECD, as described in
our previous report [15]. Separation was achieved
with a C18 reverse-phase column (MCM column
150 X 4.6 mm, MC Medical Inc., Tokyo Japan). The
mobile phase contained 10 mmol/L lithium perchlo-
rate with 30% (v/v) methanol and the HPLC flow rate
was 0.5 mL/min. The guard cell was set at +850 mV,
electrode 1 at 200 mV and electrode 2 at 800 mV.
The reduced form of hydroxy-TEMPO, 4-hydroxy-
2,2,6,6,-tetramethyl-N-hydroxypiperidine, was prepared
by reduction as described [18].

Hydrogen peroxide concentration assay

The concentration of H,O, in the dialysate was deter-
mined by the method of Keston and Brandt [19]. In
brief, the oxidation of 2,7-dichlorofluorescin to the
fluorescent 2,7-dichlorofluorescein by H,O, was
investigated by fluorescence at an excitation wave-
length of 510 nm and an emission wavelength of
550 nm with a spectrofluorometer (Tecan, Australia).
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To discriminate H,O, from other oxidants in the
dialysate, another 5 pl. of dialysate was reacted with
catalase at room temperature for 10 min. The fluores-
cence intensity was corrected by subtracting the value
of the catalase-treated dialysate from that of the
untreated dialysate. The concentration of H,O, in
the dialysate was obtained from a standard curve
(0-10 pmol/L).

Detection of free-radical reactions by X-band ESR

X-band ESR spectra were recorded at room tempera-
ture using a JEOL JES-1X ESR spectrometer (micro-
wave power: 5 mW,; amplitude of 100-kHz field
modulation: 0.06 mT; time constant: 0.03 s; sweep rate:
1 min/10 mT). For the X-band ESR measurements,
hydroxy-TEMPO (5 pumol/Ll) or carboxy-TEMPO
(5 umol/L)) was added to the perfusion fluid. The
dialysate was mixed with 40 umol/L. potassium ferri-
cyanide to determine the amount of reduced nitroxyl
radical. Deferoxamine (200 pmolll) and DMTU
(1 mmol/I) were added to the perfusion fluid with
hydroxy-TEMPO to confirm the relationship between
the signal reduction of the nitroxyl probe and ROS gen-
eration. The ESR spectra were analysed with an ESR
Data Analyser (JEOL Co. Ltd., Akishima, Japan). The
level of spin probe was determined from the ESR signal
intensity by calibrating the signal intensity with that of
Mn?2*, which was used as the standard.

Immunohistochemistry

TH immunoreactivity was determined as described
previously [4,20]. Mice were anaesthetized with
sodium pentobarbital (50 mg/kg, i.p.) 5 days after the
tyramine perfusion and the brains were perfusion-
fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). Brain sections were embedded in
paraffin and paraffin sections (5-um thick) of the
striatum were used for immunohistochemistry. The
sections were incubated with anti-tyrosine hydroxy-
lase antibody (1:200) and a Histofine mouse stain kit
(Nichirei Biosciences Inc.) was used to detect the pri-
mary antibody. The negative control was treated as
described above, except that the anti-TH antibody
was omitted. After a final wash, the reactivity was
visualized with diaminobenzidene (DAB; Nichirei).
Counterstaining was then performed with Mayer’s
haematoxylin.

To examine the association between TH immunore-
activity and the amount of dopamine and its metabolites
in the striatum, the brain tissues were homogenized with
10% perchloric acid. After centrifugation at 14 000 g
for 15 min, the supernatant was filtered (0.45-um
filter, Minisart RC4; Sartorius Stedim Biotec GmbH,
Goettingen, Germany) and analysed for dopamine and
its methabolites by HPLC/ECD, as described above.
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Rotational behaviour tests

In the animal model of Parkinson’s disease, rats receive
a unilateral intracerebral injection of 6-hydroxydop-
amine that causes ipsilateral destruction of dopamine-
containing neurons [21]. Because of chronic
hemidepletion of dopamine, rats will rotate contral-
ateral to the lesion following injections of dopamine
agonists such as levodopa and they rotate in the
ipsilateral direction in response to the indirect dop-
amine agonist amphetamine [22]. Therefore, in this
study, mice were tested for rotational behaviour
induced by methamphetamine (2.5 mg/kg, i.p.) 5
days after tyramine perfusion with or without hydroxy-
TEMPO (5 uM) [10].The rotations were counted for
40 min. The methamphetamine-induced rotational
asymmetry scores were expressed as the ratio of right-
ward full turns to leftward full turns.

