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Abstract

In order to explore the effect of normobaric oxygen on the extracellular level of dopamine and its metabolites, oxygen (30, 60 and
90%) was administered to freely moving rats after the animals had been pretreated with either monoamineoxidase (MAO)-A and -B
inhibitors (0.1 or 1 mg kg~—* of clorgyline, 1 or 10 mg kg~ of selegiline and 75 mg kg~*! pargyline) or control solution. The levels of
dopamine and its metabolites were monitored in microdialysis samples collected every 20 min and directly applied to an on-line
high-performance liquid chromatograph combined with electrochemical detection. Normobaric oxygen inhalation decreased the level of
extracellular dopamine and increased that of 3,4-dihydroxyphenylacetic acid (DOPAC) in a concentration-dependent manner. These
changes were partly prevented by pre-treatment with low doses of selegiline or clorgyline, i.e. by conditionsin which monoamineoxidase-A
or -B was inhibited. When both isoforms of monoamineoxidase were inhibited, there was a drastic increase in extracellular concentrations
of dopamine and 3-methoxytyramine, and the levels of DOPAC and homovanilic acid (HVA) were very low. These results indicate that
the intracellular metabolism of cytoplasmic dopamine is enhanced by normobaric hyperoxiain rat striatum. © 2001 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Various investigators (Huggins and Nelson, 1975; Singh
and Banister, 1981, 1983; Mialon et al., 1990) have stud-
ied the central nervous system toxicity of hyperbaric oxy-
genation, caled the Paul Bert effect. However, there
exists minima information on the effect of normobaric
oxygenation on the nervous system (Bickford et al., 1999).
While aerobes need oxygen for survival, oxygen in con-
centrations greater than those found in normal air (20.9%)
have long been known to be toxic (Balentine and Dean,
1982). Therefore, we studied the effect of normobaric
inhalation of oxygen administered at different concentra-
tions (30%, 60% and 90%) on the striatal level of extracel-
lular dopamine, using microdialysis techniques in awake
freely moving rats. In order to explore the mode of action
of oxygen inhaation on dopamine metabolism, monoami-
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neoxidase inhibitors, including clorgyline, selective for
monoamineoxidase-A (Johnston, 1968; Murphy et al.,
1998), selegiline, selective for monoamineoxidase-B (Knoll
et al., 1978; Harsing et a., 1979), and pargyline, a non-
selective monoamineoxidase inhibitor (Cumming et al.,
1992; Tuomainen et al., 1996), were administered with or
without a high level of oxygen inhalation. Evidence was
obtained that the release of dopamine is reduced, but the
level of 3,4-dihydroxyphenylacetic acid (DOPAC) in the
dialysate is increased, indicating that the intraneuronal
metabolism of cytoplasmic dopamine is increased by nor-
mobaric hyperoxia.

2. Materials and methods

2.1. Microdialysis study

Adult male Sprague—Dawley rats, weighing 280—320 g,
were used (CLEA Japan, Tokyo, Japan) throughout the
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experiments. The animals were housed in an animal room
controlled at 20—22 °C and illuminated with a 12-h light—
dark cycle (lighted from 07:00 to 19:00). The animals were
allowed food and drinking water ad libitum. The experi-
ments were approved by the Committee for Anima Re-
search and Welfare of our college.

Rats were anesthetized with sevoflurane and ventilated
through an oro-tracheal tube, as described earlier (Adachi
et al., 1999, 2000a,b). Surgical operations were performed
under the additional topical application of 1% lidocaine.
Using a stereotaxic frame, a unilateral guide cannula was
implanted just above the striatum (AP +0.6 mm, ML
+3.0 mm, DV —3.8 mm) according to the atlas of
Paxinos and Watson (1998). The rats were alowed to
recover for at least 2 days before experiments were started.
After the experiment, rats were killed by inhalation of
excess isoflurane and intravenous injection of thiopental.
The placement of a microdialysis probe was verified by
histological examination.

