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Abstract

Selective neurotoxins have the ability to exert their neurotoxic effects in some specific
neuronal systems. In dopaminergic neurons, the selectivity of exogenous neurotoxins
depends on their affinity to the dopamine transporter. However, dopamine and 3,4-
L-dihydroxyphenylalanine (L-dopa) are synthesized in dopaminergic neurons and
are likewise able to induce neurotoxicity. The possible molecular mechanisms
involved in dopamine and L-dopa neurotoxicity in dopaminergic neurons are
discussed. Dopamine seems to be neurotoxic in dopaminergic neurons by undergoing
oxidation to aminochrome, which is the precursor to neuromelanin. However,
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aminochrome can be neurotoxic when it forms adducts with proteins such as alpha-
synuclein, parkin, mitochondrial complexes I and III, actin, tubulin, and the dopamine
transporter, or when aminochrome is one-electron reduced by flavoenzymes that use
NADH, generating redox cycling with the concomitant depletion of energy and the
formation of reactive oxygen species. L-dopa is also neurotoxic in cell cultures after
oxidizing to a quinone species, but L-dopa seems to be a transient precursor of
dopamine in that it is not able to induce neurotoxicity in vivo due to the efficient
decarboxylation to dopamine catalyzed by amino acid decarboxylase. In fact, the
only metabolite found in vivo is L-3-o-methyldopa, as detected in microdialysis
experiments in animals treated with L-dopa. L-dopa is used in Parkinson’s disease
treatment, and it is still questionable whether L-dopa accelerates the degeneration of
remaining dopaminergic neurons. It seems that L-dopa itself does not accelerate
dopaminergic neuron degeneration because L-dopa is efficiently converted
to dopamine, both in the peripheral and the central nervous systems. However,
L-dopa induces dyskinesias in approximately 40 % patients with 4-6 years of
treatment, and although the mechanism for L-dopa-induced dyskinesias is very
complex, the rapid oscillation of striatal dopamine during L-dopa treatment has
been found to be required for the induction of dyskinesias. The remaining dopa-
minergic neurons convert L-dopa to dopamine and release dopamine to the striatum
under regulated conditions, but the majority of dopamine release to the striatum is
mediated by serotonergic neurons without regulation, resulting in dyskinesias.
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List of Abbreviations

AADC Aromatic amino acid decarboxylase
COMT Catechol ortho-methyltransferase
DA Dopamine

GST M2-2  Glutathione S-transferase M2-2
L-dopa L-dihydroxyphenylalanine

MAO Monoamine oxidases

TH Tyrosine hydroxylase

VMAT-2 Vesicular monoaminergic transporter-2

1 Synthesis of L-dopa and Dopamine

De novo synthesis of dopamine is mediated by two enzymes using the amino acid
tyrosine as precursor. The first step is catalyzed by the enzyme tyrosine hydroxylase
(TH), in which tyrosine is used to form L-dihydroxyphenylalanine (L-dopa).
L-dopa is decarboxylated by the enzyme aromatic amino acid decarboxylase
(AADC) to generate dopamine and CO,. This dopamine is stored in monoaminergic
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Fig. 1 Dopamine synthesis. Dopamine synthesis from tyrosine is catalyzed by tyrosine hydroxylase
(TH) and aromatic amino acid decarboxylase (AADC), and uptake into monoaminergic synaptic
vesicles is mediated by VMAT-2

vesicles with a weak acid pH that prevents dopamine oxidation to o-quinone
species, as dopamine autoxidizes at physiological pH due to the dissociation of
the protons of hydroxyl groups. Dopamine oxidation to o-quinones after the
synthesis of L-dopa and dopamine is prevented by the association of the enzymes
TH and AADC with the vesicular monoaminergic transporter-2 (VMAT-2), which
is present in the membranes of monoaminergic synaptic vesicles, generating a kind
of complex that prevents free cytosolic dopamine (Cartier et al. 2010). Dopamine
inside monoaminergic synaptic vesicles is hard protonated, preventing the oxida-
tion of catechol groups to o-quinone. Monoaminergic synaptic vesicles express
a vesicular ATPase that hydrolyzes ATP to ADP plus inorganic phosphate with one
proton (H") translocation into the vesicles, creating a proton gradient with a weak
acid pH inside the vesicles (Guillot and Miller 2009; Fig. 1).

