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Oxidation of dopamine to aminochrome as a mechanism for neurodege-
neration of dopaminergic systems in Parkinson’s disease. Possible neuropro-
tective role of DT-diaphorase. R. GRAUMANN, I. PARIS, P. MARTINEZ-
ALVARADO, P. RUMANQUE, C. PEREZ-PASTENE, S.P. CARDENAS,
P. MARIN, F. DIAZ-GREZ, R. CAVIEDES, P. CAVIEDES, J. SEGURA-
AGUILAR. Pol. J. Pharmacol., 2002, 54, 573–579.

Although it is generally accepted that free radicals are involved in the
neurodegenerative process occurring in the dopaminergic neurons of the ni-
gro-striatal system in Parkinson’s disease, the exact mechanism of neurode-
generation in vivo is still unknown. We propose that the degeneration of do-
paminergic nigrostriatal system in this condition may depend on: (a) exis-
tence of free dopamine which oxidizes to aminochrome as a consequence of:
(i) overproduction of dopamine; (ii) inhibition and/or low expression of syna-
ptic vesicle catecholamine transporter; (iii) inhibition or low expression of
monoamine oxidases; (b) one-electron reduction of aminochrome to leuko-
aminochrome o-semiquinone radical, which induces neurotoxicity, due to in-
hibition of DT-diaphorase or the existence of a polymorphism with a point
mutation (C � T) in the cDNA 609 expressing an inactive DT-diaphorase. We
suggest that DT-diaphorase plays a neuroprotective role in dopaminergic neu-
rons, which is supported by the following observations: (i) Cu-toxicity is de-
pendent on DT-diaphorase inhibition with dicoumarol in RCSN-3 cells derived
from the rat substantia nigra; (ii) the cytotoxic effect of monoamine oxidase-A
inhibitor amiflamine in RCSN-3 cells is increased by 2.4-fold (p < 0.001) in the
presence of the inhibitor of DT-diaphorase, dicoumarol; (iii) concomitant in-
tracerebral administration of manganese (Mn��) together with the DT-dia-
phorase inhibitor dicoumarol into the left medial forebrain bundle produced
a behavioral pattern characterized by contralateral rotational behavior when
the rats were stimulated with apomorphine, in a manner similar to that ob-
served in animals injected unilaterally with 6-hydroxydopamine; (iv) incu-
bation of RCSN-3 cells with salsolinol in the presence of DT-diaphorase in-
hibitor significantly decreased cell survival by 2.5-fold (p < 0.001).
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Abbreviations: DAT – dopamine transporter,
ESR – electron spin resonance, Gamma-GT –
gamma-glutamyl transpeptidase, GSH – reduced
glutathione, GSSG – oxidized glutathione, GST –
glutathione transferase, MAO – monoamine oxi-
dase, VMAT – vesicular monoamine transporter

INTRODUCTION

Parkinson’s disease is characterized by degen-
eration of the nigrostriatal dopaminergic system,
which has an important role in the control of motor
and associative functions. Although it is generally
accepted that free radicals are involved in the neu-
rodegenerative process of Parkinson’s disease which
takes place in the dopaminergic nigrostriatal neu-
ronal system [14], the exact mechanism of neuro-
degeneration in vivo is still unknown. One possible
source of free radicals may involve oxidation of
dopamine to neuromelanin. Formation of neurome-
lanin is a normal process in the substantia nigra
which involves several steps: (i) dopamine oxida-
tion to dopamine o-quinone catalyzed by metals,
oxygen, peroxynitrite or enzymes such as prosta-
glandin H synthase, cytochrome P450 1A2, xan-
thine oxidase, tyrosinase, dopamine b-monooxyge-
nase [8–12, 14, 21, 24, 32]; (ii) cyclization of dopa-
mine o-quinone to aminochrome via an addition
reaction at physiological pH values, leading to the
formation of leukoaminochrome and oxidation of
leukoaminochrome to aminochrome [16]; and (iii)
polymerization of aminochrome to neuromelanin
[30]. Dopaminergic neurons, which synthesize do-
pamine and express dopamine re-uptake transport-
ers (DAT), have very powerful mechanisms to pre-
vent oxidation of dopamine. The first of them con-
sists in incorporation of dopamine into vesicles (for
neurotransmission) which have a low internal pH
values, that stabilizes catechol structure and con-
fers resistance to oxidation since protons are very
strongly bound to oxygen atoms in the molecule.
Neuromelanin synthesis was abolished in PC12 cells
with adenoviral-mediated overexpression of the sy-
naptic vesicle catecholamine transporter (VMAT2),
by increasing dopamine accumulation in the vesi-
cles and decreasing free cytosolic dopamine [31].
The second mechanism involves dopamine me-
tabolism by monoamine oxidase (MAO). An in-
crease in dopamine synthesis and saturation of
VMAT and/or MAO metabolism or low expression
of VMAT /MAO enzymes would generate an in-