Microdialysis probes were purchased from EICOM
(Kyoto Japan) (o.d. 0.22 mm, membrane length 3 mm,
polycarbonate tubing, cut-off mol. wt. 50,000). On the day
of the experiment, at about 7:00 am., the rat was briefly
anesthetized with sevoflurane. The probe was inserted
carefully into the striatum through a guide cannula and
fixed to the cannula with a screw. This procedure was
performed within 5 min of anesthetization, and the rat was
immediately placed in a clear open Plexiglas box (15 | in
capacity, 27 cm in diameter and 26 cm in height) for
recovery. After recovery, the probe was constantly per-
fused with Ringer’s solution (Osborne et al., 1990; Stahle
et a., 1990; Miyano et a., 1993; Fink-Jensen et a., 1994;
Adachi et al., 2000a) (in mEq 1~ 1: 147.0 Na*, 40K ™, 2.4
Ca’*, 155.8 Cl7) at a flow rate of 2 wl min~! using a
micro-infusion pump (ESP-64, EICOM, Kyoto, Japan),
and the baseline levels of dopamine and its metabolites
were determined. Samples were collected every 20 min
and directly injected into an online analytical system with
an auto-injector (EAS-20, EICOM). The contents of
dopamine, DOPAC, 3-methoxytyramine, and homovanillic
acid (HVA) in each diaysate (40 .l /20 min) were deter-
mined by high-pressure liquid chromatography with an
electrochemical detector (ECD-300, EICOM) as described
earlier (Milusheva et a., 1996; Adachi et al., 2000a). The
detection limit for each of the compounds was about 1.0
pg per sample.

Dopamine and its metabolites reached stable baseline
levelsin about 4.5 h after the implantation of a microdialy-
sis probe. Thus, at least six diaysate samples, each con-
taining 40 wl of dialysate and collected every 20 min,
were obtained before a pharmacological experiment was
started. The mean value obtained from the last three
samples was used as the baseline level, and the amount of
dopamine or its metabolites in that baseline sample was
taken as 100%. The fraction at which the O, inhalation
started will be termed hereafter fraction number 1 (Fr. 1).

Any pharmacological manipulation is indicated on the
figures. Four dialysate samples were obtained before pre-
treatment with drugs.

Each rat was put in the semi-closed Plexiglas box, into
which 100% air was initialy introduced at a rate of 5 |
min~! for about 5 min until a steady state was achieved,
then 30%, 60% or 90% oxygen was applied at arate of 3 |
min~! for 1 h from Fr 1. In the control group, air was
administered at a rate of 3 | min~! for the same time
period. The oxygen or air was introduced to the center of
the box and escaped through several small holes for con-
necting the rat to analytical apparatuses. The dialysates
were collected for 4 h after the 1-h inhalation was stopped.
During each experiment, the concentration of oxygen in
the box was monitored using an infrared anesthetic gas
analyzer (Capnomac Ultima, Datex Helsinki Finland). Im-
mediately after the 1-h inhalation of oxygen, the gasin the
box was exchanged for room air by forced ventilation.

In another series of experiments, rats were pre-treated
with clorgyline, selegiline, or pargyline, drugs affecting
monoamineoxidase and dopaminergic activity. While clor-
gyline is a monoamineoxidase-A (Johnston, 1968; Murphy
et al., 1998) and selegiline is a monoamineoxidase-B
selective inhibitor (Knoll et al., 1978; Harsing et a.,
1979), pargyline is a non-selective monoamineoxidase in-
hibitor (Cumming et al., 1992; Tuomainen et al., 1996).
Clorgyline at a dose of 0.1 or 1 mg kg~* (0.6 ml /300 g),
selegiline 1 or 10 mg kg~* (0.6 ml /300 @), or pargyline
75 mg kg~* (0.6 ml /300 g) was intraperitoneally injected.
Eighty minutes after treatment with monoamineoxidase
inhibitors, the animals were exposed to 30% or 90% of
oxygen for 1 h.

2.2. Materials

Each drug was purchased from ICN (ICN Biomedicals,
Aurora, OH, USA). Clorgyline, selegiline, and pargyline
were dissolved in physiological saline to 0.05 or 0.5 mg
ml~*, 0.5 0or 5 mg m~* and 37.5 mg ml %, respectively.