Statistical analysis

Data are expressed as the mean = SEM. Statistical sig-
nificance was analysed using either an unpaired Stu-
dent’s r-test or Dunnett’s test. A probability value of 0.05
was set as the minimum level of statistical significance.

Results

Level of monoamines in the dialysate during
ntrastriatal tyramine application

The basal level of dopamine was 1.72 = 0.57 (ng/mL)
in the striatal dialysate. The intrastriatal tyramine
induced a dose-dependent increase in dopamine levels
(Figure 1A), which was suppressed by the dopamine
synthesis inhibitor, alpha-methyl-p-tyrosine. However,
pre-treatment with MAQO inhibitors, pargyline or tra-
nylcypromine did not have an influence on this response
(Figure 1B).The dopamine metabolites in the dialysate
were also increased by the application of tyramine
(Table I). The enhanced DOPAC and HVA production
was suppressed by pre-treatment with the MAO inhib-
itors (Table I), because MAO catalyses the oxidation
of dopamine to DOPAC and of 3-MT to HVA.
Tyramine is reported to be a good substrate for
both MAO A and B (MAO-A/B) and to undergo
rapid turnover owing to its metabolism by MAO [23].
However, we could not detect p-hydroxyphenylacetic
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Figure 1. Effect of intrastriatal tyramine on the extracellular level
of dopamine (A) and the effect of enzyme inhibitors on the tyramine-
induced dopamine elevation (B). The MAO-A/B inhibitors pargyline
(30 mg/kg) or tranylcypromine (15 mg/kg) was injected 1 h before
the onset of baseline recording. The TH inhibitor alpha-methyl-p-
tyrosine (alpha-MT, 250 mg/kg) was injected 4 h before baseline
recording. Each value represents the mean = SEM of six animals.

acid, a metabolite of tyramine, in this study (data not
shown).

Production of H,O, during intrastriatal tyramine
application

The processes by which H202 is produced through
the oxidation of both dopamine and 3-MT by MAO
are presented schematically in Figure 2A. As shown

Table I. Total concentration of dopamine metabolites (ng/mL) during Tyramine perfusion.

200 nmol/min

Tyramine 0 nmol/min

MAQO inhibitor — — pargyline tranylcypromine
DOPAC 27.9 = 8.1 61.0 = 14.2° 0.6 = 0.3### 0.1 = 0.1###
3-MT 0.2 = 0.1 108.3 *= 30.2* 67.0 = 17.2 94.9 =19.2
HVA 713 = 11.5 207.1 £ 59.1% 4.2 = 2 3### 2.9 = 2.3##

Each value represents the mean = SEM. *p < 0.05 and **p < 0.01 vs the no-tyramine (0 nmol/min) group; and #*##p < 0.005 vs the
no-inhibitor tyramine (200 nmol/min) group. Each condition used six animals.
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Figure 2. Schematic representation of H,O, generation during
dopamine metabolism via MAO (A) and the effect of the intrastriatal
tyramine on the extracellular level of H,0, (B). The MAO-A/B
inhibitors pargyline (30 mg/kg) or tranylcypromine (15 mg/kg) was
injected 1 h before baseline recording began. Each value represents
the mean = SEM. *p < 0.05 and **p < 0.01 vs the no-tyramine
group; and ##p < 0.01 and ### p < 0.005 vs the no-inhibitor tyramine
(200 nmol/min) group. Each condition used six animals.

in Figure 2B, the intrastriatal tyramine application
produced a significant increase in the H,O, level. The
increase in H,0O, was observed during tyramine perfu-
sion and it remained elevated until 100 min after the
end of the tyramine perfusion. The possible reason
why H, O, levels remains high even after the tyramine
perfusion might be related to the relative stability of
H,0,. Pre-treatment with MAO inhibitors, pargyline
or tranylcypromine suppressed the H,O, increase
induced by the intrastriatal tyramine. Thus, the oxida-
tion of dopamine and 3-MT by MAO produced H,O,
in the striatum of tyramine-treated mice.