crease in free dopamine which at physiological pH
would autoxidize to form neuromelanin. However,
aminochrome metabolism is not only restricted to
polymerization to form neuromelanin since amino-
chrome can be conjugated with GSH and reduced
by one- or two-electron transfer catalyzed by qui-
none reductases.

ONE-ELECTRON REDUCTION

OF AMINOCHROME

Aminochrome can undergo one-electron reduc-
tion by flavoenzymes which receive electrons from
NADPH or NADH. NADPH-cytochrome P450 re-
ductase has been used as a model enzyme for one-
electron quinone reductases [2, 27]. This enzyme is
a flavoenzyme which transfers electrons from
NADPH to cytochrome P450, but it can also transfer
electrons to cytochrome C and quinones. NADPH-
cytochrome P450 reductase catalyzes one-electron
reduction of aminochrome to leucoaminochrome
o-semiquinone. The continuous NADPH oxidation
and oxygen consumption reveals the ability of leu-
koaminochrome o-semiquinone to autoxidize in
the presence of oxygen [2] (Fig. 1). Leukoamino-
chrome o-semiquinone undergoes autoxidation by
reducing oxygen to superoxide radicals giving rise
to redox cycling, which persists until NADPH or
oxygen is depleted. It is interesting to point out that
very low concentrations of aminochrome can pro-
duce a large amount of reactive oxygen species due
to its ability to enter redox cycling. Depletion of
NADPH will result in oxidized glutathione (GSSG)
accumulation and reduced glutathione (GSH) de-
pletion which is an important antioxidant in the
cell. However, other flavoenzymes may catalyze
one-electron reduction of aminochrome by oxidiz-
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ing NADH to NAD!. Depletion of NADH, which
normally transfers electrons in the mitochondria,
will prevent ATP formation.

The high reactivity of leukoaminochrome o-semi-
quinone is supported by electron spin resonance
(ESR) studies [27]. Dopamine oxidized by tyrosi-
nase was used to perform ESR studies to detect
o-semiquinone radical signal during one-electron
reduction catalyzed by NADPH cytochrome P-450
reductase. A mixture of two spectra containing leu-
koaminochrome o-semiquinone and dopamine o-se-
miquinone was obtained since dopamine o-quinone
is the precursor of aminochrome. NMR studies
showed that 50% of reaction mixture during dopa-
mine oxidation catalyzed by tyrosinase was dopa-
mine o-quinone [27]. Of these mixtures of ESR
spectra only dopamine o-semiquinone spectra were
stabilized and accumulated during 10 min. The sta-
bilized ESR signal after 10 min was exactly the
same as the ESR signal obtained during one-electron
oxidation of dopamine to dopamine o-semiquinone
catalyzed by lactoperoxidase in the presence of hy-
drogen peroxide [27]. Leukoaminochrome o-semi-
quinone ESR signal was found to be very unstable
because only traces of this signal were detected after
two minutes of incubation. These results represent
a strong evidence that NADPH cytochrome P450 re-
ductase also catalyzes the one-electron reduction of
dopamine o-quinone to dopamine o-semiquinone.
The instability of leukoaminochrome o-semiquinone
contrasts with the stability of dopamine o-semiqui-
none, suggesting that leukoaminochrome o-semiqui-
none is the most reactive species formed during do-
pamine oxidative metabolism.

Another important feature of leukoaminochro-
me o-semiquinone is that the removal of superoxi-
de radicals and hydrogen peroxide present in the
incubation mixture results in an increase in the
autoxidation rate [2]. This increase can be ex-
plained by the possible competition between dioxy-
gen (O�) and superoxide radicals and hydrogen per-
oxide to react with the o-semiquinone. Therefore,
the presence of superoxide dismutase and catalase,
which remove both superoxide and hydrogen per-
oxide radicals, will result in the increase in the
autoxidation rate of leukoaminochrome o-semiqui-
none. These results suggest a clear prooxidant role
of these antioxidant enzymes during one-electron
reduction of aminochrome.

