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ABSTRACT

Nitric oxide (NO), in excess, behaves as a cytotoxic substance mediating the pathological processes that cause
neurodegeneration. The NO-induced dopaminergic cell loss causing Parkinson’s disease (PD) has been postu-
lated to include the following: an inhibition of cytochrome oxidase, ribonucleotide reductase, mitochondrial
complexes I, I, and IV in the respiratory chain, superoxide dismutase, glyceraldehyde-3-phosphate dehydro-
genase; activation or initiation of DNA strand breakage, poly(ADP-ribose) synthase, lipid peroxidation, and
protein oxidation; release of iron; and increased generation of toxic radicals such as hydroxyl radicals and
peroxynitrite. NO is formed by the conversion of L-arginine to L-citrulline by NO synthase (NOS). At least
three NOS isoforms have been identified by molecular cloning and biochemical studies: a neuronal NOS or
type 1 NOS (nNOS), an immunologic NOS or type 2 NOS (iNOS), and an endothelial NOS or type 3 NOS
(eNOS). The enzymatic activities of eNOS or nNOS are induced by phosphorylation triggered by CaZ?+ enter-
ing cells and binding to calmodulin. In contrast, the regulation of iNOS seems to depend on de novo synthesis
of the enzyme in response to a variety of cytokines, such as interferon-y and lipopolysaccharide. The evidence
that NO is associated with neurotoxic processes underlying PD comes from studies using experimental models
of this disease NOS inhibitors can prevent 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
dopaminergic neurotoxicity. Furthermore, NO fosters dopamine depletion, and the said neurotoxicity is
averted by nNOS inhibitors such as 7-nitroindazole working on tyrosine hydroxylase-immunoreactive neu-
rons in substantia nigra pars compacta. Moreover, mutant mice lacking the nNOS gene are more resistant to
MPTP neurotoxicity when compared with wild-type littermates. Selegiline, an irreversible inhibitor of mono-
amine oxidase B, is used in PD as a dopaminergic function-enhancing substance. Selegiline and its metabolite,
desmethylselegiline, reduce apoptosis by altering the expression of a number of genes, for instance, superox-
ide dismutase, Bcl-2, Bel-x1, NOS, c-Jun, and nicotinamide adenine nucleotide dehydrogenase. The selegiline-
induced antiapoptotic activity is associated with prevention of a progressive reduction of mitochondrial mem-
brane potential in preapoptotic neurons. As apoptosis is critical to the progression of neurodegenerative
disease, including PD, selegiline or selegiline-like compounds to be discovered in the future may be efficacious
in treating PD. Antioxid. Redox Signal. 5, 319-335.
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INTRODUCTION

PARKINSON’S DISEASE (PD) is the second most common
neurodegenerative disorder after Alzheimer’s disease,
affecting ~1% of the population older than 50 years. There is
a worldwide increase in the disease prevalence due to the in-
creasing age of human populations. A definitive neuropatho-
logical diagnosis of PD requires loss of dopaminergic neu-
rons in the substantianigra (SN) and related brainstem nuclei,
and the presence of Lewy bodies in remaining nerve cells.
The contribution of genetic factors to the pathogenesis of
PD is being increasingly recognized. A point mutation that is
sufficient to cause a rare autosomal dominant form of the dis-
order has recently been identified in the a-synuclein gene on
chromosome 4 in the much more common sporadic, or “idio-
pathic,” form of PD, and a defect of complex I of the mito-
chondrial respiratory chain was confirmed at the biochemical
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level. Disease specificity of this defect has been demonstrated
for the parkinsonian SN. These findings, and the observation
that the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine (MPTP) causes a Parkinson-like syndrome in humans
and acts via inhibition of complex I, have triggered research
interest in the mitochondrial genetics of PD.

The exact molecular mechanisms as to how perinuclear and
endonuclear translocation and aggregation of a-synuclein
during oxidative and nitrative stress cause Lewy body forma-
tion and progressive neurodegeneration in aging and PD re-
main unknown. In view of the above, we studied 1-methyl-4-
phenylpyridinium (MPP+)-induced induction, translocation,
and aggregation of a-synuclein in wild-type control (con-
trol ) and aging mitochondrial genome knockout (RhOmgkO)
dopaminergic (SK-N-SH) neurons. a-Synuclein expression
was studied in control and aging RhOmgko dopaminergic
(SK-N-SH) neurons in response to the parkinsonian agent
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FIG. 1. a-Synuclein expression in SK-N-SH neurons.

in control  and aging RhO__

Immunofluorescence microscopic analysis of a-synuclein expression
SK-N-SH neurons is presented. Basal expression of a-synuclein was higherin RhO

ko neurons,

m;
as compared with control , éopammerglc neurons. Treatment with MPP+ enhanced perinuclear accumulation of a-synuclein in

control_ neurons, whereas in RhO
wt mgko

neurons it was localized in the endonuclearregion. Pretreatment with the MAO-B inhibitor

selegiline inhibited MPP+-induced perinuclearaccumulation, as well as induction of a-synuclein. Neurons were exposed to MPP+
(1 uM) and/or selegiline (10 pM) overnight and immunostained with FITC-labeled anti-a-synuclein antibody (59).
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MPP+ and/or selegiline. Basal a-synuclein expression was
higherin RhOmgko neurons as compared with control , neurons.
a-Synuclein expression was enhanced in response to overnight
treatment with MPP+. MPP* induced perinuclear aggregation
of a-synuclein in both control  and aging RhOmgko neurons.
In RhOmgko neurons, a-synuclein was translocated in the en-
donuclear region. Pretreatment with selegiline suppressed
perinuclear accumulation of a-synuclein in control , neurons
and endonuclear accumulation in aging RhOmgko
These observations are interpreted to suggest that parkinson-
ian neurotoxin, such as MPP+, can induce neurodegeneration
via a-synuclein induction, translocation, and aggregation in
the dopaminergic neurons (54, 59) (Fig. 1).

Glutathione (GSH) deficiency, which causes accumulation
of hydrogen peroxide (H,0,), leads to mitochondrial damage
in brain. Moreover, coenzyme Q,, attenuates the MPTP-
induced loss of striatal dopaminergic neurons. Deficiency of
striatal GSH in PD fosters oxidative stress and causes apopto-

neurons.
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tracellularreducing environment, protects protein thiol groups
from oxidation, and participates as a coenzyme or cofactor in
a wide variety of chemical reactions. GSH exerts its antioxi-
dant activity synergistically with both vitamin C and vitamin
E. Striatal GSH deficiency in PD enhances the susceptibility
of SN to destruction by endogenous or exogenous neurotox-
ins. Moreover, treatment with lazaroid, which inhibits lipid
peroxidation, prevents death of mesencephalic dopaminergic
neurons following GSH depletion (14).

