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Mechanisms of L-Cysteine Neurotoxicity*
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We review here the possible mechanisms of neuronal degeneration caused by L-cysteine, an odd
excitotoxin. L-Cysteine lacks the omega carboxyl group required for excitotoxic actions via ex-
citatory amino acid receptors, yet it evokes N-methyl-D-aspartate (NMDA) -like excitotoxic neu-
ronal death and potentiates the?Cimflux evoked by NMDA. Both actions are prevented by
NMDA antagonists. One target for cysteine effects is thus the NMDA receptor. The following
mechanisms are discussed now: (1) possible increase in extracellular glutamate via release or in-
hibition of uptake/degradation, (2) generation of cysteirearbamate, a toxic analog of NMDA,

(3) generation of toxic oxidized cysteine derivatives, (4) chelation &f &hich blocks the
NMDA receptor-ionophore, (5) direct interaction with the NMDA receptor redox site(s), (6) gen-
eration of free radicals, and (7) formation of S-nitrosocysteine. In addition to these, we describe
another new alternative for cytotoxicity: (8) generation of the neurotoxic catecholamine deriva-
tive, 5-S-cysteinyl-3,4-dihydroxyphenylacetate (cysdopac).

KEY WORDS: L-Cysteine; neurotoxicity; N-methyl-D-aspartate receptors; free radicals; catecholamines.

INTRODUCTION depolarization in a C&dependent manner (7,8), it ex-
cites neurons (9) and is taken up by both neurons and
The role of L-cysteine in the central nervous system glial cells (1).
is not wholly understood. It is a rate-limiting precursor An excess of L-cysteine has proved neurotoxic in
for glutathione synthesis in neurons (1-3) and providesvivo in developing animals with a still immature blood-
inorganic sulfate for detoxification reactions (4). It may brain barrier (10) and in cultured neurons in vitro (11).
thus be involved in neuroprotection (5). It also protects |-Cysteine must thus also be considered a potent exci-
nerve cells by forestalling the entry of heavy metal ions totoxin (9-16), comparable in its potency to other
into the brain across the blood-brain barrier (6)adidi-  excitatory amino acidsAdministration of exogenous
tion to this, L-cysteine may play a role as a neuro- |-cysteine even evokes behavioral deficits (TThese
modulator, since it is released from brain slices upon excitotoxic actions have been implicated in the patho-
genesis of several neurological disorders, e.g., amy-
1 Brain Research Center, Medical School, University of Tampere, otrophlc lateral sclerosis, ar_1d Parkinson’s, A!zhelmer_’s
Finland. (4) or Hallervorden-Spatz diseases (18) and in hypoxic/
2Department_ of Clinical Physiology, Tampere University Hospital, jschemic and hypoglycemic brain damage (16,19-21).
3giﬁgﬁl;ﬁérftm(|)afng\-nimal Anatomy and Physiology, University of Neuronal d_a_mag_e produced by L__CySteme may thus be
Debrecen, Hungary. of great clinical importance, but little is known as to
4 Address reprint request to: Professor S. S. Oja, Brain Research Centhe causative mechanism(s) (9). In the present article,
oot P oias Simeera e Wamyaiy . We endeavor o review the most plausible mechanisms
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Research. the central nervous system.
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Release of Cysteine in Hypoxia and Hypoglycemia. expression of the glutamate receptor GIURB subunit which
It is reasonable to think that the toxicity of L-cysteine controls the selectivity of non-NMDA ion channels are
manifests itself only when there is an excess in the ex-then the main cause for membrane damage, cytosceletal
tracellular fluid of the brain, since the compound is an disruption and osmotic lysis (28,29). &udition to this,
endogenous naturally occurring constituent in all cells. cerebellar granule cells produce nitric oxide (NO) in re-
Such is the situation in the case of ischemic brain dam-sponse to stimulation of their NMDA receptors (30).
age. The total tissue concentrations of L-cysteine ap-The C&" which enters into neurons by means of acti-
proach 70QuM (21). In cerebral ischemia it is released vated NMDA receptors stimulates the constitutive form
into the extracellular space mainly from glial cells. Li of nitric oxide synthase (NOS), generating the second
and associates (22) recently reported that the net effluxmessenger NO, which exhibits both neuroprotective
of L-cysteine, i.e., the difference between release and up-and neurodestructive properties (31,32). There are thus
take, is increased in anoxia/aglycemia by a mechanisma number of reasons why factors and processes which