Detection of free-radical reactions by X-band ESR. Site-
specific spin probes have been used to detect the
localized generation of ROS in vivo [11]. Therefore,
we measured the ESR signal decay of carboxy- and
hydroxy-TEMPO in the dialysate. The structure of
spin probes is shown in Figure 3A. The changes of
signals from both the spin probes were slightly lower
in dialysate obtained from sham-operated mice (Fig-
ures 3B and C, open squares). The ESR signal of
hydroxy-TEMPO, which is membrane permeable,
was decreased for 80 min after the start of tyramine
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Figure 3. Structure of spin probes (A) and signal decay of hydroxy-
TEMPO (B) and carboxy-TEMPO (C) during tyramine application.
X-band ESR was performed as described in the Materials and
methods section. Each value represents the mean = SEM.; p <
0.05 and “*p < 0.01 vs the no-tyramine (0 nmol/min) group. Each
condition used five animals.

perfusion (Figure 3B, closed circles). This decrease
was recovered by the addition of potassium ferricya-
nide (Figure 3B, open circles), indicating that
hydroxy-TEMPO was reduced in the presence of
tyramine to its corresponding hydroxylamine. The
ESR signal of carboxy-TEMPO, which is not mem-
brane permeable, was not affected by the tyramine
application (Figure 3C, indicated by closed circles).

We recently reported that the hydroxylamine
form was generated as a reaction product of
hydroxy- TEMPO with ROS, using HPLC-ECD
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Figure 4. HPLC/ECD chromatogram of hydroxy-TEMPO and its
corresponding hydroxylamine during dopamine metabolism.
Samples obtained from baseline and tyramine fractions were
subjected to HPLC analysis. The experimental conditions are
described in the Materials and methods section.

[15]. Therefore, we analysed the reaction products of
hydroxy-TEMPO in the dialysate during the intrastri-
atal tyramine application. Figure 4 shows a typical
HPLC chromatogram of the dialysate obtained from
a base-line fraction and from a fraction taken during
the intrastriatal tyramine application. The peaks of
hydroxy-TEMPO hydroxylamine and hydroxy-
TEMPO appeared at 19.0 and 22.2 min, respectively.
The concentration of these products estimated from
chromatograms showed that the level of hydroxylam-
ine form generation was in agreement with the decrease
of hydroxy-TEMPO (hydroxy-TEMPO: 4.36 uM,
hydroxylamine form: 0.34 uM in base line and
hydroxy-TEMPO: 3.17 pM, hydroxylamine form:
1.52 uM in tyramine perfusion). In the chromatogram
of the fraction taken during the tyramine application,
the peaks of tyramine, dopamine and its metabolites
appeared within 11 min and at 16.4 min. This result
directly verifies the conversion of the nitroxyl radical
to the corresponding hydroxylamine form during
tyramine perfusion. A peak at 12.6 min caused by
measurement noise was always observed.

To confirm that hydroxy-TEMPO was reduced by
the ROS generated during dopamine metabolism
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Figure 5. Effect of antioxidant or enzymatic inhibitors on the
hydroxy-TEMPO ESR signal during tyramine application.
Deferoxamine (200 umol/L) or DMTU (1 mmol/L) was added to
the perfusion fluid with hydroxy-TEMPO (A). In (B), the MAO-
A/B inhibitor pargyline (30 mg/kg) or TH inhibitor alpha-methyl-
p-tyrosine (250 mg/kg) was injected, respectively, 1 h and 4 h
before the start of baseline recording. X-band ESR was performed
as described in the Materials and methods section. Each value
represents the mean = SEM. **p < 0.01 vs the no-tyramine group;
and #p < 0.05 vs the no-inhibitor tyramine (200 nmol/min) group.
Each condition used four animals.