The selective vulnerability and loss of certain neurons are a
remarkable characteristic of age-related degenerative disorders
of the brain as seen in PD. Glutamate is the major excitatory
neurotransmitter in the brain, and excitotoxicity plays a role in
PD. Furthermore, growing evidence implicates oxidative stress
as a mediator of excitotoxic cell death. Following activation of
N-methyl-D-aspartate (NMDA) receptors, the generation of free
radicals increases, oxidation damage to lipids occurs, and an-
tioxidants prevent cell death. Dizocilpine, which blocks NMDA

sis. y-Glutamylcysteinylglycine assists in maintaining the in- ~ receptors, may provide neuroprotectionin PD (15, 16) (Fig. 2).
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FIG. 2. Free radicals and parkinsonism. MPTP became oxidized to 1-methyl-4-phenyl-2,3-dihydropyridnium ion (MPDP+)
and finally to MPP+, which generates free radicals and causes parkinsonismin human beings. A deficiency of NADH:ubiquinone ox-
idoreductase (EC 1.6.5.3, complex I) also causes striatal cell death. A deficiency of complex I may signify that an MPTP-like neuro-
toxin is generated endogenously enhancing the vulnerability of striatum to oxidative stress reactions. The neurotoxiceffects of MPP+
are blocked by metallothionein,a zinc-binding protein that scavenges -OH, by deferoxamine, an iron-binding compound that inhibits
Fenton reaction; and by N-tert-butyl-a-phenylnitrone, which traps free radicals. Neurons containing high concentrations of calbindin
28K are relatively resistant to MPP+. Excitatory amino acid receptor blockers such as dizocilpine attenuate MPP+-induced neurotox-
icity. Amfonelic acid and mazindol, preventing the uptake of MPTP into dopaminergic neurons, and selegiline, preventing the forma-
tion of MPP+, prevent the neurotoxic effects of MPTP. After activation of excitatory amino acid receptors, there is an influx of cal-
cium followed by activation of nNOS, which can then lead to the generation of ONOO-. Consistent with such a mechanism, studies
of MPTP neurotoxicity in both mice and primates have shown that inhibition of nNOS exerts neuroprotection.The toxicity of MPTP
is attenuated in nNOS knockoutanimals and following administration of 7-NI, which inhibits NOS (31).
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MITOCHONDRIAL DYSFUNCTION
AND NITRIC OXIDE (NO) IN
NEURODEGENERATIVE DISEASES

Damage to the mitochondrial electron transport chain has
been suggested to be an important factor in the pathogenesis
of a range of neurological disorders, such as PD, Alzheimer’
disease, multiple sclerosis, stroke, and amyotrophic lateral
sclerosis. There is also a growing body of evidence to impli-
cate excessive or inappropriate generation of NO in these dis-
orders. It is now well documented that NO and its toxic
metabolite, peroxynitrite (ONOO~), can inhibit components
of the mitochondrial respiratory chain leading, if damage is
severe enough, to a cellular energy deficiency state (27).

Oxidative phosphorylation consists of five protein lipid en-
zyme complexes located in the mitochondrial inner mem-
brane that contain flavins (FMN, FAD), quinoid compounds
(coenzyme Q, ), and transition metal compounds (iron-sulfur
clusters, hemes, protein-bound copper). These enzymes are
designated complex I (NADH:ubiquinone oxidoreductase;
EC 1.6.5.3), complex II (succinate:ubiquinone oxidoreduc-
tase; EC 1.3.5.1), complex III (ubiquinol:ferrocytochrome ¢
oxidoreductase; EC 1.10.2.2), complex IV (ferrocytochrome
c:oxygen oxidoreductaseor cytochrome ¢ oxidase; EC 1.9.3.1),
and complex V (ATP synthase; EC 3.6.1.34). A defect in mi-
tochondrial oxidative phosphorylation, in terms of a reduc-
tion in the activity of NADH CoQ reductase (complex I), has
been reported in the striatum of patients with PD. The reduc-
tion in the activity of complex I is found in the SN, but not in
other areas of the brain, such as globus pallidus or cerebral
cortex. Therefore, the specificity of mitochondrial impairment
may play a role in the degeneration of nigrostriatal dopamin-
ergic neurons.

This view is supported by the fact that MPTP generating
MPP+ destroys dopaminergic neurons in the SN (13, 14, 27).
Lesions produced by the reversible inhibitor of succinate de-
hydrogenase (complex II), malonate, and the irreversible in-
hibitor 3-nitropropionic acid closely resemble the histologic,
neurochemical, and clinical features of Huntington disease in
both rats and nonhuman primates. The interruption of oxida-
tive phosphorylation results in decreased levels of ATP. A
consequence is partial neuronal depolarization and secondary
activation of voltage-dependent NMDA receptors, which may
resultin excitotoxic neuronal cell death (secondary excitotox-
icity). The increase in intracellular Ca2*+ concentration leads to
an activation of Ca2*-dependent enzymes, including the con-
stitutive neuronal nitric oxide synthase (cnNOS), which pro-
duces NO-. NO- may react with the superoxideanion (O, ~) to
form ONOO-. Schulz et al. (57) have shown that systemic
administration of 7-nitroindazole (7- NI), a relatively specific
inhibitor of cnNOS in vivo, attenuates lesions produced by
striatal malonate injections or systemic treatment with 3-ni-
tropropionic acid or MPTP. Furthermore, 7-NI attenuates in-
creases in lactate production and hydroxyl radical (-OH) and
3-nitrotyrosine generation in vivo, which may be a conse-
quence of ONOO - formation. These results suggest that neu-
ronal nitric oxide synthase (nNOS) inhibitors may be useful
in the treatment of neurologic diseases in which excitotoxic
mechanisms play a role (57).
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In the CNS, NO may play important roles in neurotrans-
mitter release, neurotransmitter reuptake, neurodevelopment,
synaptic plasticity, and regulation of gene expression. How-
ever, excessive production of NO following a pathologic in-
sult can lead to neurotoxicity. NO plays a role in mediating
neurotoxicity associated with a variety of neurologic disor-
ders, including stroke, PD, and HIV dementia (11, 53).

Due to its ability to modulate neurotransmitter release and
reuptake, mitochondrial respiration, DNA synthesis, and en-
ergy metabolism, it is not surprising that NO is neurotoxic.
Under conditions where NO is abnormally produced, such as
when inducible nitric oxide synthase (iNOS) expression is in-
duced in the CNS, dysregulation of normal physiologic activ-
ities of NO likely contributes to neuronal dysfunction and
subsequently to neuronal death. However, acute toxicity me-
diated by NO appears to require production of superoxide
anion.