2.3. Satistical analysis

Data were analyzed by two-way analysis of variance
with drugs as a between-subjects variable and time as a
within-subject variable. Significant (P < 0.05) drug—time
interactions were followed for each drug by one-way
analysis of variance and by subsequent Newman—Keuls
post-hoc comparison (NCSS 2000, Kaysville, UT, USA).

3. Resaults

In the untreated control group, the rats inhaled air, i.e.
20.9% oxygen. The dialysates of these animals maintained
a congtant level of dopamine throughout the experiment
(Fig. 1. In contrast, the levels of dopamine metabolites in
the samples decreased significantly with time. At the end
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Fig. 1. Effect of oxygen inhalation on the levels of extracellular dopamine (DA) and its metabolites (3-methoxytyramine, DOPAC and HVA). In this and
the following figures, the ordinate of each graph shows the level of dopamine or its metabolites expressed as the percentage of the baseline level, which
was the mean of three consecutive values observed immediately before the start of the pharmacological manipulations; each point is the mean + SEM
(n = 6); dialysate fractions were obtained every 20 min, and asterisks indicate significant changes (* P < 0.05; Newman—K euls post-hoc comparison test)
compared to the control group value at the corresponding time point. Monoamineoxidase-A and monoamineoxidase-B enzymes are responsible for the
metabolism of dopamine and 3-methoxytyramine and the production of 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA). Oxygen
(O,) inhalation at concentrations of 30%, 60% and 90% is indicated. Note that catechol-o-methyltransferase (COMT) is the enzyme that produces
3-methoxytyramine from dopamine and HVA from DOPAC.

of the experiment, the levels of 3-methoxytyramine, above changes in dopamine and its metabolites in the
DOPAC and HVA were reduced to 78.4 + 7.0, 79.2 4+ 7.6, dialysate were taken as baseline, and drug-induced changes
and 69.9 + 8.5%, respectively. In the present study, the were statistically compared with this baseline.
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Fig. 2. Effects of oxygen inhalation on the levels of extracellular dopamine and its metabolites (DOPAC, 3-methoxytyramine and HVA) in rats pretreated
with clorgyline 1 mg kg~? intraperitoneally. Under this condition, the activities of both monoamineoxidase-A and monoamineoxidase-B enzymes were
reduced. n = 6 in each group. For further explanations, see the legend of Fig. 1. Note that clorgyline at this dose, at which both monoaminoxidase enzymes
were inhibited, increased the extraneuronal concentration of dopamine and reduced that of DOPAC and HVA. Note that the effect of oxygen inhalation at a
concentration of 90% on dopamine, DOPAC and 3-methoxytyramine levels was reduced by clorgyline.
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Fig. 3. Effects of oxygen inhalation on the levels of extracellular dopamine and its metabolites (DOPAC, 3-methoxytyramine and HVA) in rats pretreated
with selegiline 1 mg kg~ intraperitoneally. Under this condition, the activities of monoamineoxidase-B was inhibited. n = 6 in each group. For further
explanations, see the legend of Fig. 1. Note that selegiline partly antagonized the effect of O, inhalation on dopamine and DOPAC levels.

3.1. Effects of normobaric hyperoxia

When oxygen in different concentrations was inhaled,
there were significant changes in the levels of dopamine
and its metabolites in the extracellular space of the stria-
tum.

As shown in Fig. 1, even during the inhalation of
oxygen at concentrations of 60% and 90%, the levels of
dopamine in the samples were significantly decreased and
the levels of DOPAC were increased. DOPAC levels were
enhanced even at an O, concentration of 30% (Fig. 1). The
effect of oxygen was concentration dependent. During a
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4-h recovery period from oxygen inhalation, the levels of
dopamine and metabolites recovered without a delay for
the group that inhaled 60% oxygen, whereas in the 90%
oxygen group the dopamine reduction was prolonged.