by MAO, the ESR measurements of signal decay were
performed with MAO-inhibitor pre-treatment or in
the presence of antioxidants. Figure 5A shows that
the simultaneous perfusion of DMTU (an *OH sca-
venger) or deferoxamine (an iron-chelating agent)
significantly suppressed the signal decay of hydroxy-
TEMPO (Figure 5B). Furthermore, the decay of the
ESR signal was also suppressed by pre-treatment with
pargyline or alpha-methyl-p-tyrosine. These results
indicate that the decrease of ESR signal reflected the
reduction of the hydroxy-TEMPO by ROS generated
during dopamine metabolism by MAO.

The spin trapping technique is a suitable way to
detect the *OH radical. In our preliminary experi-
ments, we tried to identify ROS using spin trapping,
but we could not detect the target signal using any of
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Figure 6. Effect of hydroxy-TEMPO on tyramine-induced neurotoxicity in the striatum 5 days after tyramine application. Coronal sections of
the striatum were stained with an anti-TH antibody (A) and the relative TH-immunoreactivity (B) and amounts of dopamine and its metabolites
(C) were determined. Each value represents the mean + SEM. *p < 0.05 and **p < 0.01 vs the no-tyramine group; and #p < 0.05 vs the
tyramine (200 nmol/min) without hydroxy-TEMPO (HyT) group. Each condition used five animals in (B) and six animals in (C).

the commercial available spin-trap agents because of
their lack of permeability or the high background
noise due to the tyramine (data not shown). Asmus
and Nigam [13] reported that hydroxy-TEMPO
reacted with «OH radical (¢ = 3.4°10°) or other rad-
icals. Therefore, in this study, we used hydroxy-
TEMPO as spin probe to detect the free radical
reaction in the brain of living mice.

Tyrosine hydroxylase immunostaining in the striatum

Representative photographs of TH immunostaining
in the striatum are shown in Figure 6A. A decrease
in the density of TH-immunopositive fibres was
observed 5 days after tyramine administration and
level ofimmunoreactivity against striatal TH decreased
to 55% of the control (Figure 6B). Consequently, the
levels of dopamine and its metabolites in the stria-
tum of tyramine-perfused mice were significantly
decreased compared with their levels in control mice
(Figure 6C). These findings suggest that the ROS gen-
eration, which was monitored with hydroxy-TEMPO
during dopamine metabolism, caused a decrease in the
density of TH-immunopositive fibres in the striatum.

Intriguingly, hydroxy-TEMPO obviously improved
both the tyramine-induced decrease in TH immuno-
activity and the dopamine concentration.

Effects of hydroxy-TEMPO on tyramine-induced central
dopaminergic dysfunction

To assess the neuroprotective effect of hydroxy-TEMPO
on dopamine-regulated motor function, the metham-
phetamine-induced rotational response in mice was
examined 5 days after tyramine perfusion with hydroxy-
TEMPO. Methamphetamine treatment markedly
evoked a robust ipsilateral rotational response in the
tyramine-perfused mice (Figure 7), suggesting that the
abnormal behaviour of the tyramine-perfused mice was
related to the striatal dopamine content. Notably, the
simultaneous perfusion of hydroxy-TEMPO dramatically
improved the neurological effect.