which involves y-glutamyltransferasey{GT). The in- modulate C# influx through the NMDA receptor are
creased net efflux of L-cysteine could then be due to theof interest.
breakdown of glutathione (GSH) lyGT rather than to L-Cysteine destroys neurons when administered

the enhanced release alone. The breakdown of GSH byorally at high doses to infant mice (9). Damage is typi-
y-GT may be massive during sustained ischemia in vivo cally restricted to circumventricular regions which lack
(22). The decrease in extracellular L-cysteine by acivicin the blood-brain barrier. It evolves rapidly and the end-
(an inhibitor of y-GT) during anoxia/aglycemia corre- stage neuronal necrosis is reached within 2-3 hours.
sponds quantitatively to the increase in GSH. The sameParadoxically, lower doses cause a more devastating
authors also report a massive increase in cysteine sulfineurotoxic syndrome, which develops more slowly, but
nate (CSA) during anoxia/aglycemia, which is likewise damages a greater number of brain regions, including
attenuated by inhibition ofGT. These changes are, at cerebral cortex, hippocampus, caudate nucleus and thal-
least in part, related to the alterations in extracellular amus (9). The cerebral cortex and hippocampus are the
L-cysteine oxidized to CSA, possibly by the free radicals most vulnerable areas and neurons seem to be initially
generated (22). During the reperfusion period following selectively lesioned (33). L-Cysteine causes a simi-
ischemia, spontaneous oxidation and overproduction oflarly widespread pattern of damage in the fetal rodent
free radicals is likely to occur. Another possibility is that brain when administered orally or subcutaneously to
L-cysteine oxidation to CSA is catalyzed by metal ions the pregnant dam in late gestation (9)ligt or elec-
such as iron during anoxia/aglycemia. The increase intron microscopy neurons undergoing L-cysteine-induced
extracellular CSA in ischemic conditions may thus re- degeneration have an identical appearance to those un-
flect enhanced formation of free radicals and could be dergoing degeneration after exposure to glutamate or ex-
used as an indirect measure of oxidative stress in thaftitotoxic analogs of glutamate (9). The deleterious effect
case. CSA however, like the parent molecule L-cysteine,of L-cysteine thus resembles that of glutamate and
is also a potent excitotoxin (see below). NMDA. L-Cysteine also enhances the glutamate- and
Interactions of L-Cysteine with N-Methyl-D-Aspar- NMDA-evoked neuronal influx of G4 (Fig 1). The
tate ReceptorsActivation of the N-methyl-D-aspartate competitive NMDA receptor antagonist D-2-amino-5-
(NMDA) receptors evokes Gainflux through the as-  phosphonopentanoate (D-AP5) prevents both cysteine
sociated ionophore. While this €aignal is involved, neurotoxicity (9) and the Gainflux-enhancing effect
e.g., in neuronal plasticity and memory processes (23),(Fig. 2). In our experiments, the non-competitive NMDA
an excessive influx of Gais apparently the major cause antagonist dizocilpine, as well as the non-NMDA recep-
of glutamate toxicity. Both prolonged overexcitation of tor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione
NMDA receptors by excitatory amino acids and pro- (CNQX), were effective inhibitors of the NMDA plus
longed alleviation of M& or Zr?* blocks of the receptor-  cysteine-evoked influx of Ga
coupled ionophores play crucial roles in neuronal death. The NMDA receptors are thus the most obvious tar-
A torrent of C&" via the open channels and a secondary gets for L-cysteine both as a neuromodulator and as a
release of C4 from the intracellular stores lead to meta- neurotoxin. However, this is an enigmatic excitotoxin.
bolic cascades which are deleterious to cells (24,25).The results cited above indicate that it can at low con-
They cause further depolarization, passivé i@flux, centrations selectively activate glutamate receptors, in
cation and water entry, mitochondrial dysfunction and particular those of the NMDA class, but it is unclear how
generation of free radicals via activation of lipases (26). this effect is produced (9). L-Cysteine may be a very
Activation of lipases and proteinases (27) and the reducedveak NMDA agonist in its own right (34), but this may
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Fig. 1. Activation of NMDA- and glutamate-evoked calcium influx
into cultured rat cerebellar granule cells by L-cysteine. Experiments
with 1 mM glutamate®) and 0.1 mM NMDA Q) in the presence of
0.81 mM “CaCl and varying concentrations of L-cysteine.
Significantly different from the control: *P<0.05; **P< 0.01.
Hermann et al. (53).