3.2. Effects of clorgyline, selegiline, or pargyline on oxy-
gen-induced changes in dopamine and metabolites levels

Initialy, the animals inhaled air. After four samples
were collected, monoamineoxidase inhibitors were intra-
peritoneally injected. Monoamineoxidase inhibitors mar-
kedly influenced the extracellular levels of dopamine,
DOPAC, 3-methoxytyramineand HVA in striatal dialysates
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Fig. 4. Effects of oxygen (O,) inhaation on the levels of extracellular dopamine and its metabolites (DOPAC, 3-methoxytyramine and HVA) in rats
pretreated with selegiline 10 mg kg ™! intraperitoneally. Under this condition, the activities of monoamineoxidase-A and monoamineoxidase-B enzymes
were inhibited. n = 6 in each group. For further explanations, see the legend of Fig. 1 and the text.
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Fig. 5. Effects of oxygen (O,) inhalation on the levels of extracellular dopamine and its metabolites (DOPAC, 3-methoxytyramine and HVA) in rats
pretreated with pargyline (75 mg kg~ intraperitoneally). n=4 in each group. For further explanations, see the legend of Fig. 1. Note that under
conditions in which both monoamineoxidase-A and monoamineoxidase-B enzymes were inhibited, O, inhalation (90%) had no effect.

(Figs. 2-5). Clorgyline, injected at the dose of 0.1 mg
kg~ under conditions when only the monoamineoxidase-A
enzyme was inhibited, increased the quantity of dopamine
in the samples (140.2 + 4.6%, P < 0.05). It did not reduce
the extracellular levels of DOPAC and HVA (data not
shown), and did not antagonize the effect of oxygen
inhalation at 30% and 90% (data not shown). After the
injection of 1 mg kg~ clorgyline (Fig. 2), the levels of
dopamine and 3-methoxytyramine were increased. Under
this condition, both DOPAC and HVA levels were drasti-
caly reduced (Fig. 2) and the effect of oxygen inhalation
at 90% was partly antagonized. Selegiline, at doses of 1
and 10 mg kg™, enhanced dopamine levels and reduced
the ability of oxygen inhalation to decrease dopamine
levels (Figs. 3 and 4). Selegiline at 10 mg kg ™! drastically
increased the extracellular levels of dopamine and 3-
methoxytyramine, and reduced those of DOPAC and HVA,
i.e. under conditions when both monoamineoxidase-A and
monoamineoxidase-B enzymes were inhibited (cf. Butcher
et a., 1990). In these animals, inhalation of 90% oxygen
increased DOPAC levels (Fig. 4), while in control experi-
ments (Fig. 1) inhalation of 30% oxygen was effective to
the same extent. Pre-treatment with pargyline completely
abolished the ability of oxygen inhaation to reduce the
extracellular concentration of dopamine (Fig. 5). Pargyline
increased dopamine and 3-methoxytyramine levels and
completely blocked DOPAC and HVA from being pro-
duced from dopamine and 3-methoxytyramine, respec-
tively.

4. Discussion

Normobaric oxygen inhalation reduced the extracellular
level of dopamine and increased that of DOPAC in a

concentration-dependent manner. Since dopamine is the
major substrate of the monoamineoxidase-A enzyme in the
rat striatum (Butcher et al., 1990; Finberg et al., 1995), and
DOPAC is the major metabolite of freshly synthesized
cytoplasmic dopamine (Zetterstrom et al., 1988) ready to
be taken up by vesicles and released, it seems likely that
normobaric hyperoxia increases the metabolism of
dopamine in the cytoplasm.