Discussion

Our microdialysis experiments combined with X-band
ESR/in wvivo spin probe techniques indicated that
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Figure 7. Effect of hydroxy-TEMPO on a tyramine-induced
behavioural abnormality. Mice were tested for methamphetamine-
induced rotational behaviour 5 days after tyramine application. The
rotations were counted for 40 min and expressed the ratio of
rightward full turns to leftward full turns. Each value represents the
mean = SEM. ##p < 0.005 vs the tyramine (200 nmol/min)
without hydroxy-TEMPO (HyT) group. Each condition used six
animals.

tyramine application in the striatum caused the genera-
tion of ROS during dopamine metabolism. The appear-
ance of ROS was associated with a decrease in the
density of TH-immunopositive fibres in the striatum,
resulting in a decrease in dopamine and the appearance
of abnormal neurological symptoms. These outcomes
were related to the degeneration of dopaminergic neu-
rons and were improved by the simultaneous perfusion
of hydroxy-TEMPO. Our results not only confirm that
ROS are generated during dopamine metabolism, but
also demonstrate their association with the progressive
degeneration of dopaminergic neurons.

Because only a small fraction of the dopamine in
cells is oxidatively metabolized and assumed to be
toxic, we used the tyramine application model to induce
excess dopamine metabolism. Schmidt and Ferger
[16] reported that «OH is generated during tyramine
application, by estimating its level using the salicylate
assay. This assay is highly sensitive for analysing c<OH
production; however, it does not accurately indicate
where the *OH is generated. The salicylate assay
reflects the reaction not only in the brain, but also in
the microdialysis probe or cannula. To solve this prob-
lem, we used two site-specific spin probes, hydroxy-
TEMPO and carboxy-TEMPO, that have different
membrane permeabilities. We used the conversion of
the nitroxyl radical to its corresponding hydroxylam-
ine form as an index to detect the ROS generation
during dopamine metabolism. The ESR signal of
hydroxy-TEMPO was decreased in the dialysate col-
lected from tyramine-perfused mice (Figure 3). How-
ever, nitroxyl radicals can also be converted to their
hydroxylamine form by reacting with ascorbate [18]
or superoxide anion radicals [14]. To identify ROS,
DMTU or deferoxiamine was added to the perfusion

fluid with the hydroxy-TEMPO. The decrease in the
hydroxy-TEMPO ESR signal was suppressed by these
antioxidants, as well as by pre-treatment with TH or
MAQO inhibitors (Figure 5). These results suggest that
the ROS such as *OH might be generated in cells
through metal-catalysed redox reactions (Fenton
reactions) during dopamine metabolism.

Decreases in dopamine and its metabolites in the
striatal nuclei in the brain are associated with the
progressive degeneration of dopaminergic neurons,
such as in Parkinson’s disease [24,25]. TH activity
itself is markedly decreased in the substantia nigra
and striatum in the Parkinson’s disease brain [26],
which is one of the mechanisms for the decrease in
dopamine. Borges et al. [27] reported that TH is
modified by S-glutathionylation in the presence of
a sulphydryl oxidant and that this post-translational
modification results in a decrease in TH catalytic
function. Moreover, S-Glutathionylation has been
suggested to be accelerated by ROS [28]. In fact,
it was reported that antioxidants exert a protective
effect on TH immunoreactivity [29]. In this study,
we demonstrated that decreases in TH immunos-
taining and the dopamine content were induced
by tyramine, resulting in abnormal neurological
symptoms (Figures 6 and 7). Hydroxy-TEMPO, the
spin probe used to detect ROS, could suppress these
defects, probably by acting as an antioxidant.

Mitochondrial complex I dysfunction is also believed
to be associated with the pathophysiology of Parkinson’s
disease [30,31]. Classical dopaminergic degenerative
animal models use neuron-specific neurotoxins such
as 6-hydroxydopamine [32,33], MPTP/MPP* [34]
or rotenone [35], which act in part via oxidative stress
to induce mitochondrial complex I dysfunction. In
addition, several other pathogenic mechanisms contrib-
ute to the oxidative stress that causes the degeneration
of dopaminergic neurons [36]. These mechanisms,
including the metabolism of dopamine via MAQO, may
be mutually related and exacerbate the oxidative
stress leading to dopaminergic neuron degeneration.

Ultimately, our results indicate that ROS generation
during dopamine metabolism may induce the dop-
amine-related insult. ROS such as *OH consequently
represent a promising molecular target for therapeu-
tic interventions designed to slow the progression of
dopaminergic neuron degeneration.
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