ANTIOXIDANT REACTIONS WHICH

PREVENT THE FORMATION

OF LEUCOAMINOCHROME

O-SEMIQUINONE RADICAL

Glutathione conjugation of aminochrome

We have found that glutathione transferases
catalyze the conjugation of aminochrome with glu-
tathione [3, 22]. Glutathione transferases (GST-
M2-2 and GST-M1-1) are the isoenzymes, which
exhibited the highest specific activity. During this
conjugation, aminochrome is reduced to leukoami-
nochrome. Our results show that the formed leuko-
aminochrome-GSH is stable in the presence of bio-
logical oxidizing agents such as dioxygen, superoxide
radicals and hydrogen peroxide [22]. The stability
of this conjugate contrasts with aminochrome re-
duced forms (leukoaminochrome and leukoamino-
chrome o-semiquinone) which undergo autoxida-
tion by reducing oxygen to superoxide radicals. It
is of interest to note that both GST-M2-2 and
GST-M1-1 inhibit the redox cycling process during
one-electron reduction of aminochrome catalyzed
by NADPH cytochrome P450 reductase by com-
peting with NADPH cytochrome P450 reductase to
use aminochrome as a substrate. These results sug-
gest that reduction of aminochrome by GST-M2-2
and GST-M1-1 may be an important antioxidant
reaction, preventing the redox cycling between oxi-
dized and reduced states. We have cloned GST-
M2-2 from a human substantia nigra cDNA library,
thus demonstrating the expression of this enzyme
in the relevant region of the brain [3].

Glutathione conjugation of dopamine o-quinone

The precursor of aminochrome, dopamine o-qui-
none is conjugated with GST-M2-2 to 5-S-gluta-
thionyldopamine preventing the formation of ami-
nochrome [7] (Fig. 2). The relevance of this reac-
tion is that it prevents the metabolic reductive acti-
vation of aminochrome to reactive oxygen species
and leukoaminochrome o-semiquinone radical, which
may be responsible of the observed toxic effects of
dopamine. In addition, the conjugation of dopami-
ne o-quinone to 5-S-glutathionyldopamine can be
the precursor reaction of 5-S-cysteinyldopamine. In
the rat brain it has been demonstrated that 5-S-glu-
tathionyldopamine conjugate is rapidly metabo-
lized to 5-S-cysteinyldopamine in reactions medi-
ated by gamma-glutamyl transpeptidase (gamma-GT)
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and cysteine conjugate N-acetyltransferase [29].
Therefore, it seems plausible that 5-S-glutathionyl-
dopamine can be converted by gamma-GT and N-
acetyltransferase to form 5-S-cysteinyldopamine.
5-S-cysteinyldopamine has been detected in cere-
brospinal fluid of Parkinson’s disease patients and
control subjects [4, 6]. In the human brain, 5-S-cys-
teinyldopamine has been identified in dopamine-
rich brain regions such as the caudate nucleus, pu-
tamen, globus pallidus and substantia nigra [5, 19].
In addition to excretion, a pathway of 5-S-cyste-
inyldopamine incorporation into neuromelanin has
been suggested. 5-S-cysteinyldopamine has been
reported to be the main source of the pheomelanin
moiety of human neuromelanin isolated from the
substantia nigra [5]. The physiological relevance of
GSH conjugation of dopamine o-quinone to 5-S-glu-
tathionyldopamine as a neuroprotective reaction is
supported by the finding that formation of 5-gluta-
thionyl- and 5-S-cysteinyldopamine prevented do-
pamine-mediated DNA damage in a dose-depen-
dent manner [18].