The effect of 90% oxygen in reducing dopamine levels
in the extracellular space was partly prevented by 1 mg
kg™t clorgyline (Fig. 2), i.e. under conditions in which
both isoforms of monoaminoxidase were inhibited. 10 mg
kg~! selegiline and 75 mg kg~ pargyline pretreatment
completely prevented oxygen inhaation from reducing
extracellular dopamine levels and increasing the appear-
ance of its main metabolite, DOPAC, in the striatal extra-
cellular space (Figs. 3-5). The relatively selective inhibi-
tion of monoamineoxidase-A with clorgyline (0.1 mgkg™1)
and monoamineoxidase-B (Fig. 3) with a low dose of
selegiline (1 mg kg™1) was not very effective in prevent-
ing oxygen inhalation from reducing dopamine and in-
creasing DOPAC levels in the extracellular space. How-
ever, under conditions when both monoamineoxidase-A
and monoamineoxidase-B enzymes were completely inhib-
ited (Waldmeier and Felner, 1978; Heikkila et a., 1990;
Butcher et al., 1990), dopamine and 3-methoxytyramine
levels were high and DOPAC and HVA levels were either
not detectable (Fig. 5) or very low (Figs. 2 and 4).
Clorgyline-treated rats were more sensitive to oxygen in-
halation, whereas selegiline-treated rats were less sensitive.
These results suggest that during oxygen inhalation,
monoamineoxidase-B is more important for dopamine
metabolism. These results are in good agreement with
those showing that in clorgyline-treated rats dopamine
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metabolism is fully dependent of the actual activity of
monoamineoxidase-B (Harsing and Vizi, 1984; Butcher et
al., 1990).

At a high dose of selegiline, the possibility that the
release of dopamine and the changes in metabolite levels
may be due to an amphetamine-like effect of the com-
pound should be taken into account. Indeed, amphetamine
was shown (Butcher et al., 1988) to release dopamine and
to increase 3-methoxytyramine and to decrease DOPAC
and HVA levels in the striatum. Therefore, the possibility
that the effect of selegiline on the levels of dopamine and
its metabolites may be, at least, partly due to its am-
phetamine-like activity cannot be excluded. Nevertheless,
the fact that the effect of selegiline was similar to that of
pargyline, a compound without an amphetamine-like effect
and a strong monoamineoxidase-A and monoamineoxi-
dase-B inhibitor (Cumming et al., 1992; Tuomainen et al.,
1996), indicated that the inhibition of dopamine metabolism
by monoaminoxidase enzyme is certainly involved in the
effect of selegiline.

Dopamine is a substrate for both isoforms of monoami-
neoxidase in the striatum (Juorio et a., 1994; Tuomainen
et al., 1996). Although it has been suggested that the
transporter, expressed extrasynaptically (Kuhar, 1998),
limits the extracellular lifetime of dopamine in the striatum
(Budygin et a., 1999; Peters and Michael, 2000), it has
been shown (Mercuri et al., 1997) that the termination of
dopamine action in the central nervous system is aso
controlled by monoamineoxidase-A and -B enzymes. This
conclusion is supported by our experiments in which the
inhibition of both monoamineoxidase-A and monoami-
neoxidase-B enzymes by pargyline resulted in a long-last-
ing and sustained high extracellular level of dopamine
(Fig. 5). The overwhelming majority of dopaminergic vari-
cosities do not make synaptic contact (Van Horne et a.,
1992; Schneider et al., 1994) and dopamine released from
these nonsynaptic dopaminergic varicosities diffuses far
away (Vizi, 1984ab, 2000; Kiss and Vizi, 2001) and
controls neuronal activity.

The finding that DOPAC synthesis was completely
blocked (98%) by the dose of pargyline that was able to
inhibit both isoforms of monoamineoxidase (Cumming et
al., 1992; Tuomainen et al., 1996) and the fact that exoge-
nously administered dopamine is also converted into
DOPAC (Zetterstrom et al., 1988) indicate that in the rat
both isoforms are involved in the metabolism of dopa-
mine. Monoamineoxidase-B may be responsible for the
destruction of freshly synthesized dopamine in the cyto-
plasm and in the pool of dopamine readily available for
release, while monoamineoxidase-:A may affect the
metabolism of dopamine already released into the extracel-
lular space. Previous investigators have reported that
dopamine metabolism is mediated principally by mono-
amineoxidase-A in the rat striatum (Butcher et a., 1990;
Finberg et al., 1995). However, dopamine is a more pre-
ferred substrate for monoamineoxidase-B than for

monoamineoxidase-A. Selegiline has been applied to pa-
tients with Parkinson’s disease and has been reported to be
beneficial (Jenner and Olanow, 1996; Gerlach et al., 1996),
but this was questioned by some investigators (Ben-Shlomo
et a., 1998). It is noteworthy that oxidative stress might
primarily modify the activity of monoamineoxidase-B,
rather than that of monoamineoxidase-A, which principally
regulates dopamine metabolism. Monoamineoxidase-B
might be more sensitive to oxidative stress and may pro-
duce more free radicals.