NO in and of itself is a relatively nontoxic molecule that, in
the absence of superoxide anion, will not kill cells even at ex-
tremely high concentrations. In the presence of superoxide
anion, however, NO is a potent neurotoxin. The reaction of
NO with superoxide anion has the fastest biochemical rate
constant currently known, resulting in the formation of the
potent oxidant, ONOO -, which is a lipid-permeable ion with
a wider range of chemical targets than NO. It can oxidize pro-
teins, lipids, RNA, and DNA. Neurotoxicity elicited by ONOO~
formation may have a dual component. ONOO - can potently
inhibit mitochondrial proteins. ONOO -~ inhibits the function
of manganese superoxide dismutase, which could lead to in-
creased superoxide anion formation and increased ONOO-
formation. Additionally, ONOO~- is an effective inhibitor of
enzymes in the mitochondrial respiratory chain, resulting in
decreased ATP synthesis. Secondly, ONOO - efficiently mod-
ifies and breaks DNA strands and inhibits DNA ligase, which
increases DNA strand breaks. DNA strand breaks activate
DNA repair mechanisms. One of the initial proteins activated
by DNA damage is the nuclear enzyme poly(ADP-ribose)
polymerase (PARP). PARP catalyzes the attachment of ADP-
ribose units from NAD to nuclear proteins such as histone
and PARP itself. PARP can add hundreds of ADP-ribose units
within seconds to minutes of being activated. For every mole
of ADP-ribose transferred from NAD, one mole of NAD is
consumed and four free-energy equivalents of ATP are re-
quired to regenerate NAD to normal cellular levels. Activa-
tion of PARP can result in a rapid drop in energy stores. If
this drop is severe and sustained, it can lead to impaired cellu-
lar metabolism and ultimately cell death (11).

We (59) developed the multiple fluorescence Comet assay
to examine mitochondral, as well as nuclear, DNA damage
simultaneously in a single neuron. The multiple fluorescence
Comet assay is performed primarily on a single neuron using
alkaline gel electrophoresis and digital fluorescence imaging
microscopy. In these experiments, we have conducted the
multiple fluorochrome Comet assay to determine MPP+-in-
duced neurotoxicity in control  and aging a-synuclein-over-
expressed aging RhOmgko dopaminergic (SK-N-SH) neurons.
Dominance of green fluorescence in control , neurons sug-
gests that in control  neurons, MPP*-induced neuronal dam-
age remains restricted primarily to the mitochondrial region
[due to synthesis of mitochondrial DNA oxidation product, 8-
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hydroxy-2-deoxyguanosine (8-OH-2dG)] (Fig. 3A), whereas
in a-synuclein-overexpressed aging RhOmgko dopaminergic
(SK-N-SH) neurons, the damage was observed in both mito-
chondrial and nuclear regions (Fig. 3B). These observations
suggest that a-synuclein-overexpressed aging RhOmgko dopa-
minergic (SK-N-SH) neurons are highly susceptibleto MPTP-
induced neurotoxicity, which could involve both mitochon-
drial DNA and nuclear DNA. The damage in the nuclear DNA
is illustrated with red fluorescence tails due to ethidium bro-
mide staining, and the damage to mitochondrial DNA is rep-
resented by green fluorescence tails due to fluorescein iso-
thiocyanate (FITC)-conjugated antibody to DNA oxidation
product, 8-OH-2dG (Fig. 3).

In addition to nitrite, peroxide-dependent oxidation path-
ways of dopamine (DA) play a major role in NO neuronal de-
generation (48). Liu et al. (40) reported on the importance of
opioids in NO-induced inflammation and neurodegeneration.
Furthermore, they reported the beneficial effects of naloxone,
the opioid receptor antagonist in the treatment of inflam-
mation-related diseases. Inflammation in the brain primarily
involves the participation of the two types of glial cells, mi-
croglia and astrocytes. Under physiologic conditions, micro-
glia, the resident immune cells in the brain, serve a role of
immune surveillance. Astrocytes, on the other hand, act to
maintain ionic homeostasis, buffer the action of neurotrans-
mitters, and secrete nerve growth factors. However, glia, es-
pecially microglia, readily become activated in response to
immunologic challenge and injury. Activation of glia, a pro-
cess termed reactive gliosis, has been observed during the
pathogenesis of PD, Alzheimer’s disease, multiple sclerosis,
and AIDS dementia complex, as well as postneuronal death in
cerebral stroke and traumatic brain injury. Activated astro-
cytes secrete trophic factors in an attempt to enhance neuronal
survival. Activated microglia produce a variety of proin-
flammatory and neurotoxic factors, including the following:
cytokines, such as tumor necrosis factor-o (TNF-a) and inter-
leukin-1B (IL-1pB); fatty acid metabolites, such as eicosanoids;
and free radicals, such as NO and superoxide. NO and IL-1§3
are also produced by activated astrocytes. The production and
release of these factors constitute a portion of the innate im-
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munity that enables the host to destroy invading pathogens.
However, excessive production and accumulation of these
factors are deleterious to neurons, although the precise mech-
anism(s) and relative contribution of individual factors to
neurodegeneration remain poorly understood.

Enzyme inhibitors, such as those of iNOS, are certainly
valuable tools for studying the mechanism of action for in-
flammation-mediated neurotoxicity. However, side effects
and toxicity often dampen the enthusiasm for their eventual
development into agents of therapeutic value. Analysis of the
modulation of the inflammatory process by physiologically
relevant agents, in contrast, may prove to be a critical step in
the search for clinically useful remedies. One example is the
study of opioids and related compounds in the regulation of
brain inflammatory process and neuroprotection. Endogenous
opioid peptides represent a family of peptides that include
dynorphins, enkephalins, and B-endorphins. They are widely
distributed throughout the CNS, as well as in peripheral tis-
sues such as cardiac myocytes and lymphatic cells. Through
interaction with G-protein distinct coupled transmembrane
opioid receptors (9, k, and p), these peptides regulate a wide
range of biological activities, including respiration, immune
responses, and ion-channel activity. Enkephalins are capable
of reducing the lipopolysaccharide (LPS)-induced IL-1 se-
cretion from microglia. Subsequently, another group of en-
dogenous opioid peptides, dynorphins, were found to inhibit
LPS-induced NO production and to afford partial protection
against LPS-induced neurotoxicity. A rather unexpected find-
ing from these studies was the discovery that naloxone, a
synthetic and nonselective opioid receptor antagonist, was
capable of inhibiting LPS-induced microglial activation and
production of NO and TNF-a. Most surprising of all was that
(+)-naloxone, which is ineffective in blocking the stereospe-
cific binding of opioids to their receptors, was as effective as
the opioid receptor antagonist (—)-naloxone in inhibiting mi-
croglial activation and affording neuroprotection. This result
suggests that the effect of naloxone isomers on microglial ac-
tivation does not directly involve the opioid receptor mecha-
nism. Analysis of the mechanism of action for naloxone iso-
mers demonstrated that inhibition of microglial superoxide