1.1 Dopamine Degradation

Dopamine accumulates inside monoaminergic synaptic vesicles for neurotransmis-
sion, which is an essential process in the control of movements. However, the catechol
group of free cytosolic dopamine can be oxidized to neurotoxic o-quinones (Arriagada
et al. 2004; Paris et al. 2010, 2011). To prevent this effect, dopamine participates in
a neurotoxic reaction, and there are two types of enzymes that degrade dopamine. The
first is the monoamine oxidases (MAO, E.C. 1.4.3.4), which catalyze the oxidative
deamination of the dopamine amino group to 3.4-dihydroxyphenylacetaldehyde
with concomitant formation of ammonia and hydrogen peroxide. Aldehyde dehydro-
genase then catalyzes the oxidation of 3,4-dihydroxyphenylacetaldehyde to
3,4-dihydroxyphenylacetic acid (DOPAC) with the formation of a molecule of NADH.
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The MAO enzymes have multiple isoforms (A and B forms) that are 70 %
identical and are localized to the outer membranes of the mitochondria in neurons,
glial cells, and other cells (Weyler et al. 1990; Shih et al. 1997). MAO-B is found in
histaminergic and serotonergic neurons, as well as in astrocytes, while MAO-A is
mainly found in catecholaminergic neurons (Westlund et al. 1988; Saura et al.
1994). MAO-A uses the compounds dopamine, noradrenaline, adrenaline, and
serotonin as substrates, while MAO-B uses compounds such as phenylethylamine
and tyramine (Strolin-Benedetti et al. 1992). The second enzyme that degrades
dopamine is catechol ortho-methyltransferase (COMT; EC 2.1.1.6), which
catalyzes the methylation of dopamine by using S-adenosylmethionine (SAM) as
a cofactor to form 3-methoxytyramine and S-adenosylhomocysteine (SAH).
COMT also plays a role in MAO-catalyzed degradation of dopamine, as DOPAC
is methylated to homovanillic acid (HVA).

SAM SAH
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MAQO also participates in dopamine degradation catalyzed by COMT because
3-methoxytyramine is a substrate for MAO, which catalyzes the oxidative deamina-
tion of 3-methoxytyramine to 3-methoxy-4-hydroxyphenylacetaldehyde. Aldehyde
dehydrogenase catalyzes the oxidation of 3-methoxy-4-hydroxyphenylacetaldehyde
to homovanillic acid with the concomitant formation of NADH.
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COMT is expressed in pyramidal neurons, striatal spiny neurons, cerebellar
Purkinje, and granular cells (Myohanen et al. 2010), and it has two isoforms —
a soluble form (S-COMT) and a membrane-bound form (MB-COMT). Inhibition of
COMT by entacapone has been used in the treatment of Parkinson’s disease,
prolonging the half-life of L-dopa (Marin and Obeso 2010).