Fig. 3. Possible mechanisms of L-cysteine neurotoxicity mediated by
overactivation of NMDA receptors.

hydrogen peroxide (36). The oxygen free radicals gener-
ated may cause lipid peroxidation and thence overacti-
vation of NMDA receptors (see Fig. 3). On the other hand,
cysteine may capture NO and form S-nitrosocysteine
(cys-NO) (32). Cys-NO is neurotoxic in the absence of
superoxide dismutase (SOD), because it generatéds NO
which reacts with endogenous oxygen radicals, produces
peroxynitrite (OONO) and consequently causes neuronal
injury (37). Exposure of cultured hippocampal neurons
to Cys-NO elevates intracellular €aand the recovery
from the brief depolarization-induced increase in intra-
cellular C&" is delayed, indicating a perturbation of the
cellular mechanisms maintaining homeostasis (38).
The primary action of NO released from cys-NO is
mimicked by oligomycin, an inhibitor of mitochondrial
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Fig. 2. Effects of NMDA and non-NMDA antagonists on the NMDA-
and NMDA-plus cysteine-activated influx $1C&* into rat cerebellar
granule neurons. Concentrations: NMDA and cysteine 1 mM,
dizocilpine, D-AP5 and CNQX 0.1 mM. Mean values with SEM of
four independent experiments. Significantly different from the control:

ATP synthetase. The effect is not additive to that of
cys-NO. Brorson and colleagues (38,39) assume that
NO released from cys-NO suffices to inhibit ATP syn-
thesis by means of binding to Fe atoms in heme and Fe-

**P<0.01. S cluster-containing enzymes, or else that the generated

peroxynitrite inactivates complexes I-lll of the mito-
not explain its NMDA-like effects at low doses. In con- chondrial electron transport chain. In this manner the
trast to other excitotoxins, the L-cysteine molecule car- long-lasting release of NO and production of its by-
ries one acidic group instead of two and consequently product peroxynitrite can inhibit mitochondrial respira-
does not obey the general structure-activity requirementstion and stop mitochondrial proton pumping, leading to
of excitotoxins. However, the molecule has many other rundown of the inner membrane potential which allows
propensities, which may underlie its interaction with the ATP synthesis and mitochondrial €aiptake via the
NMDA receptors, as outlined in Fig. 3. C&* uniporter (40,41).