A

FIG. 3. 8-OH-2dG synthesis and DNA fragmentation. Multiple fluorochrome Comet assay to determine 8-OH-2dG synthe-
sis and DNA fragmentation simultaneously in response to MPP+ (100 uM) is presented. (A) Control , neurons. (B) a-Synuclein-

overexpressed aging RhOmgko

neurons exhibited DNA damage in response to overnight exposure to MPP*. Digital imaging was

done using a SpotLite digital camera and analyzed using ImagePro computer software. Green: FITC-labeled 8-OH-2dG antibody;

red: ethidium bromide-stained DNA (54, 59).
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generation best correlated with their effectiveness in neuro-
protection. Moreover, naloxone may have prevented the for-
mation of ONOO~- by inhibiting the production of both super-
oxide and NO. In a rodent model of inflammation-mediated
parkinsonism, damage to dopaminergic neurons in the SN, in-
duced by intracerebrally injected LPS, was reduced by sys-
temically infused (—)-naloxone or (+)-naloxone. Naloxone,
specifically the (+)-naloxone isomer, which does not bind
conventional opioid receptors, may be a promising prototype
for drugs with potential therapeutic value in the prevention
and treatment of inflammation-mediated neurodegenerative
disease such as PD (40).

NO IN THE PATHOGENESIS OF PD

A potential role for excitotoxic processes in PD has been
strengthened by the recent observations that there appears to
be a mitochondrially encoded defect in complex I activity of
the electron transport chain. An impairment of oxidative
phosphorylation will enhance vulnerability to excitotoxicity.
SN neurons possess NMDA receptors, and there are gluta-
matergic inputs into the SN from both the cerebral cortex and
the subthalamic nucleus (STN). After activation of excitatory
amino acid receptors, there is an influx of calcium followed
by activation of nNOS, which can then lead to the generation
of ONOO- (see Fig. 2). Studies with MPTP-induced neuro-
toxicity in both mice and primates have shown that inhibition
of nNOS exerts neuroprotective effects. Studies utilizing ex-
citatory amino acid receptor antagonists have been inconsis-
tent in mice, but show significant neuroprotective effects in
primates. These results raise the prospect that excitatory
amino acid antagonists for nNOS inhibitors (see Fig. 2) might
be useful in the treatment of PD (11).

Current concepts of the pathogenesis of PD center on the
formation of reactive oxygen species and the onset of oxida-
tive stress leading to oxidative damage to substantia nigra
pars compacta (SNPC). Extensive postmortem studies have
provided evidence to support the involvement of oxidative
stress in the pathogenesis of PD. In particular, these include
alterations in brain iron content, impaired mitochondrial func-
tion, alterations in the antioxidant protective systems [most
notably superoxide dismutase (SOD) and GSH], and evidence
of oxidative damage to lipids, proteins, and DNA (13). Iron
can induce oxidative stress, and intranigral injections of iron
have been shown to induce a model of progressive parkinson-
ism. A loss of GSH is associated with incidental Lewy body
disease and may represent the earliest biochemical marker of
nigral cell loss. GSH depletion alone may not result in dam-
age to nigral neurons, but may increase susceptibility to sub-
sequent toxic or free radical exposure. The nature of the free
radical species responsible for cell death in PD remains un-
known, but there is evidence of involvement of -OH, ONOO-,
and NO. Indeed, -OH and ONOO- formation may be criti-
cally dependenton NO formation. Central to many of the pro-
cesses involved in oxidative stress and oxidative damage in
PD are the actions of monoamine oxidase-B (MAO-B). MAO-B
is essential for the activation of MPTP to MPP+, for a compo-
nent of the enzymatic conversion of DA to H,0,, and for the
activation of other potential toxins, such as isoquinolines and
B-carbolines (see Fig. 2). Thus, the inhibition of MAO-B by
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drugs such as selegiline may protect against activation of
some toxins and free radicals formed from the MAO-B oxida-
tion of DA. In addition, selegiline may act through a mecha-
nism unrelated to MAO-B to increase neurotrophic factor ac-
tivity and up-regulate molecules such as GSH, SOD, catalase,
and Bcl-2 protein, which protect against oxidant stress and
apoptosis (58). Consequently, selegiline may be advantageous
in the long-term treatment of PD (14). In addition to selegi-
line (15), propargylamine (45) may rescue or protect dopa-
minergic neurons in PD.

NO may play several roles in processes that lead to neu-
rodegeneration. However, the mechanism by which NO kills
cells, particularly neurons, is not fully understood. Toxicity
may involve NO itself. NO inhibits a variety of enzymes, in-
cluding the following: complexes I, II, and IV in the mito-
chondrial respiratory chain; aconitase, the citric acid cycle
enzyme; ribonucleotide reductase, the rate-limiting enzyme
in DNA replication; and glyceraldehyde-3-phosphate dehy-
drogenasein the glycolytic pathway. All these enzymes have a
catalytically active nonheme iron-sulfur complex. Complex I
activity is decreased in the SNPC of the PD brain and appears
to be anatomically specific to the SNPC and disease-specific
to PD. Because NO inhibits complex IV rather than complex
I, it does not appear that NO accounts for the mitochondrial
defects observed in PD. However, in vitro studies show that
inhibition of complex IV can alter reversible mitochondrial
dysfunction induced by agents that inhibit complex I, such as
the 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP+) ion
(see Fig. 2).

It is well known that mitochondrial complex I is down-
regulated during the progression of neurodegeneration in PD.
Sharma et al. (59) attempted to delineate the possible in-
volvement of the mitochondrial genome in neuronal repair
during aging. Aging RhO_, neurons were prepared by selec-
tive inactivation of the mitochondrial DNA with 5 ug/L DNA
intercalating agent, ethidium bromide, for 6—8 weeks. The
control , neurons exhibited structurally intact neuronal mor-
phology, with long axons and dendrites (Fig. 4A). The aging
Rhomgko neurons exhibited enhanced granularity, mitochon-
drial aggregation, and elliptical appearance, caused by stunted
neuritogenesis, down-regulation of oxidative phosphoryla-
tion, and reduced ATP generation (Fig. 4B). Neuritogenesis
and ATP production in aging RhOmgko neurons were regained
by transfecting the aging RhOmgko neurons with the mito-
chondrial genome encoding complex I activity (Fig. 4C). The
transfection was done using pEGFP-N1 vector, Qiagen Effec-
tine transfection reagent, and DNA enhancer as per the manu-
facturer’s recommendations. The transfected neurons were
selected using G-418, and enriched by limiting dilution tech-
nique (see Fig. 4).