2 Dopamine Neurotoxicity

Dopamine exposure at different cell cultures or cell lines resulted in the induction of
cell death, suggesting a neurotoxic role for dopamine (Hoyt et al. 1997; Jeon et al.
2010). Dopamine-dependent cell death has been reported to be dependent on an
apoptotic cell death mechanism (Ziv et al. 2001). Dopamine exposure of human
neuroblastoma NMB cells, which are able to take up dopamine, induces morpho-
logical changes, such as cell shrinkage, apoptosis-like atrophy, accumulation of
apoptotic particles, DNA fragmentation, and protein synthesis-dependent cell death
(Simantov et al. 1996). A study conducted with SH-SYS5Y neuroblastoma cells
displayed caspase-9 and caspase-3 activation, cleavage of poly(ADP-ribose)
polymerase, and nuclear condensation, accompanied by the activation of p38
mitogen-activated protein kinase. The presence of the antioxidant N-acetyl-L-
cysteine prevents dopamine-induced p38 kinase activation, caspase-9 and
caspase-3 cleavage, and subsequent apoptosis (Junn and Mouradian 2001).
Overexpression of Bcl-2, which blocks physiological apoptosis, in PC-12 cells
results in a marked resistance to dopamine-induced cell death (Offen et al. 1997).
The activation of the JNK pathway precedes dopamine-induced apoptosis and is
persistently sustained during the process of apoptosis. Overexpression of
a dominant negative mutant SEK1, an upstream kinase of JNK, inhibits both
dopamine-induced JNK activation and apoptosis (Luo et al. 1998). Another study
reported that dopamine activates SAPK/INK and p38, but not MEK or ERK/MAPK
(Gomez-Santos et al. 2003). It has been reported that dopamine oxidation activates
the DNA-binding activity of NF-kappaB and the suppression of NF-kappaB tran-
scriptional activity in PC-12 cells, inducing apoptotic cell death during dopamine
oxidation (Lee et al. 2001b). The formation of adducts between alpha-synuclein and
the presynaptic human dopamine transporter facilitates the membrane clustering of
the dopamine transporter (DAT), thereby accelerating cellular dopamine uptake
and dopamine-induced cellular apoptosis (Lee et al. 2001a). Interestingly, parkin
prevents dopamine-induced alpha-synuclein-dependent cell death by blocking
DAT-mediated dopamine uptake, which is accelerated by alpha-synuclein
(Moszczynska et al. 2007). Another study showed that parkin protects against
dopamine toxicity by decreasing oxidative stress and the subsequent activation of
the JNK/caspase pathway (Jiang et al. 2004). The apoptosis induced by dopamine in
PC-12 cells was found to be accompanied by an impairment of mitochondrial
bioenergetic functions (Jana et al. 2011). The treatment of human SH-SYSY cells
with dopamine induced an early increase in the expression of hypoxia-inducible
factor-lalpha (HIF-lalpha) followed by increases in p53, Puma, and Bnip3, in
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which caspase-3, caspase-7, and PARP were activated after 12 h (Giménez-Xavier
et al. 2009). The agonist of protein kinase A, forskolin, stimulated dopamine uptake
in SK-N-SH cells and blocked dopamine-induced apoptosis (Liu et al. 2001).
Dopamine-induced cell death was found to be preceded by a decrease in
proteasome activity (Keller et al. 2000). Antioxidants were found to protect against
dopamine-induced cell death (Junn and Mouradian 2001; Jana et al. 2011), and the
glutathione-depleting compound L-buthionine sulfoximine enhanced dopamine-
induced cell death (Stokes et al. 2000).

Why does dopamine induce neurotoxicity when it is an essential neurotransmit-
ter for the control of movement? A possible explanation is that dopamine inside
monoaminergic synaptic vesicles is completely inert because the protons of dopa-
mine groups are hardbound to the oxygen as a consequence of the weak acid pH
inside the vesicles, which is 2-2.4 pH units lower than the pH in the cytosol (Guillot
and Miller 2009). However, the protons of dopamine hydroxyl groups are dissoci-
ated at cytosolic pH and can oxidize in the presence of oxygen, even in the absence
of metal catalysis (Linert et al. 1996). The dopamine catechol structure oxidizes to
orthoquinones, which can induce neurotoxicity.

3 Dopamine Oxidation to Orthoquinones

The protons of dopamine hydroxyl groups are dissociated when dopamine is in the
cytosol at physiological pH and spontaneously oxidizes in the presence of oxygen
and in the absence of metal traces (Linert et al. 1996). Dopamine oxidizes to
dopamine o-quinone, which cyclizes to form aminochrome at physiological pH.
Dopamine o-quinone is not stable at physiological pH because the amino group
of dopamine o-quinone spontaneously rearranges and undergoes cyclization; thus,
dopamine o-quinone is only stable at a pH below 2.0 (Segura-Aguilar and Lind 1989).

cytosol

o o

NH; o) NH,
0 Oxidation o Cyclization O H

Dopamine o-quinone Aminochrome

Dopamine

Dopamine oxidation can also be catalyzed by metals such as manganese(IIl),
copper sulfate(Il), iron chloride(IIT), and sodium periodate (Segura-Aguilar and
Lind 1989; Paris et al. 2001, 2005a; Graham et al. 1978) or by enzymes such as
prostaglandin H synthase, cytochrome P450, xanthine oxidase, lactoperoxidase,
tyrosinase, and dopamine S-monooxygenase (Galzigna et al. 2000; Thompson et al.
2000; Segura-Aguilar 1996; Foppoli et al. 1997; Hastings 1995; Segura-Aguilar
et al. 1998; Jimenez et al. 1984). It is important to remember that aminochrome
formation is dependent on the presence of free cytosolic dopamine that can oxidize
to aminochrome, and VMAT-2 and MAO prevent dopamine oxidation, as VMAT-2
mediates dopamine accumulation in monoaminergic synaptic vesicles and MAO
catalyzes the degradation of dopamine.
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4 Aminochrome Metabolism