Free Radical Generatior.-Cysteine may generate The neurotoxicity of S-nitrosohomocysteine is par-
oxygen free radical species by Haber-Weiss-type reac-adoxically forestalled in rat cerebrocortical cultures by
tions when interacting with transition metal ions (35). L-cysteine (42), which apparently acts as a NO sink via
The chemical reactivity of the sulfhydryl moiety may transnitrosylation. No release of free NO then occurs.
bring forth toxicity through auto-oxidation by generating SOD offers no further protection over excess L-cysteine at
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millimolar concentrations. However, 1 mM of L-cys- via chelation of Z# or via a direct interaction with disul-
teine alone is precisely the killing threshold via NMDA  fide group(s) in the NMDA-receptor redox site(s). A def-
receptors (42). In experiments in which L-cysteine it- inite balance between the neuronal release of glutamate
self is neurotoxic, it does not afford protection from and NO and the neuronal or glial release of L-cysteine as
S-nitrosohomocysteine toxicity. Neither does SOD ga cotransmitter or neuromodulator may thus settle the
block the neuronal death induced by the combination of normal activation of NMDA receptors.
S-nitrosohomocysteine and L-cysteine. In contrast, cys-  Accumulation of Glutamate in the Extracellular
teine toxicity is abrogated by NMDA receptor antago- SpaceThe neurotoxicity of L-cysteine may also be me-
nists such as dizocilpine and memantine (40). diated by means of elevated extracellular concentra-
Mild and short-lasting exposure to cys-NO leads to tions of glutamate. The rationale in this suggestion is
apoptosis, which is prevented by pretreatment with SOD that L-cysteine has been shown to inhibit glutamate re-
and catalase (41). Moreover, in the presence of SOD,uptake in neurons (45), and production of free radicals
application of cys-NO attenuates the NMDA-evoked in- may stimulate the release (46) or inhibit the uptake
flux of C&*, a prerequisite for NMDA receptor-mediated  (47) ofglutamate. Moreover, L-cysteine inhibits glutamate
neurotoxicity (42,43). Under normal in vivo circum- decarboxylase in the mouse brain in vivdjich allows
stances, SOD is present in the blood serum and extracelan extracellular accumulation of glutamate (48). In our
lular fluid. The extracellular isoform of SOD is clearly in vitro experiments L-cysteine evoked the release of
different from its intracellular counterpart, but their func- preloaded labeled glutamate from hippocampal slices
tions are essentially the same, i.e., to inactivate reactive(Fig. 5A) and enhanced the release evoked byéfo-
oxygen species (ROS) (44). In the presence of SOD, cys{arization (Fig. 5B). However, the in vivo data of Puka-
NO ameliorates NMDA receptor-mediated neurotoxic- Sundvall and associates (33) are somewhat contradictory.
ity, because any Ntproduced from homolytic cleavage They measured by means of microdialysis the extracellu-
of cys-NO is prevented by SOD from entering the neu- |ar levels of glutamate and other amino acids in the cere-
rotoxic pathway with @. Cys-NO can also react het- bral cortex after injection of a toxic dose of L-cysteine
erolytically and transfer NOto thiol(s) in the redox  and found only minor changes in the glutamate levels.
modulatory site(s) of NMDA receptors, resulting in a ni- These authors therefore held it unlikely that L-cysteine
trosothiol derivative. This process downregulates could elicit neurotoxicity by increasing extracellular
NMDA receptor activity, possibly through facilitation of  glutamate.
disulfide formation (Fig. 4). If we think that NMDA re- Direct Interaction with the Redox Site(s) in the
ceptor activation is followed by &ainflux and conse- NMDA ReceptorL-Cysteine may enhance the actions of
quent generation of NO via NOS activation, the small excitatory amino acids at NMDA receptors by reducing
amounts of L-cysteine are neuroprotective by means ofthe functional thiol/disulfide groups in the receptor-

generation of cys-NO and a negative feedback mecha-onophores (32,49,50). Puka-Sundvall and coworkers (33)
nism. As we shall see, the greater amounts of L-cysteine,
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release ofH]glutamate from rat hippocampal slices. The bars indicate
the presence of 1 mM cysteine and/or 50 mMrdm 70 to 80 min of
superfusion. Control experiments without L-cysteine and K
stimulation @ ) and the effects of 1 mM L-cysteing ), K* stimulation

(A) and K stimulation plus L-cysteinek(). Mean values with SEM of
four independent experiments.
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suggest that there obtains synergism between L-cysteind_-cysteine sulfinate may mediate a minor part of this neu-
and glutamate, the main mechanism being potentiation ofrotoxicity (9). L-Cysteine sulfinate is a broad spectrum
glutamate toxicity by cysteine-evoked reduction of the agonist at all excitatory amino acid receptors (58).
glutamate-activated NMDA receptor-ionophore com- The structural similarity to kainate is striking (Fig 7).
plexes, as depicted in Fig. 3. However, relatively large Sulfocysteine is apxcitotoxic glutamate analog, applica-
concentrations of L-cysteine are apparently needed totion of which to primary cultures of mouse neocortical and
cause any reduction in the NMDA receptors (49). cerebellar neurons results in an increase fissecnRNA

Chelation of Zn lonsL-Cysteine may chelate the induction, which is accompanied by a release of cytosolic
NMDA receptor-ionophore blocker i) thus alleviating lactate dehydrogenase, used as an indicator of excitotoxi-
the voltage-independent Zrblock of the receptor. This  city (59).

is followed by a torrent of C4 into the neurons L-Cysteine and L-cysteate have been reported to be
(9,16,51-53). In our cerebellar granule cell cultures (53), harmless to hippocampal slices with a plentiful supply of
the marked potentiation of NMDA-evoked Lanflux oxygen and glucose but toxic to energy-deprived slices