There is also evidence that NO can displace iron from its
binding site on ferritin, an iron-storage protein, and conse-
quently promote lipid peroxidation. NO also can influence
iron metabolism at the posttranscriptional level by interact-
ing with cytosolic aconitase. Cytosolic aconitase has dual
functions that are regulated by NO. In the absence of NO, it
functions as cytosolic aconitase, but in the presence of NO
it functions as the iron-responsive element binding protein to
the iron-responsive element (23).

The role of NO in 6-hydroxydopamine-induced parkinson-
ism has been established (4). Riobo et al. (52) analyzed the
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FIG. 4. Multiple fluorochrome analysis of dopaminergic (SK-N-SH) neurons. Multiple fluorochrome analysis of control
(A), aging RhOmgko (B), and aging RhOmgko dopaminergic (SK-N-SH) neurons, transfected with mitochondrial genome encoding

complex I activity (C), is presented. Aging RhOmgko

neurons were prepared as described earlier. Fluorescence images were cap-

tured using a SpotLite digital camera and analyzed with ImagePro computer software. Selective knocking out of mitochondrial
genome induced mitochondrial aggregation and changes in the neuronal morphology, represented by elliptical appearance due to

reduced neuritogenesis (B). Neuritogenesis reappeared following transfection of aging RhO

o, eurons with mitochondrial

genome (C). Red: JC-1 (molecular marker of mitochondrial membrane potential); green: FITC-conjugated MT-1; blue: nuclear

stain DAPI (54, 59).

potential reaction between 6-hydroxydopamine and NO. The
results showed that NO reacts with the deprotonated form of
6-hydroxydopamine at pH 7 and 37°C with a second-order
rate constant of 1.5 X 103 M-! s—! as calculated by the rate of
NO decay measured with an amperometric sensor. Accord-
ingly, the rates of formation of 6-hydroxydopamine quinone
were dependent on NO concentration. The coincubation of
NO and 6-hydroxydopamine with either bovine serum albu-
min or a-synuclein led to tyrosine nitration of the protein, in
a concentration-dependentmanner and sensitive to SOD. These
findings suggest the formation of ONOO- during the redox
reactions following the interaction of 6-hydroxydopamine
with NO. Hunot et al. (28), using immunohistochemistry and
histochemistry, analyzed the production systems of NO in the
mesencephalon of four patients with idiopathic PD and three
matched control subjects. Using specific antibodies directed
against the inducible isoforms of NOS, they found that this
isoform was present solely in glial cells displaying the mor-
phological characteristics of activated macrophages. Immuno-
histochemical analysis performed with antibodies against the
neuronal isoforms of NOS, however, revealed perikarya and
processes of neurons, but no glial cell staining. The number
of NOS-containing cells was investigated by histoenzymol-
ogy, using the NADPH-diaphorase activity of NOS. Histo-
chemistry revealed (a) a significant increase in NADPH-
diaphorase-positive glial cell density in the dopaminergic cell
groups characterized by neuronal loss in PD and (b) a neu-
ronal loss in PD that was twofold greater for pigmented NADPH-
diaphorase-negative neurons than for pigmented NADPH-
diaphorase-positive neurons. These data suggest a potentially
deleterious role of glial cells producing excessive levels of
NO in PD, which may be neurotoxic for a subpopulation of
dopaminergic neurons, especially those not expressing NADPH-
diaphorase activity. However, it cannot be excluded that the
presence of glial cells expressing NOS in the SN of patients
with PD represents a consequence of dopaminergic neuronal
loss (28).

Knott et al. (34) examined the cellular distribution of pro-
and antiinflammatory molecules in human parkinsonian and

neurologically normal SN and caudate-putamen postmortem.
An up-regulation of NOS- and cyclooxygenase-1- and -2-
containing ameboid microglia was found in parkinsonian, but
not control, nigra. Astroglia contained low levels of these
molecules in both groups. Lipocortin-1-immunoreactive ame-
boid microglia were present within the astrocytic envelope of
neurons adjacent to or within glial scars in parkinsonian nigra
only. Lipocortin-1 is known to have neuroprotective and anti-
inflammatory properties. Up-regulation of NOS is generally
associated with neurodestruction, whereas prostaglandin syn-
thesis may be either neurodestructive or protective. The bal-
ance of these molecules s likely to be decisive in determining
neuronal survival or demise. Barthwal et al. (3) and Gatto et
al. (19, 20) showed an overexpression of neutrophil nNOS in
PD. Similarly, Kuiper et al. (35) demonstrated that the levels
of L-glutamate, L-arginine, and L-citrulline were altered in
cerebrospinal fluids of patients with PD, multiple system at-
rophy, and Alzheimer’s disease. Qureshi et al. (51) showed
that cerebrospinal fluid concentration of nitrite was elevated
in PD. However, the data by Molina et al. (42) suggested that
the plasma levels of nitrate were unrelated to the risk of de-
veloping PD.

Lo et al. (41) hypothesized that inhibition of NOS can pre-
vent the destruction of dopaminergic neurons in mammals. In
order to determine if NOS gene polymorphism affects the 5'-
flanking region that is immediately upstream of the transcrip-
tion start site lying between the TATA element and CAATT
boxes in PD, and differs significantly between patients with
PD and normal controls, they studied genetic polymorphism
in that region of the nNOS gene in Chinese patients with PD
living in Taiwan. The results indicated that the allele size dis-
tribution in that region was statistically different between pa-
tients with PD and normal subjects.

Oxidative stress is thought to be involved in the mechanism
of nerve cell death in PD. Among several toxic oxidative
species, NO has been proposed as a key element on the basis
of the increased density of glial cells expressing iNOS in the
SN of patients with PD. However, the mechanism of iNOS in-
duction in the CNS is poorly understood, especially under
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pathological conditions. Because cytokines and FceRII/CD23
antigen have been implicated in the induction of iNOS in im-
mune system, Hunot et al. (28) investigated their role in glial
cells in vitro and in the SN of patients with PD and matched
control subjects. They showed that, in vitro, interferon-y to-
gether with IL-1p and TNF-a can induce the expression of
CD23 in glial cells. Ligation of CD23 with specific antibod-
ies resulted in the induction of iNOS and the subsequentrelease
of NO. The activation of CD23 also led to an up-regulation of
TNF-a production, which was dependent on NO release. In
the SN of PD patients, a significant increase in the density of
glial cells expressing TNF-a, IL-1{, and interferon-y was ob-
served. Furthermore, although CD23 was not detectable in
the SN of control subjects, it was found in both astroglial and
microglial cells in parkinsonian patients. These data demon-
strate the existence of a cytokine/CD23-dependent activation
pathway of iNOS and of proinflammatory mediators in glial
cells and their involvementin the pathophysiology of PD.