Aminochrome is able to participate in five different reactions, including (i) the
polymerization of aminochrome to neuromelanin. Neuromelanin is a pigment pre-
sent in dopaminergic neurons, which is localized in the substantia nigra and
accumulates with age (Zecca et al. 2002) in healthy individuals; it is also dramat-
ically decreased in patients with Parkinson’s disease. Therefore, neuromelanin
seems to play a protective role in dopaminergic neurons because it chelates metals
and binds proteins such as alpha-synuclein (Gerlach et al. 2003; Hong and Simon
2007; Fasano et al. 2006). The localization of neuromelanin in double-membrane
vesicles seems to be very important for its protective role, as free neuromelanin has
been found to be neurotoxic in cell cultures (Naoi et al. 2008) and extracellular
neuromelanin induces microglial activation in the substantia nigra (Zhang et al.
2011; Fig. 2). (i) Aminochrome also forms adducts with proteins. Aminochrome
induces and stabilizes the formation of neurotoxic protofibrils of alpha-synuclein
(Conway et al. 2001; Norris et al. 2005). Aminochrome forms adducts with other
proteins, such as actin and o- and B-tubulin, and it disrupts the architecture of the
cytoskeleton and complexes I and IIT of the mitochondria (Paris et al. 2010; Van
Laar et al. 2009). Dopamine o-quinone, the transient precursor of aminochrome at
physiological pH, forms adducts with and inactivates parkin, which is a ubiquitin
ligase of the proteasomal system (LaVoie et al. 2005); tyrosine hydroxylase; the
human dopamine transporter; and tryptophan hydroxylase (Xu et al. 1998; White-
head et al. 2001; Kuhn and Arthur 1998). (iii) Aminochrome can be one-electron
reduced, catalyzed by flavoenzymes that transfer one electron by using NADH or
NADPH ions. The leukoaminochrome o-semiquinone radical is extremely reactive
under aerobic conditions, generating a redox cycle between the leukoaminochrome
o-semiquinone radical and aminochrome (Baez et al. 1995; Segura-Aguilar et al.
1998). This redox cycling depletes the NADH and O, required for ATP production
in the mitochondria or the NADPH required for the reduction of oxidized glutathi-
one, which is an important antioxidant. There is significant evidence that supports
the neurotoxic role of the one-electron reduction of aminochrome (Paris et al. 2001,
2005a, b, 2009, 2010, 2011; Arriagada et al. 2004; Fuentes et al. 2007; Diaz-Véliz
et al. 2008; Muiioz et al. 2012a, b; Fig. 2). (iv) Aminochrome can be two-electron
reduced to leukoaminochrome, catalyzed by DT-diaphorase (EC.1.6.99.2), which is
a flavoenzyme that uses both NADH and NADPH as electron donors. DT-
diaphorase has been proposed to play a protective role in aminochrome metabolism
because this enzyme prevents the neurotoxic reactions of aminochrome, including
the one-electron reduction of aminochrome and the formation of adducts with
proteins (Arriagada et al. 2004; Lozano et al. 2010; Paris et al. 2011; Muifioz
et al. 2012a, b; Segura-Aguilar et al. 2006; Cardenas et al. 2008; Paris et al.
2010; Fig. 2). (v) Aminochrome can be glutathione-conjugated by glutathione
S-transferase M2-2 (GST M2-2) to 4-S-glutathionyl-5,6-dihydroxyindoline, which
is a stable molecule that is resistant to biological oxidizing agents (Segura-Aguilar,
et al. 1997; Baez et al. 1997). GST M2-2 also conjugates the precursor of
aminochrome dopamine o-quinone to 5-glutathionyl-dopamine, preventing the
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Fig. 2 Possible metabolism of aminochrome in dopaminergic neurons. Aminochrome is able to
participate in two neurotoxic reactions, such as the formation of aminochrome adducts with alpha-
synuclein, parkin, actin, tubulin, and mitochondrial complexes I and III, along with aminochrome
one-electron reduction to the leukoaminochrome o-semiquinone radical. However, aminochrome
can polymerize into neuromelanin, or it can be two-electron reduced to leukoaminochrome,
catalyzed by DT-diaphorase, a reaction that prevents aminochrome-induced neurotoxicity