(Fig. 1) and the glutamate-evoked elevation of intracel- (20). In the latter, cysteine is twice as toxic as cysteate,
lular free C&" by L-cysteine (Fig. 6) are markedly at- probably due to a more broad-spectrum mechanism of
tenuated by both the presence of'Zand pretreatment  action. The neurotoxicity of both compounds is antago-
with Zr?*. In the experiments of Eimerl and Schramm nized by the competitive NMDA antagonist D-APS5,
(51), L-cysteine effectively potentiated glutamate toxic- while the glycine antagonist 7-chlorokynurenate blocks
ity and “°C&* influx. AlImost maximal potentiation was only cysteine toxicity. Neither of them is toxic in the ab-
already achieved at the 204 concentration. At such a sence of C#, while a high concentration of My
low concentration it seems reasonable to ascribe the poblocks only the neurotoxic effect of cysteate. This lack
tentiating effect to the well-known ability of L-cysteine of inhibition by M¢?* has been presumed to result from
to bind metal ions and not to its reducing activity. For in- possible interactions of L-cysteine with the agonist-
stance, the concentration of dithiothreitol must be in the specific site which opens the NMDA-governed ion
order of 1 mM to cause comparable effects, and thatchannel and with the Mg-binding site which prevents
compound is nevertheless markedly more potent thanthe blockade of the NMDA receptor by divalent
L-cysteine as a reducing agent (49). cations, or from the ability of L-cysteine to chelate?¥g
Generation of Toxic Oxidized L-Cysteine Deriva- (20). All direct evidence of both mechanisms is lacking,
tives. In addition to the above possible mechanisms, however. The ability of L-cysteine to chelate?Zmay
L-cysteine is metabolized to toxic oxidized products, e.g., be a more plausible explanation which also covers the
S-sulfocysteine (54), CSA and cysteate (13,19,22,55).stronger toxicity of L-cysteine when compared to that of
Some of these also act at both ionotropic and metabo-L-cysteate (51). Cysteine and cysteate may also interact
tropic glutamate receptors (19,56,57) and may thus me-with different subtypes of NMDA receptors.
diate the neurotoxic effects of L-cysteine (13). Other CSA may also act via inhibition of glutamate uptake
excitotoxic metabolites such as L-cysteine-S-sulfate and(60) or via selective effects on phospholipase D-coupled
glutamate receptors (61), provided that sufficiently high
local concentrations are reached (22). Although the neu-
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documented (13,55,62,63), results on their mediator roleThese two consequences may represent different toxicity
in cysteine-evoked neurotoxicity are still not consistent mechanisms, because the NMDA antagonist D-AP5
(19,20). blocks the neurotoxicity of low doses of cysteine, while
Generation of Cysteine-Carbamate.CO, and L- that evoked by high doses is blocked by CNQX (Fig. 2).
cysteine may form an excitotoxic carbamate, though this The toxicity of high doses of L-cysteine may thus in-
is a hypothesis backed by only circumstantial evidencevolve 2-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
(9,64). Olney and his group (9) report that the NMDA- onate (AMPA) receptors. Max (65) speculates that the
like neurotoxicity of L-cysteine is potentiated by physio- low-dose mechanism may involve carbamate formation
logical concentrations of hydrogen carbonate. The secondr chelation of Z& (see above), while the high-dose
pK, of L-cysteine (associated with the amine function) is mech-anism involves diffusion of L-cysteine to addi-
8.37. Consequently, a proportion of L-cysteine will be tional sites of toxicity, followed by enzymatic oxidation
deprotonated at physiological pH and be able to form anto cysteine sulfinate. To his theory we would add the
a-carbamate by reacting with the physiological hydrogen possibility that at high doses L-cysteine could elevate
carbonate buffer system. The p¥alues of amino acids the extracellular concentration of glutamate (see above),
lacking the sulfhydryl group exclude the possibility of which in turn can locally activate non-NMDA classes of
forming carbamates (65). In the case of L-cysteine, how- glutamate receptors sensitive to CNQX (see Fig. 3).
ever, Nunn and associates (64) have confirmééiand
13C NMR spectroscopy that a new molecular species is
formed upon addition of hydrogen carbonate to solutions

containing L-cysteine. They suggest that this indicates Interaction of L-cysteine with catecholamines

the formation of am-carbamate. There is indeed a strik-
ing structural resemblance between thearbamate of
L-cysteine and NMDA (Fig. 8). Activation of NMDA
receptors by cysteine-carbamate may thus be an im-