Two-electron oxidation of aminochrome cata-

lyzed by DT-diaphorase

DT-diaphorase (E.C. 1.6.99.2, NAD(P)H: qui-
none (menadione) oxidoreductase) is a unique en-
zyme among flavoenzymes, and is mainly localized
in the cytosol (95%). However, around 5% is also
found associated to the mitochondria and endoplas-
mic reticulum. DT-diaphorase reduces quinones to
hydroquinones by transferring two electrons, pre-
venting the formation of semiquinone radical, and
it is specifically inhibited by dicoumarol. DT-dia-
phorase is present in dopaminergic neurons, consti-
tuting 98% of the total quinone reductase activity
[20, 25]. DT-diaphorase catalyzes two-electron re-
duction of aminochrome to o-hydroquinone (leu-
koaminochrome) which also autoxidizes in the pre-
sence of oxygen resulting in the formation superoxide
radicals and hydrogen peroxide (Fig. 3). However,
the autoxidation rate is very low compared to leu-
koaminochrome o-semiquinone autoxidation rate.
In addition, the chemistry of autoxidation of leu-
koaminochrome was found to be completely differ-
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ent since superoxide radicals and hydrogen perox-
ide are mainly responsible of autoxidation of the
leukoaminochrome (96% of the total oxygen-de-
pendent autoxidation) [2, 24]. Therefore, the addi-
tion of superoxide dismutase and catalase to the
incubation mixture inhibited the formation of reac-
tive oxygen species during the reduction of amino-
chrome catalyzed by DT-diaphorase by preventing
leukoaminochrome autoxidation. This antioxidant
role of superoxide dismutase and catalase on auto-
xidation of leukoaminochrome during reduction of
aminochrome catalyzed by DT-diaphorase con-
trasts with their prooxidant role on leukoamino-
chrome o-semiquinone autoxidation during amino-
chrome reduction catalyzed by NADPH-cytochro-
me P450 reductase [2]. These results support the
proposed protective role of DT-diaphorase in the
presence of superoxide dismutase and catalase
against aminochrome-induced oxygen toxicity in
the neurodegenerative process of dopaminergic
neuronal systems [2, 24]. It is interesting to note
the importance of reducing aminochrome to leu-
koaminochrome, which can be conjugated by sul-
fotransferase to an unreactive species, which can
then be excreted from the cell.

We have proposed neuroprotective role of DT-
diaphorase [1, 2, 13, 15, 17, 23, 24, 26, 27], which
is supported by the following observations. Firstly,
Cu-toxicity is dependent on DT-diaphorase inhibi-
tion in RCSN-3 cells derived from the rat substan-
tia nigra [17]. Indeed, uptake of CuSO1 into RCSN-3
cells does not induce toxicity per se, and Cu-uptake

increases 8-fold when the cells were incubated with
CuSO1 and dopamine. Cu in the complex Cu-dopa-
mine catalyzed dopamine oxidation to aminochrome.
However, the toxicity dramatically increased when
RCSN-3 cells were incubated with CuSO1, dopa-
mine and dicoumarol, a specific inhibitor of DT-
diaphorase. Secondly, the cytotoxic effect of MAO-A
inhibitor amiflamine in RCSN.3 cells increased
2.4-fold (p < 0.001) in the presence of the inhibitor
of DT-diaphorase, dicoumarol [13]. Thirdly, intra-
cerebral administration of manganese (Mn#!) to-
gether with the DT-diaphorase inhibitor dicouma-
rol into the left medial forebrain bundle produced
a behavioral pattern characterized by contralateral
rotational behavior when the rats were stimulated
with apomorphine, in a manner similar to that ob-
served in animals with unilateral 6-hydroxydopa-
mine-induced lesions. The same animals rotated to-
wards the opposite side, ipsilaterally, when stimu-
lated with d-amphetamine. Thus, the finding that
the concomitant application of Mn#! and inhibition
of DT-diaphorase by dicoumarol induces a 6-hy-
droxydopamine-like behavior supports the idea that
DT-diaphorase may be a selective neuroprotective
enzyme of the dopaminergic systems [23]. DT-
diaphorase also plays a protective role in oxidative
metabolism of the endogenous dopamine-derived
neurotoxin, salsolinol. This compound was found
to decrease survival in the dopaminergic neuronal
cell line RCSN-3, derived from the adult rat sub-
stantia nigra, in a concentration-dependent manner.
However, incubation of RCSN-3 cells with salsolinol
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in the presence of DT-diaphorase inhibitor signifi-
cantly decreased cell survival by 2.5-fold (p < 0.001)
[15].