Recently, the relationship between oxidative stress and
the pathogenesis of Parkinson’s disease has been discussed
(Jenner and Olanow, 1996; Berman and Hastings, 1999;
Cohen, 2000). Oxidative stress in Parkinson’s disease may
also arise, in part from the metabolism of dopamine itself
through both chemical and enzymatic pathways (Jenner
and Olanow, 1996). Dopamine released via exocytosis or
reversal of the dopamine transporter (Abarca and Bustos,
1999; Kiss et ., 1999; Olivier et al., 1999) may produce
hydroxyl radicals (OH™) and may also be cytotoxic (Mc-
Laughlin et a., 1998; Noh et a., 1999; Jacobsson and
Fowler, 1999). The autoxidation of dopamine leads to the
production of semiquinones, which are themselves toxic
and which may also lead to the generation of reactive
oxygen species (Halliwell and Gutteridge, 1985a; Olanow,
1990; Jacobsson and Fowler, 1999). The enzymatic
metabolism of dopamine leads not only to the production
of the deaminated metabolites DOPAC and HVA, but also
to the generation of H,O, (Haliwell and Gutteridge,
1985b; Olanow, 1990). H,0, would normally be inacti-
vated by glutathione in a reaction catalyzed by glutathione
peroxidase (Weber et al., 1990). However, if this reducing
glutathione system were impaired or deficient, H,O, might
be converted by the iron-mediated Fenton reaction into the
highly reactive OH™. This hydroxyl product may cause
cell death (Mohanakumar et a., 1994; Haavik et al., 1997).

The results of the present investigation demonstrate that
extracellular dopamine levels are reduced by oxygen in-
halation. If the oxidative stress derived from oxygen in-
halation caused damage or death to neurons, the extracellu-
lar dopamine level would have been increased (Globus et
al., 1988; Koorn et al., 1993; Milusheva et al., 1992,
1996). However, this was not the case with normobaric
oxygen inhalation. Therefore, it seems likely that the
lethality of oxidative stress might require more oxygena
tion than normal, including hyperbaric administration
(Huggins and Nelson, 1975; Singh and Banister, 1981,
1983; Midon et al., 1990) or an intrinsic disorder, for
example, Parkinson’s disease (Jenner and Olanow, 1996;
Berman and Hastings, 1999; Cohen, 2000).

In conclusion, the present study clearly shows that
normobaric oxygen inhalation decreases the levels of ex-
tracellular dopamine and increases those of DOPAC, indi-
cating that the metabolism of cytoplasmic dopamine is
enhanced by normobaric hyperoxia in the rat striatum.
Since considerable difference was shown (lvanov et al.,
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1999) between brain tissue oxygen tensions under nor-
moxia versus normobaric hyperoxia, at a distance of 10-50
pm from the arteriole walls, it can be concluded that
oxygen inhaled by animals diffuses far away from the
microvessels and is able to influence chemical transmis-
sion in the striatum. The advantage of selegiline treatment
is that it selectively inhibits the cytoplasmic destruction of
dopamine by mitochondrial monoamineoxidase-B, thereby
preventing oxidative stress from increasing metabolism,
depleting dopaminergic terminals, and producing free radi-
cals(e.g. OH™, - OH), the endogenous compounds respon-
sible for neuronal injury (Halliwell and Gutteridge, 1984,
1985a). When both isoforms of monoamineoxidase were
inhibited, there was a drastic increase in extracellular
concentrations of dopamine and 3-methoxytyramine and
very low levels of DOPAC and HVA. These findings
indicate that the monoamineoxidase-A and monoamineoxi-
dase-B enzymes are involved in the metabolism of
dopamine in the striatum. Furthermore, our findings sug-
gest that even normaobaric oxygen inhalation accelerates
the metabolism of cytoplasmic dopamine in the striatum.
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