formation of aminochrome (Dagnino-Subiabre et al. 2000). The 5-glutathionyl-
dopamine is finally converted to 5-cysteinyl dopamine (Shen et al. 1996), which has
been detected in the cerebrospinal fluid of Parkinson’s disease patients and in
dopamine-rich brain regions such as the caudate nucleus, putamen, globus pallidus,
and substantia nigra, as well as in neuromelanin (Cheng et al. 1996; Rosengren et al.
1985; Carstam et al. 1991). Therefore, the conjugation of glutathione has been
proposed to be a protective reaction against aminochrome neurotoxicity in astro-
cytes (Fig. 3).
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Fig. 3 Possible metabolism of aminochrome in astrocytes. Dopamine is taken up into astrocytes
and is able to oxidize into dopamine o-quinone. GST M2-2 is able to conjugate this compound
with glutathione to form 5-glutathionyl-dopamine, which is degraded to 5-S-cysteinyl dopamine,
a compound that is found in the cerebrospinal fluid and in neuromelanin. Dopamine o-quinone
cyclizes to aminochrome, which can also be conjugated with GSH by GST M2-2 to 4-S-
glutathionyl-5,6-dihydroxyindoline, which is resistant to biological oxidizing agents. Both conju-
gations prevent aminochrome-induced neurotoxicity
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5 Aminochrome and Parkinson’s Disease

The progressive loss of nigral dopaminergic neurons containing neuromelanin in
the substantia nigra most likely begins long before the symptomatic phases of
Parkinson’s disease are present (Braak et al. 2004). Intensive research has been
conducted over the past few decades to understand the molecular mechanism of the
neurodegeneration of neuromelanin-containing dopaminergic neurons, with the
discovery of mutations associated with Parkinson’s disease. It is generally accepted
that the mechanism that results in the loss of dopaminergic neurons in the substantia
nigra involves the aggregation of alpha-synuclein to neurotoxic protofibrils,
a dysfunction of protein degradation, mitochondrial dysfunction, oxidative stress,
and neuroinflammation (Schapira 2011; Conway et al. 2001; McNaught et al. 2004;
Cuervo et al. 2010; Schapira and Jenner 2011). There is growing evidence that
supports the role of aminochrome in the degeneration of dopaminergic neurons that
contain neuromelanin, including the following findings: (i) Aminochrome forms
adducts and inactivates complexes I and III and isocitrate dehydrogenase, an
enzyme of the citric acid cycle in the mitochondria (Van Laar et al. 2009).
One-electron reduction of aminochrome depletes NADH, thereby decreasing ATP
production in cell culture (Mufioz et al. 2012b). (ii) Aminochrome was found to
induce the formation and stabilization of alpha-synuclein protofibrils (Norris et al.
2005). (iii) Aminochrome inactivates the proteasomal system of degradation of
proteins by forming adducts with parkin (Zafar et al. 2006; La Voie et al. 2005).
Interestingly, alpha-synuclein protofibrils inhibit chaperone-mediated autophagy
(Xilouri et al. 2009) and the 26S proteasomal system (Zhang et al. 2008).
Aminochrome forms adducts with tubulin (Van Laar et al. 2009), and one-electron
reduction of aminochrome induces the aggregation of o- and f-tubulin,
disrupting the cytoskeletal structure (Paris et al. 2010; Muifioz et al. 2012a). Tubulin
aggregation prevents the microtubule formation required for the fusion of
autophagocytic vacuoles and lysosomes (Monastyrska et al. 2009). (iv)
Aminochrome one-electron reduction induces oxidative stress (Arriagada et al.
2004). Interestingly, aminochrome is involved in four of the five mechanisms that
are generally accepted to be involved in the degeneration of neuromelanin-
containing dopaminergic neurons in Parkinson’s disease.