CONCLUSIONS and DISCUSSION

The possible reactions involved in the oxida-
tive-reductive pathways of dopamine have been
studied, and our results strongly suggest that one-
electron reduction of aminochrome is the reaction
where the majority of reactive oxygen species is
formed. Leukoaminochrome o-semiquinone is the
most reactive species due to its reactivity with oxy-
gen. The possible mechanisms underlying leuko-
aminochrome o-semiquinone-induced damage in
the neurodegenerative process may include: (i) de-
pletion of NADH or NADPH; (ii) deactivation of
enzymes by oxidizing thiol groups or essential
amino acids; (iii) deactivation of Ca-ATPase by
oxidizing essential thiol groups; (iv) membrane
damage by removal of a hydrogen from membrane
lipids, thus initiating lipid peroxidation, (v) forma-
tion of superoxide radicals, hydrogen peroxide and
hydroxyl radicals. The latter are potent radicals,
which react with all biological molecules. There-
fore, we postulate that the neurodegenerative
events in dopaminergic systems depend on: (a) ex-
cessive production of dopamine or low expression
of VMAT or MAO resulting in an increase in free
dopamine, which autoxidizes to aminochrome; (b)
inability of the cellular defenses to prevent the for-
mation of leukoaminochrome o-semiquinone due
to (i) the existence of a polymorphism 609 (C � T)
expressing a non-enzymatically active DT-diapho-
rase in Parkinson’s disease patients [28] (ii) low
level or lack of expression GST M1-1/M2-2.

Acknowledgment. This work was supported by FON-
DECYT (N° 1020672).

REFERENCES

1. Arriagada C., Dagnino-Subiabre A., Caviedes P.,
Armero, J.M., Caviedes R., Segura-Aguilar J.: Studies
of aminochrome toxicity in a mouse derived neuronal
cell line: is this toxicity mediated via glutamate trans-
mission? Amino Acids., 2000, 18, 363–373.

2. Baez S., Linderson Y., Segura-Aguilar J.: Superoxide
dismutase and catalase enhance autoxidation during
one-electron reduction of aminochrome by NADPH-
cytochrome P-450 reductase. Biochem. Mol. Med.,
1995, 54, 12–18.

3. Baez S., Segura-Aguilar J., Widersten M., Johansson
A-S., Mannervik B.: Glutathione transferases catalyze
the detoxication of oxidized metabolites (o-quinones)
of catecholamines and may serve as an antioxidant
system preventing degenerative cellular processes.
Biochem. J., 1997, 342, 25–28.

4. Carlsson A., Fornstedt B.: Catechol metabolites in the
cerebrospinal fluid as possible markers in the early di-
agnosis of Parkinson’s disease. Neurology, 1991, 41,
50–51.

5. Carstam R., Brinck C., Hindemith-Augustsson A.,
Rorsman H., Rosengren E. The neuromelanin of the
human substantia nigra Biochim. Biophys. Acta, 1991,
1097, 152–160.

6. Cheng F.C., Kuo J.S., Chia L.G., Dryhurst G.: Ele-
vated 5-S-cysteinyldopamine/homovanillic acid ratio
and reduced homovanillic acid in cerebrospinal fluid:
possible markers for and potential insights into the pa-
thoetiology of Parkinson’s disease. J. Neural Transm.,
1996,103, 433–446.

7. Dagnino-Subiabre A., Cassels B.K., Johansson A.-S.,
Baez S., Mannervik B., Segura-Aguilar J.: Glutathio-
ne transferase M2-2 prevents formation of neurotoxic
aminochrome and dopachrome by catalyzing the con-
jugation of dopamine and dopa ortho-quinone. Bio-
chem. Biophys. Res. Commun., 2000, 274, 32–36.

8. Daveu C., Servy C., Dendane M., Marin P., Ducrocq
C.: Oxidation and nitration of catecholamines by ni-
trogen oxides derived from nitric oxide. Nitric Oxide,
1997, 3, 234–243.

9. Foppoli C., Coccia R., Cini C., Rosei M.A.: Catecho-
lamines oxidation by xanthine oxidase. Biochim. Bio-
phys. Acta, 1997, 1334, 200–206.

10. Graham D.G.: Oxidative pathways for catecholamines
in the genesis of neuromelanin and cytotoxic quino-
nes. Mol. Pharmacol., 1978, 14, 633–643.

11. Hastings T.G.: Enzymatic oxidation of dopamine: the
role of prostaglandin H synthase. J. Neurochem., 1995,
64, 919–924.

12. Hawley M.D., Tatawawadi S.V., Piekarski S., Adams
R.N.: Electrochemical studies of the oxidation path-
ways of catecholamines. J. Amer. Chem. Soc., 1967,
89, 447–450.

13. Hurtado-Guzman C., Martinez-Alvarado P., Dagni-
no-Subiabre A., Paris I., Caviedes, Caviedes R., Cas-
sels B.K., Segura-Aguilar J.: Neurotoxicity of some
MAO inhibitors in adult rat hypothalamic cell culture.
Neurotox. Res., 2002, 4, 161–163.