Bockelmann et al. (6), examined postmortem putamen of
PD patients and control subjects for distribution patterns of
NOS-containing neurons, using the NADP-diaphorase tech-
nique. The ratio of positively stained neurons and the total
number of cells (control: 1,120 £ 69 per mm2, n = 5; PD:
575 + 164 per mm2, n = 5) showed striking differences be-
tween controls and PD patients. Their findings give reason
to conclude that NADPH-diaphorase-positive structures may
have pathogenetic importance in degenerative processes in
PD putamen.

Eve et al. (17) studied the expression of NOS mRNA in
postmortem brain in putamen, globus pallidus, and STN of
neurologically normal control subjects and patients with PD
using in situ hybridization hitochemistry. In PD, a significant
increase in NOS mRNA expression was observed in the dorsal
two-thirds of the STN with respect to the ventral one-third of
the STN. A significant increase in NOS mRNA expression per
cell in the medial medullary lamina of the globus pallidus was
also observed in PD. NOS mRNA expression was significantly
reduced in PD putamen. These findings provide evidence of in-
creased activity of STN neurotransmitter systems in PD and
demonstrate that basal ganglia NO systems can be selectively
regulated in response to changes in dopaminergic input.

Although NO does not affect the survival of grafted dopa-
minergic neurons (63), depletion of GSH enhances the neuro-
toxic effects of NO in midbrain cultures. Under these condi-
tions, NO triggers a programmed cell death with markers of
both apoptosis and necrosis characterized by an early step of
free radical production followed by a late requirement for sig-
naling on the soluble guanylate cyclase/cyclic GMP/PKG
pathway.

ONOO-: APUTATIVE CYTOTOXIN

The superoxide anion rapidly reacts with NO, yielding
ONOO -, and this reaction occurs in vivo according to the fol-
lowing scheme:

NO- + 0, = ONOO-

The rate constant of this reaction is near the diffusion-
controlled limit (4-7 X10° M-! s-1). The half-life of
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ONOO- at 37°C and pH 7.4 is ~1 s. ONOO~- is in equilib-
rium with peroxynitrous acid:

ONOO- + H* 7 ONOOH

The ONOO- anion itself is relatively stable, but peroxyni-
trous acid rapidly rearranges to form nitrate. Therefore, ONOO-
is practically stable in alkaline solutions. Although it has long
been thought that peroxynitrous acid decomposes to form ni-
trate and ‘OH, it is now believed that peroxynitrous acid (via
an activated state: HOONO") reacts with biological substrates
in a ‘OH-like way. Consequently, free radicals are probably
not formed during the self-decomposition of peroxynitrous
acid. Nonetheless, recent evidence suggests that the reaction
of ONOO- with carbon dioxide is the most important route
for ONOO- in biological environments, where carbon diox-
ide is relatively abundant. In short, ONOO- reacts with car-
bon dioxide to form the nitrosoperoxycarbonate anion, which
subsequently rearranges to form the nitrocarbonate anion:

ONOO- + CO, — ONOOCO,~ — O,NOCO,

The nitrocarbonate anion is postulated to be the proximal oxi-
dant of ONOO~—-mediated reactions in biological environments.
Nitrocarbonate can undergo hydrolysis, oxidize substrates via
one- and two-electron transfers, and nitrosylate substrates. Car-
bon dioxide concentrationis therefore of crucial importance for
ONOO~-mediated oxidation and nitrosylation. The exact bio-
chemical fate of ONOO- in biological systems, however, is
very complex and is as yet not completely clear (43).

ONOO—-MEDIATED LOSS OF
DOPAMINERGIC NEURONS

Involvement of NO in the destruction of nigral dopamin-
ergic neurons in PD has not been proven, but the findings of
elevated iron levels in the SNPC, impaired complex I in the
SNPC, increased lipid peroxidation, and DNA damage in the
nigrostriatal system implicate NO as a mediator of neuronal
oxidative damage in PD, although the "OH is also commonly
associated with free radical-mediated oxidative damage.

Cellular processes with which excess NO can interact to
cause dopaminergic cell death are inhibition of cytochrome ¢
oxidase, ribonucleotide reductase, mitochondrial complex I,
II, and IV, SOD, glyceraldehyde-3-phosphate dehydrogenase;
activation or initiation of DNA strand breakage, poly(ADP-
ribose) synthase, lipid peroxidation, and protein oxidation;
release of iron (II); and increased generation of toxic radicals
by fast reaction with the superoxide radical (17, 27).

Electron paramagnetic resonance (EPR) spectroscopy has
been used to study interactions of iron proteins in cells with
NO. Nitrosyl complexes such as sodium nitroprusside, which
are added as experimental NO generators, themselves pro-
duce paramagnetic nitrosyl species, which may be seen by
EPR. Cammack et al. (9) have used this to observe the effects
of nitroprusside on clostridial cells. After growth in the pres-
ence of sublethal concentrations of nitroprusside, the cells
have been converted into other, presumably less toxic, nitro-
syl complexes, such as (RS),Fe(NO),. NO is cytotoxic, partly
due to its effects on mitochondria. This is exploited in the de-
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struction of cancer cells by the immune system. The targets
include iron-sulfur proteins. It appears that species derived
from NO, such as ONOO-, may be responsible. Addition of
ONOO- to mitochondrialed to depletion of the EPR-detectable
iron-sulfur clusters. Paramagnetic complexes are formed in
vivo from hemoglobin, in conditions such as experimental en-
dotoxic shock. This has been used to follow the course of pro-
duction of NO by macrophages. Cammack et al. (9) have ex-
amined the effects of suppression of NOS using biopterin
antagonists. Another method is to use an injected NO-trapping
agent, Fe-diethyldithiocarbamate, to detect accumulated NO
by EPR. In this way, they have observed the effects of deple-
tion of serum arginine by arginase. In brains from victims of
PD, a nitrosyl species identified as nitrosyl hemoglobin has
been observed in SN. This is an indication for the involve-
ment of NO or a derived species in the damage to this organ.