Catecholamines such as dopamine, norepinephrine
and epinephrine play essential roles in the control of
emotion and movement, but can generate neurotoxins
under certain conditions. In particular, dopamine induces

portant but so far largely overlooked mechanism for ex- cytotoxicity by means of the products of auto-oxidation,
citotoxicity. Such a mechanism of neurotoxicity has reactive free radicals and quinone. Reactive free radicals
nevertheless been surmised to form the basis for chronicsuch as superoxide and hydroxy radical can damage
neurological degeneration in man (64). lipids, proteins or DNA and cause cell death. The free
Owing to an early reasoning of Olney and associatesradical-mediated toxicity of dopamine is witnessed by
(13), it is often assumed that L-cysteine neurotoxicity is a the sensitivity of neurons to antioxidants such as catalase,
consequence of its oxidation to cysteine sulfinate by way SOD, ascorbate and N-acetyl-L-cysteine (66,67). How-
of cysteine dioxygenase (see above, Fig 7). However, ever, the possibility has also been raised that the cyto-
since the excitotoxicity of L-cysteine is increased in the toxic effects of catecholamines may be mediated by co-
presence of hydrogen carbonate (9), the alternative thatvalent binding of quinones to cysteine residues in
the toxicity is due to carbamate formation must be seri- proteins (68).
ously taken into account. These two mechanisms may Here, however, there remains an unsettled conflict.
not be mutually exclusive and certain data suggest thatCysteinylcatechols are toxic to P19 neuroglial cultures
both of them may be operative (65). As discussed above and to pyramidal neurons in organotypic cultures of the
high levels of L-cysteine cause neuronal damage within hippocampus (69), but dopamine neurotoxicity is atten-
2-3 h and lower levels produce even more damage oveluated by the thiol antioxidant N-acetyl-L-cysteine (68).
4—6 h, but in more numerous regions of the brain (9). While the SH group in N-acetylcysteine can detoxify
reactive oxygen species, N-acetylcysteine and other
thiol-containing compounds can attenuate the cytotoxi-

H H
city of o-quinone, the oxidation product of dopamine,
s ol Y ) via covalent binding (70). Otherwise, the conjugation of
cH,sH Y I NHCO; cH,"NH,) Yl cH.co; o-quinone to the cysteine residues in proteins triggers
co; co; neuronal apoptosis (68). In this respect, N-acetylcys-
teine is neuroprotective. In contrast to N-acetylcysteine,
cysteine o-carbamate NMDA L-cysteine itself is neurodestructive in catecholaminer-

gic systems, forming cysteinylcatechols by nucleophilic
addition of cysteine to oxidized catechols (Fig. 9).
In particular, 5-S-cysteinyl-3,4-dihydroxyphenylacetate

Fig. 8. Stereochemical similarities between tloecarbamate of
cysteine and NMDA, a consequence of their opposite chiralities.
Modified from Nunn et al. (64).
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(cysdopac) has been shown to be particularly cytotoxic their intraneuronal GSH. The oxygen radical-mediated
in differentiated P 19 neuroglial cultures (69). Cysdopac oxidation of dopamine generates dopanurginone,