14. Kostrzewa R.M., Segura-Aguilar J.: Neurotoxicologi-
cal and neuroprotective elements in Parkinson’s dis-
ease. Neurotox. Res., 2002, 4, 83–86.

15. Martinez-Alvarado P., Dagnino-Subiabre A., Paris I.,
Metodiewa D., Welch C., Olea-Azar C., Caviedes P.,
Caviedes R., Segura-Aguilar J.: Possible role of salso-
linol quinone methide on RCSN-3 cells survival de-
crease. Biochem. Biophys. Res. Comun., 2001, 283,
1069–1076.

578 ���� �� ���������� ����� ��� �������

R. Graumann, I. Paris, P. Martinez-Alvarado, P. Rumanque, C. Perez-Pastene, S.P. Cardenas,

P. Marin, F. Diaz-Grez, R. Caviedes, P. Caviedes, J. Segura-Aguilar



16. Mason H.S.: The chemistry of melanin. III. Mecha-
nism of the oxidation of dihydroxyphenylalanine by
tyrosinase. J. Biol. Chem., 1948, 172, 83–99.

17. Paris P., Dagnino-Subiabre A., Marcelain K., Bennett
L.B., Caviedes P., Caviedes R., Olea Azar C., Segura-
Aguilar J.: Copper neurotoxicity is dependent on do-
pamine-mediated copper uptake and one-electron re-
duction of aminochrome in rat substantia nigra neu-
ronal cell line. J. Neurochem., 2001, 77, 519–529.

18. Picklo M.J., Amarnath V., Graham D.G., Montine
T.J.: Endogenous catechol thioethers may be pro-
oxidant or antioxidant. Free Radical Biol. Med., 1999,
27, 271–277.

19. Rosengren E., Linder-Eliasson E., Carlsson A.: Detec-
tion of 5-S-cysteinyldopamine in human brain. J. Neu-
ral Transm., 1985, 63, 247–253.

20. Schultzberg M., Segura-Aguilar J., Lind L.: Distribu-
tion of DT-diaphorase in the rat brain: biochemical
and immunohistochemical studies. Neuroscience, 1998,
27, 763–766.

21. Segura-Aguilar J.: Peroxidase activity of liver micro-
somal vitamin D 25 hydroxylase catalyzes 25-hydro-
xylation of vitamin D� and oxidation of dopamine to
aminochrome. Biochem. Mol. Med., 1996, 58, 122–129.

22. Segura-Aguilar J., Baez S., Widersten M., Welch C.J.,
Mannervik B.: Human class glutathione transferases,
in particular isoenzymes M2-2, catalyze detoxication
of dopamine metabolite aminochrome. J. Biol. Chem.,
1997, 272, 5727–5731.

23. Segura-Aguilar J., Diaz-Veliz G., Mora S., Herrera-
Marschitz M.: Inhibition of DT-diaphorase is a re-
quirement for Mn�� to produce a 6-OH-dopamine like
rotational behaviour. Neurotox. Res., 2002, 4, 127–131.

24. Segura-Aguilar J., Lind C.: On the mechanism of the
Mn��-induced neurotoxicity of dopamine: prevention
of quinone-derived oxygen toxicity by DT-diaphorase
and superoxide dismutase. Chem.-Biol. Interact., 1989,
72, 309–324.

25. Segura-Aguilar J.E., Lind C., Nordström Ö., Bartfai
T.: Regional and subcellular distribution of DT-dia-
phorase in the rat brain. Chem. Scr., 1987, 27A, 55–57.

26. Segura-Aguilar J., Metodiewa D., Baez S.: The possi-
ble role of one-electron reduction of aminochrome in
the neurodegenerative processes of the dopaminergic
systems. Neurotox. Res., 2001, 3, 157–166.

27. Segura-Aguilar J., Metodiewa D., Welch C.J.: Meta-
bolic activation of dopamine o-quinones to o-semiqu-
inones by NADPH cytochrome P450 reductase may
play an important role in oxidative stress and apoptotic
effects. Biochim. Biophys. Acta, 1998, 1381, 1–6.