6 L-dopa Metabolism

The amino acid tyrosine is used as a substrate in the production of L-dopa,
a reaction catalyzed by tyrosine hydroxylase in dopaminergic neurons. However,
L-dopa is immediately converted to dopamine in a reaction catalyzed by AADC.
It has been reported that the enzymes TH and AADC are associated with the
membrane-bound VMAT-2, forming a kind of complex to prevent L-dopa and
dopamine from remaining free in the cytosol (Cartier et al. 2010). It is unknown
whether free L-dopa in the cytosol is able to undergo metabolism under
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normal conditions because in Parkinson’s patients, L-dopa undergoes metabolism,
an important part of treatment. L-dopa can be decarboxylated to dopamine even
outside the central nervous system, and L-dopa can be converted to L-3-o0-
methyldopa by COMT (Okada et al. 2011).

SAM SAH
HO
mNHZ K /‘ - s
HO COOH > 5 COOH
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L-dopa 3-0-M ethyl-L-dopa
Co, AADC
HO
HO
Dopamine
7 L-dopa Neurotoxicity In Vitro

Experiments in vitro with cultured neurons exposed to L-dopa resulted in apoptosis
that included cell shrinkage, membrane blebbing, and nuclear and DNA fragmen-
tation (Melamed et al. 1998; Walkinshaw and Waters 1995). L-dopa was found to
be neurotoxic when it increased the expression of cytosolic cytochrome c, cleaved
caspase-3, and decreased phosphorylated Akt (Ser473), phosphorylated glycogen
synthase kinase-3beta (GSK-3beta) (Ser9), and heat shock transcription factor-1.
The activation of PI3K protects the cells against L-dopa neurotoxicity (Park et al.
2009). L-dopa has been reported to induce cell death in SH-SY-5Y cells with the
concomitant deactivation of glutaredoxin. This compound was deactivated in
a dose-dependent manner, suggesting an irreversible adduction of L-dopachrome
to its nucleophilic active-site Cys-22. L-dopa also decreases thioredoxin and
thioredoxin reductase activity and protein content. Knockdown of glutaredoxin
increases L-dopa-induced apoptosis (Sabens et al. 2010). L-dopa activates
apoptosis signaling kinase 1 (ASK1), as indicated by the phosphorylation of its
downstream mitogen-activated protein kinases (MAPK), p38 and JNK. The inhi-
bition of either p38 or JNK or the knockdown of ASK1 provides protection against
L-dopa-induced apoptotic neuronal cell death in the SH-SY-5Y cell line
(Liedhegner et al. 2011). L-dopa has also been found to impair proteasome activity
through the D; dopamine receptor (Berthet et al. 2012). The ability of L-dopa to be
neurotoxic is dependent on its ability to oxidize to L-dopa o-quinone, which
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Fig. 4 Possible metabolism of cyclized L-dopa o-quinone. L-dopa oxidizes to L-dopa o-quinone,
which cyclizes to cyclized L-dopa o-quinone. This compound is able to (i) polymerize to form
neuromelanin, (ii) form adducts with proteins, (iii) form adducts with biomolecules, (iv) be one-
electron reduced to the cyclized L-dopa o-semiquinone radical, (v) be conjugated by GSH to
4-glutathionyl-5,6-dihydroxyindoline-2-carboxylic acid, or (vi) be two-electron reduced, cata-
lyzed by DT-diaphorase

spontaneously cyclizes to cyclized L-dopa o-quinone at physiological pH (Baez
et al. 1994; Takeshima et al. 2011; Kostrzewa et al. 2002).

The cyclized L-dopa o-quinone is able to participate in several reactions, such as
(i) polymerization to melanin (for review, see Prota 1995) and (ii) the formation of
adducts with proteins such as glutaredoxin (Sabens et al. 2010). A significant increase
in cell death and the formation of quinoproteins were observed when CATH.a cells
were incubated with L-dopa (Asanuma et al. 2012). (iii) The formation of adducts
with molecules such as cysteine, nicotine, amphetamine, and quercetin has also been
reported (Dehn et al. 2001; Claffey and Ruth 2001; Kubo et al. 2007; Caudle et al.
2007; Miller and Muhlack 2012). (iv) L-dopa can be one-electron reduced with
flavoenzymes that transfer one electron and use NADH or NADPH. (iv) L-dopa can
also be two-electron reduced by DT-diaphorase (Baez et al. 1994), and (v) it can be
conjugated by glutathione transferase M2-2 (Baez et al. 1997) (Fig. 4).
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8 L-dopa-Induced Dyskinesia