is also neurotoxic to hippocampal pyramidal neurons. which reacts avidly with cysteine to form 5-S-cysteinyl-
Selective NMDA receptor antagonists ablate this effect. dopamine. We may assume that cysdopac is formed in a
Electrophysiological experiments have failed to similar manner. In addition to this, the generation of sev-
demonstrate NMDA receptor agonist activity for cys- eral other potentially toxic cysteinylcatechols has been
dopac, nor does cysdopac inhibit glutamate uptake. In-suggested (72). 5-S-Cysteinyldopamine is further oxi-
stead, cysdopac has been proved to be an indirect excidized by oxygen radicals to the dihydrobenzothiazine
totoxin, because it is a potent inhibitor of mitochondrial precursor 7-(2-aminoethyl)-3,4-dihydro-5-hydroxy-2H-
complex | activity. Mitochondrial dysfunction with im-  1,4-benzothiazine-3-carboxylate (DHBT-1). The final
paired energy metabolism can then increase sensitivityproducts, benzothiazines (72), can be accumulated by
to endogenous NMDA receptor agonists, thereby lead-brain mitochondria (73) and be further metabolized to
ing to indirect excitotoxic neurodegeneration by*€a  electrophilic intermediates which evoke a time-depend-
dependent mechanisms (69). Cysteinylcatechol forma-ent irreversible inhibition of NADH-CoQ1 reductase by
tion thus vyields novel neurotoxins which could covalent modification of the key sulfhydryl residues in
contribute to excitotoxic neurodegeneration. Such a mitochondrial complex | (74). These toxic benzoth-
mechanism, if operative in the pathogenesis or progres-iazines may thus contribute, together with cysdopac, to
sion of Parkinson’s disease, may explain the therapeu-the delayed adverse effects on complex | and thence
tic efficacy of NMDA receptor antagonists in some to degeneration of dopaminergic neurons.

Parkinsonian patients (71).

The extracellular levels of GSH and cysteine in
vivo have remained unaltered when the rat striatum
and substantia nigra were perfused with the active
metabolite 1-methyl-4-phenylpyridinium (MPPof the Although L-cysteine is a poorly elucidated excito-
dopaminergic neurotoxin 1-methyl-4-phenyl-1,2,3,6- toxin, it may nevertheless be of significance in neurode-
tetrahydropyridine (MPTP) (72). However, a massive generative disorders. L-Cysteine concentrations in-
but transient increase in GSH occurred when the perfu-crease in the brain during ischemia and the extracellular
sion was discontinued, followed by a slightly delayed levels are also elevated. Certain neurodegenerative dis-
and smaller elevation in extracellular cysteine which eases are associated with increased plasma concentra-
could be blocked by theGT inhibitor acivicin. The re-  tions of L-cysteine. Here we review several mechanisms
lease and-GT and dipeptidase-mediated hydrolysis of which may underlie cysteine neurotoxicity. The cerebral
GSH to glutamate, glycine and cysteine may thus be im-concentration and distribution of L-cysteine may be
portant factors in the degeneration of dopamine neuronsa critical determinant for the outcome of glutamate-
(72). The toxicity of glutamate and glycine mediated by mediated overexcitation. The neurotoxicity of L-cys-
means of overactivated NMDA receptors is well docu- teine involves both pre- and postsynaptic interactions
mented, but the role of cysteine is intriguing in this animal with glutamatergic neurotransmission. The enhanced re-
model of Parkinson’s disease. Damaged dopamine neudease and production of excitatory agents catalyzed by
rons should take up cysteine if they attempt to replenishcysteine dioxygenase is paralleled by the enhanced

affinity of NMDA receptors for these agonists. These
agents then act at the NMDA-governed ionophores,

CONCLUDING REMARKS

HO o HO converting them to an open state by means of allevia-
:@/-cc:‘c::l ji:rcoou oj@rcoou tion of Zr**, Mg?" and disulfide blocksThe possible
HO =" o HE N accumulation of extracellular glutamate may also activate
% dos cysteine s—/goo; metabotropic glutamate receptors, resulting in protein ki-
quinone nase C-dependent phosphorylation and activation of the
dopae intermediate cysdopac NMDA receptor ionophores. Activation of non-NMDA

_ _ . _ receptors may help to alleviate the ¥glock by depo-
Fig. 9. Formation of 5-S-cysteinyl-3,4-dihydroxyphenylacetate larizati Th | . ti 7 Cu
(cysdopac). Repeated single electron oxidation of catechols to their lar1Zation. These alterations result in a torrent 0
corresponding quinones is catalyzed by metal ions such33s(&", neurons which is lethal. In the presence of catecholamines,
and Mrf*. The process is accompanied by the production of partially cysteinylcatechols may also inhibit the mitochondrial res-
reduced oxygen species (ROS). The quinone readily accepts . .. leadi . d . d
nucleophiles to form a catechol preferentially substituted at position 5. PIfation, leading to an increased sensitivity to endogenous
Modified from Montine et al. (69). NMDA agonists.
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