28. Shao M., Liu Z., Tao E., Chen B.: Polymorphism of
MAO-B gene and NAD. Zhonghua Yi Xue Yi Chuan
Xue Za Zhi, 2001, 18, 122–124

29. Shen X.M., Xia B., Wrona M.Z., Dryhurst G.: Synthe-
sis, redox properties, in vivo formation, and neurobe-
havioral effects of N-acetylcysteinyl conjugates of do-
pamine: possible metabolites of relevance to Parkin-
son’s disease. Chem. Res. Toxicol., 1996, 9, 1117–1126.

30. Solano F., Hearing V.J., Garcia-Borron J.C.: Neuro-
toxicity due to o-quinones: neuromelanin formation
and possible mechanisms for o-quinone detoxication.
Neurotox. Res., 2000, 1, 153–169.

31. Sulzer D., Bogulavsky J., Larsen K.E., Behr G., Ka-
ratekin E., Kleinman M.H., Turro N., Krantz D., Ed-
wards R.H., Greene L.A., Zecca L.: Neuromelanin
biosynthesis is driven by excess cytosolic catechola-
mines not accumulated by synaptic vesicles. Proc.
Nat. Acad. Sci. USA, 2000, 97, 11869–11874.

32. Terland O., Flatmark T., Tangeras A., Gronberg M.:
Dopamine oxidation generates an oxidative stress me-
diated by dopamine semiquinone and unrelated to re-
active oxygen species J. Mol. Cell Cardiol., 1997, 29,
1731–1738.

Received: September 19, 2002, in revised form: December
4, 2002.

�  " ��#�$%��� 579

&'$&�(�)*+( ,- ( ",�+*�+*',�'�., ,"/0	,


	CONTENTS
	OBITUARY Œ Professor Zdzis³aw Kleinrok, D.Sc., M.D., D.H.C. mult. (1928Œ2002).
	
Marian Wielosz Iwona ¯ebrowska-£upina	553

	REVIEW Œ Neuroprotective effects of antiepileptic drugs.
	Micha³ K. Trojnar, Robert Ma³ek, Magdalena Chroœciñska, Stanis³aw Nowak, Barbara B³aszczyk, Stanis³aw J. Czuczwar	557

	REVIEW Œ Endogenous risk factors in Parkinson™s disease: dopamine and tetrahydroisoquinolines.
	Lucyna Antkiewicz-Michaluk	567

	REVIEW Œ Oxidation of dopamine to aminochrome as a mechanism for neurodegeneration of dopaminergic systems in Parkinson™s disease. Possible neuroprotective role of DT-diaphorase.
	
Rebecca Graumann, Irmgard Paris, Pedro Martinez-Alvarado, Pamela Rumanque, Carolina Perez-Pastene, Sergio P. Cardenas, Pablo Marin, Fernando Diaz-Grez, Raul Caviedes, 
Pablo Caviedes, Juan Segura-Aguilar	573

	REVIEW Œ On the role of metabotropic glutamate receptors in the mechanisms of action of antidepressants.
	Agnieszka Pa³ucha, Andrzej Pilc	581

	REVIEW Œ Mechanisms contributing to antidepressant zinc actions.
	Gabriel Nowak, Bernadeta Szewczyk	587
	Effect of repeated treatment with reboxetine on the central a1-adrenergic and dopaminergic receptors.
	Zofia Rogó¿, Wojciech Margas, Gra¿yna Skuza, Joanna Solich, Maciej Kuœmider, Marta Dziedzicka-Wasylewska	593

	Role of neuropeptides in antidepressant and memory improving effects of venlafaxine.
	El¿bieta Nowakowska, Krzysztof Kus, Teresa Bobkiewicz-Koz³owska, Hanka Hertmanowska	605

	Effects of combined administration of 5-HT1A and/or 5-HT1B receptor antagonists and paroxetine or fluoxetine in the forced swimming test in rats.
	Ewa Tatarczyñska, Aleksandra K³odziñska, Ewa Chojnacka-Wójcik	615

	Inhibition of amino acid release by 5-HT1B receptor agonist in the rat prefrontal cortex.
	Krystyna Go³embiowska, Anna Dziubina	625

	Effect of combined treatment with paroxetine and transcranial magnetic stimulation (TMS) on the mitogen-induced proliferative response of rat lymphocytes.
	Adam Roman, Jerzy Vetulani, Irena Nalepa	633

	Novel N-{w-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl}pyrid-2(1H)-ones with diversified 5-HT1A receptor activity.
	Maria H. Paluchowska, Ryszard Bugno, Sijka Charakchieva-Minol, Anna Weso³owska, Ewa Chojnacka-Wójcik	641