L-dopa induces neurotoxicity in cell lines that are used as a model for in vitro studies
of Parkinson’s disease or primary cell cultures (Melamed et al. 1998; Walkinshaw and
Waters 1995; Park et al. 2009; Sabens et al. 2010; Liedhegner et al. 2011). However,
these neurotoxic effects in dopaminergic neurons are not observed in animal models
of L-dopa, most likely as a consequence of the efficient conversion of L-dopa to
dopamine. In fact, only one L-dopa metabolite is found in the literature (L-3-o-
methyldopa), supporting the idea that the major route of metabolism of L-dopa is
its conversion to dopamine and that under normal conditions, L-dopa is not found,
free or accumulated. Although L-dopa does not induce neurotoxicity of dopaminergic
neurons, as observed in cell cultures, L-dopa induces dyskinesia in approximately
40 % patients with 4-6 years of treatment (Ahlskog & Muenter 2001). The mecha-
nism for L-dopa-induced dyskinesias is very complex, but a role for serotonergic
neurons has been proposed. The rapid oscillation of striatal dopamine during L-dopa
treatment has been found to be required for the induction of dyskinesias (Meissner
et al. 2006; Pavese et al. 2006). In L-dopa treatment of a Parkinson’s disease patient,
the dopaminergic neurons that are still functioning convert L-dopa to dopamine,
which is stored in monoaminergic synaptic vesicles. Dopamine is released by the
axon terminal, which is regulated by D, dopamine receptors and the dopamine
transporter (DAT). However, serotonergic neurons express both AADC and
VMAT-2 and release dopamine, but without the regulation of the D, receptor and
DAT (for review, see Cheshire and Williams 2012). Studies in animals with exper-
imental Parkinsonism showed that serotonergic neurons are responsible for 80 % of
dopamine release during L-dopa treatment (Tanaka et al. 1999)

9 Dopamine and L-dopa as Selective Neurotoxins

Dopamine is an essential neurotransmitter in dopaminergic neurons, accumulating
inside monoaminergic synaptic vesicles for use as a neurotransmitter. Dopamine
released into the intersynaptic space is recaptured by dopaminergic neurons with
DAT, whereas cytosol dopamine can be (i) accumulated into monoaminergic
synaptic vesicles mediated by VAMT-2, (ii) degraded by MAO and COMT, or
(iii) autoxidized into aminochrome. However, dopamine induces neurotoxicity
when undergoing oxidation to aminochrome, which can be neurotoxic by (i)
forming adducts with proteins, such as alpha-synuclein, parkin, mitochondrial
complexes I and III, isocitrate dehydrogenase, actin, tubulin, or the dopamine
transporter or by (ii) being one-electron reduced by flavoenzymes that use NADH
or NADPH as an electron donor. It was proposed that aminochrome is the endog-
enous neurotoxin that is responsible for the neurodegenerative process of
neuromelanin-containing dopaminergic neurons (Lozano et al. 2010; Paris et al.
2010, 2011; Mufioz et al. 2012 a, b). Aminochrome is a selective neurotoxin, as it is
formed inside a single dopaminergic neuron. Aminochrome can induce
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neurotoxicity, resulting in a focalized neurotoxic event, which is in line with the
slow neurodegeneration that occurs in neuromelanin-containing dopaminergic neu-
rons, which takes years.

Experiments with cell cultures demonstrate the potential neurotoxic effects of
L-dopa, but depending on the cellular model used for these experiments, it is
possible that a part or all of the L-dopa added to the cell cultures was
decarboxylated to dopamine before it induced neurotoxicity. It seems plausible
that L-dopa is only a transient precursor in the synthesis of dopamine because the
synthesis of dopamine is performed in a type of complex with TH and AADC,
which are associated with VMAT-2, localized in monoaminergic synaptic vesicles.
This suggests that L-dopa is not free in the cytosol because free L-dopa is imme-
diately converted to dopamine and transported into the vesicles (Cartier et al. 2010).
In Parkinson’s therapy, L-dopa also acts as dopamine, as the decarboxylation of
L-dopa and the unregulated release of dopamine from serotonergic neurons occur in
both the peripheral and central nervous system, a process that seems to be involved
in L-dopa-induced dyskinesias (Cheshire and Williams 2012).
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