Discoveries over the past 10 years indicate that crucial fea-
tures of neuronal communication, blood vessel modulation,
and immune response are mediated by a remarkably simple
chemical, NO (see 7, 24). Endogenous NO is generated from
arginine by a family of three distinct calmodulin-dependent
NOS enzymes. NOS from endothelial cells (eNOS) and neu-
rons (nNOS) are both constitutively expressed enzymes, whose
activities are stimulated by increases in intracellular calcium.
Immune functions for NO are mediated by a calcium-
independent iNOS. Expression of iNOS protein requires tran-
scriptional activation, which is mediated by specific combi-
nations of cytokines. All three NOS use NADPH as an electron
donor and five enzyme cofactors to catalyze five-electron ox-
idation of arginine to NO with stoichiometric formation of
citrulline.

The highest levels of NO throughout the body are found in
neurons, where NO functions as a unique messenger mole-
cule. In the autonomic nervous system, NO functions as a
major nonadrenergic, noncholinergic neurotransmitter. This
nonadrenergic, noncholinergic pathway plays a particularly
important role in producing relaxation of smooth muscle in
the cerebral circulation and the gastrointestinal, urogenital,
and respiratory tracts. Dysregulation of NOS activity in auto-
nomic nerves plays a major role in diverse pathophysiological
conditions, including migraine headache. In the brain, NO
functions as a neuromodulator and appears to mediate aspects
of learning and memory.

Functions for NO in the brain remain less certain. Because
NO is a uniquely diffusible mediator, it was proposed on the-
oretical grounds that NO may mediate neuronal plasticity,
which underlies aspects of both development and information
storage in brain. Evidence for NO involvement in synaptic
plasticity has accumulated steadily. At the cellular level, NO
signaling appears to be essential for two forms of neuronal
plasticity: long-term potentiation in the hippocampus and
long-term depression in the cerebellum.

NO appears to mediate synaptic plasticity by potentiating
neurotransmitter release. In several model systems, NOS in-
hibitors such as nitroarginine blocked the release of neuro-
transmitters. In brain synaptosomes, the release of neurotrans-
mitters evoked by stimulation of NMDA receptors is blocked
by nitroarginine. Presumably, glutamate acts at NMDA recep-
tors on NOS terminals to stimulate the formation of NO,
which diffuses to adjacent terminals to enhance neurotrans-
mitter release so that blockade of NO formation inhibits re-
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lease. In addition to regulating glutamate release, NO can
also regulate secretion of hormones and neuropeptides. Regu-
lations of hormone secretion by NO has been most convinc-
ingly demonstrated in the hypothalamus (20).

MESENCEPHALIC DOPAMINERGIC
NEURONS ARE RESISTANT TO
CYTOTOXICITY INDUCED BY NO

Sawada et al. (55) investigated the intracellular mecha-
nism that protects dopaminergic neurons against NO toxicity
in rat mesencephalic cultures. ONOO-, an active metabolite
of NO, caused significant cytotoxic effects against dopamin-
ergic and nondopaminergic neurons, but NO caused cytotoxic
effects restricted to nondopaminergic neurons. In addition,
they studied the effects of ascorbate, an antioxidant, on NO-
induced neurotoxicity against dopaminergic neurons and found
that coadministration of ascorbate failed to affect resistance
against NO-induced neurotoxicity. These findings suggest
that the protecting mechanism against NO neurotoxicity in
dopaminergic neurons is based on inhibition of conversion of
NO to ONOO~-, is dependent on the NO redox state, and is
possibly due to suppression of superoxide anion production.
Furthermore, they investigated NO-induced neurotoxicity with
or without pretreatment with sublethal doses of MPP+. Fol-
lowing pretreatment with 1 uM MPP+, which did not show
significant cytotoxic effects against dopaminergic neurons,
NO demonstrated significant cytotoxicity. Therefore, MPP+
may inhibit the protecting systems against NO neurotoxicity
in dopaminergic neurons.

GLIAL CELLS, INFLAMMATORY
REACTIONS, AND THE
PRODUCTION OF NO

NO is involved in LPS-induced DA cell loss. Gayle et al.
(21) characterized the effects of the proinflammatory bac-
teriotoxin LPS on the number of tyrosine hydroxylase-
immunoreactive (THir) cells in primary mesencephalic cul-
tures. LPS (10-80 ug/ml) selectively decreased THir cells and
increased culture media levels of IL-1p3 and TNF-a, as well as
nitrite (an index of NO production). Cultures exposed to both
LPS and neutralizing antibodies to IL-1(3 or TNF-a showed an
attenuation of the LPS-induced THir cell loss by at least 50% in
both cases. Inhibition of iNOS by Ne-nitro-L-arginine methyl
ester (L-NAME) did not affect LPS toxicity, but increased the
LPS-induced levels of both TNF-a and IL-1f3. These findings
suggest that neuroinflammatory stimuli that lead to elevations
in cytokines may induce DA neuron cell loss in a NO-indepen-
dent manner and contribute to PD pathogenesis.

NO and other reactive nitrogen species appear to play sev-
eral crucial roles in the brain. These include physiological
processes such as neuromodulation, neurotransmission, and
synaptic plasticity, and pathological processes such as neu-
rodegeneration and neuroinflammation. There is increasing
evidencethat glial cells in the CNS can produce NO in vivo in
response to stimulation by cytokines and that this production
is mediated by iNOS. Although the etiology and pathogenesis
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of the major neurodegenerative and neuroinflammatory dis-
orders (Alzheimer’ disease, amyotrophic lateral sclerosis, PD,
Huntington’s disease, and multiple sclerosis) are unknown,
numerous recent studies strongly suggest that reactive nitro-
gen species play an important role. Furthermore, these species
are probably involved in brain damage following ischemia
and reperfusion, Down’s syndrome, and mitochondrial en-
cephalopathies. Recent evidence also indicates the impor-
tance of cytoprotective proteins, such as heat shock proteins,
which appear to be critically involved in protection from ni-
trosative and oxidative stress (8).

Perturbation of the cellular oxidant/antioxidant balance has
been suggested to be involved in the neuropathogenesisof sev-
eral disease states, including stroke, PD, and Alzheimer’s dis-
ease, as well as “normal” physiological aging. Reactive oxygen
species are constantly produced in the course of aerobic metab-
olism, and under normal conditions there is a steady-state bal-
ance between prooxidants and antioxidants. Most of the reactive
oxygen species produced by healthy cells result from “leakage”
or short circuiting of electrons at several specific locations
within the cell, which then become sources of free radical pro-
duction. These include the mitochondrial respiratory chain, the
enzyme xanthine dehydrogenase, and, to a lesser extent, arachi-
donic acid metabolism and autooxidation of catecholamines or
hemoproteins. However, when the rate of free radical generation
exceeds the capacity of antioxidant defenses, oxidative stress
ensues, causing extensive damage to DNA, proteins, and lipids.