	Thioridazine-fluoxetine interaction at the level of the distribution process in vivo.
	Jacek Wójcikowski, W³adys³awa A. Daniel	647

	TNF-a in cerebral cortex and cerebellum is affected by amygdalar kindling but not by stimulation of cerebellum.
	Leonid S. Godlevsky, Alexei A. Shandra, Andrei A. Oleinik, Rooslan S. Vastyanov, Vladimir V. Kostyushov, Oleg L. Timchishin	655

	Differential effect of 3-hydroxy-3-methylglutarylcoenzyme a reductase inhibitors on plasma paraoxonase 1 activity in the rat.
	Jerzy, Be³towski, Gra¿yna Wójcicka, Anna Jamroz	661

	Some drug effects on the activity of erythrocyte hexokinase and glucose 6-phosphate dehydrogenase enzymes in vitro and in vivo.
	Mehmet Çýftçý, Faruk ªenyayla, Hasan Özdemýr, Mehmet E. Büyükokuroðlu	673


	SHORT COMMUNICATIONS
	Interaction of zinc with antidepressants in the forced swimming test in mice.
	Bernadeta Szewczyk, Piotr Brañski, Joanna M. Wieroñska, Agnieszka Pa³ucha, Andrzej Pilc, Gabriel Nowak	681


	Role of dopamine D3 receptors in controlling the expression of cocaine sensitization in rats.
	Ma³gorzata Filip, Iwona Papla, Klaudia Czepiel	687

	Influence of pre- or intraoperational use of tramadol (preemptive or preventive analgesia) on tramadol requirement in the early postoperative period.
	Jerzy Wordliczek, Marcin Banach, Jaros³aw Garlicki, Joanna Jakowicka-Wordliczek, Jan Dobrogowski	693
	PRELIMINARY COMMUNICATIONS
	Effect of combined treatment with selective s ligands and amantadine in the forced swimming test in rats.
	Gra¿yna Skuza, Zofia Rogó¿	699


	Effect of joint administration of imipramine and amantadine on binding of [3H]7-OH-DPAT to dopamine D3 receptors in peripheral blood lymphocytes of the patients with drug-resistant unipolar depression.
	Marta Dziedzicka-Wasylewska, Zofia Rogó¿, Joanna Solich, Dominika Dudek, Andrzej Wróbel, Andrzej Ziêba	703

	Anxiolytic- and antidepressant-like effects of group III metabotropic glutamate agonist (1S,3R,4S)-1-aminocyclopentane-1,3,4-tricarboxylic acid (ACPT-I) in rats.
	Ewa Tatarczyñska, Agnieszka Pa³ucha, Bernadeta Szewczyk, Ewa Chojnacka-Wójcik, Joanna Wieroñska, Andrzej Pilc	707

	Effect of antidepressant drugs on the human corticotropin-releasing-hormone gene promoter activity in neuro-2A cells.
	Bogus³awa Budziszewska, Lucylla Jaworska-Feil, Magdalena Tetich, Agnieszka Basta-Kaim, Marta Kubera, Monika Leœkiewicz, W³adys³aw Lasoñ	711

	Rapid desensitization of receptors for pituitary adenylate cyclase-activating polypeptide (PACAP) in chick cerebral cortex.
	Pawe³ Niewiadomski, Jerzy Z. Nowak, Paulina Sêdkowska, Jolanta B. Zawilska	717

	Effect of some iono- and metabotropic glutamatergic ligands on neuropeptide Y immunoreactivity in the rat hippocampus.
	Maria „mia³owska, Joanna M. Wieroñska, Bernadeta Szewczyk, Ewa Obuchowicz	723

	Neuroprotective effects of estrone on NMDA-induced toxicity in primary cultures of rat cortical neurons are independent of estrogen receptors.
	Ma³gorzata Kajta, W³adys³aw Lasoñ, Ewa Bieñ, Micha³ Marsza³	727

	Influence of new g-hydroxybutyric acid amide analogues on the central nervous system activity in mice.
	Kinga Sa³at, Anna Mendyk, Tadeusz Librowski, Ryszard Czarnecki, Barbara Malawska	731

	Effect of some antipsychotic drugs on immunoreactivity in C57BL/6 mice.
	Agnieszka Basta-
Kaim, Marta Kubera, Bogus³awa Budziszewska, Joanna Siwanowicz, W³adys³aw Lasoñ	737

	Note to contributors	743