The brain has a large potential oxidative capacity due to the
high level of tissue oxygen consumption. However, the ability
of the brain to withstand oxidative stress is limited because of
the following anatomical, physiological, and biochemical rea-
sons: (a) high content of easily oxidizable substrates, such as
polyunsaturated fatty acids and catecholamines; (b) there are
relatively low levels of antioxidants, such as GSH and vitamin
E, and antioxidantenzymes, such as GSH peroxidase, catalase,
and SOD; (c) the endogenous generation of reactive oxygen
free radicals via several specific reactions; and (d) the elevated
content of iron in specific areas of the human brain, such as
globus pallidus and SN. However, cerebrospinal fluid has very
little iron-binding capacity owing to its low content of transfer-
rin. Furthermore, the CNS contains nonreplicating neuronal
cells that, once damaged, may be permanently dysfunctional or
committed to programmed cell death (apoptosis) (8).

ONOO- is a powerful oxidant and can nitrate aromatic
amino acid residues such as tyrosine to form nitrotyrosine.
Nitration to form 3-nitrotyrosine can occur on either free or
protein-bound tyrosine. As the half-life of ONOO - at physio-
logical pH is short, the detection of 3-nitrotyrosine in tissues
is often used as a biological marker of ONOO~ generation in
vivo. Not only is 3-nitrotyrosine a marker for ONOO~- pro-
duction, it also appears that the nitration of specific proteins
by ONOO - may be relevant to brain pathophysiology.

Inflammatory reaction is thought to be an important con-
tributor to neuronal damage in neurodegenerative disorders
such as Alzheimer’s disease, PD, multiple sclerosis, amy-
otrophic lateral sclerosis, and the parkinsonism dementia
complex of Guam. ONOO - is a strong oxidizing and nitrating
agent, which can react with all classes of biomolecules. In the
CNS, it can be generated by microglial cells activated by
proinflammatory cytokines or 3-amyloid peptide, and by neu-
rons in hyperactivity of glutamate neurotransmission, mito-
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chondrial dysfunction, and depletion of L-arginine or tetrahy-
drobiopterin. The first two situations correspond to cellular
responses to an initial neuronal injury, and the ONOO-
formed only exacerbates the inflammatory process, whereas
in the third situation, the ONOO- generated directly con-
tributes to the initiation of the neurodegenerative process (62).

ONOO-, generated in inflammatory processes, is capable
of nitrating and oxidizing biomolecules, implying a consider-
able impact on the integrity of cellular structures. Cells re-
spond to stressful conditions by the activation of signaling
pathways, including receptor tyrosine kinase-dependent path-
ways such as mitogen-activated protein kinases and the phos-
phoinositide 3-kinase/Akt pathway. ONOO -~ affects signaling
pathways by nitration, as well as by oxidation. Whereas nitra-
tion of tyrosine residues by ONOO- modulates signaling pro-
cesses relying on tyrosine phosphorylation and dephosphory-
lation, oxidation of phosphotyrosine phosphatases may lead
to an alteration in the tyrosine phosphorylation/dephosphory-
lation balance. The flavanol (—)-epicatechin is a potent in-
hibitor of tyrosine nitration and may be used as a tool to dis-
tinguish signaling effects due to tyrosine nitration from those
that are due to oxidation reactions (33).

Experimental evidence has implicated oxidative stress in
the developmentof PD, amyotrophic lateral sclerosis, and other
degenerative neuronal disorders. Recently, ONOO-, which is
formed by the nearly diffusion-limited reaction of NO with
superoxide, has been suggested to be a mediator of oxidant-
induced cellular injury. The potential role of ONOO~- in the
pathology of PD was evaluated by examining its effect on
DOPA synthesis in PC12 pheochromocytoma cells. ONOO-
was generated from the compound 3-morpholinosydnonimine
(SIN-1), which releases superoxide and NO simultaneously.
Exposure of PC12 cells to ONOO- for 60 min greatly dimin-
ished their ability to synthesize DOPA without apparent cell
death. The inhibition was due neither to the formation of free
nitrotyrosine nor to the oxidation of DOPA by ONOO-. The
inhibition in DOPA synthesis by SIN-1 was abolished when
superoxide was scavenged by the addition of SOD. These data
indicated that neither NO nor H,O, generated by the dismuta-
tion of superoxide is responsible for the SIN-1-mediated inhi-
bition of DOPA production. The inhibition of DOPA synthe-
sis at high concentrations of SIN-1 persisted even after
removal of SIN-1. The inactivation of the tyrosine hydroxy-
lase may be responsible for the significant decline in DOPA
formation by ONOO~-. Inactivation of tyrosine hydroxylase
may be part of the initial insult in oxidative damage that even-
tually leads to cell death (30).

Various neurotoxins, such as 6-hyroxydopamine, salsolinol,
MPP+, and rotenone, induce mitochondrial and nuclear dam-
age in the dopaminergic neurons. In view of the above, Ebadi
and Hiramatsu (13) studied apoptosis in response to these neu-
rotoxins in SK-N-SH neurons. All neurotoxins induced changes
in neuronal morphology, represented by rounded appearance,
perinuclear aggregation of mitochondria, and caspase-3 activa-
tion. These data are interpreted to suggest that these agents in-
duce neurotoxicity primarily through caspase-3 activation and
mitochondrial degeneration (Fig. 5).

Increased NO production has been implicated in many ex-
amples of neuronal injury, such as those caused by metham-
phetamine and MPTP to dopaminergic cells, presumably
through the generation of the potent oxidant ONOO~-. DA is a
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reactive molecule that, when oxidized to DA quinone, can bind
to and inactivate proteins through the sulfhydryl group of the
amino acid cysteine. In a study, LaVoie and Hastings (38)
sought to determine if ONOO - could oxidize DA and partici-
pate in this process of protein modification. They measured
the oxidation of the catecholamine by following the binding
of [FH]DA to the sulfhydryl-rich protein alcohol dehydroge-
nase. The results showed that ONOO - oxidized DA in a con-
centration- and pH-dependentmanner. Furthermore, the result-
ing DA- protein conjugates were predominantly 5-cysteinyl-DA
residues. In addition, it was observed that ONOO- decompo-
sition products, such as nitrite, were also effective at oxidiz-
ing DA. These data suggest that the generation of NO and
subsequent formation of ONOO - or nitrite may contribute to
the selective vulnerability of dopaminergic neurons through
the oxidation of DA and modification of protein (38).

Immunophilin and NOS have been implicated in the patho-
genesis of PD. Araki et al. (1), by using a receptor autoradi-
ographic technique, studied the sequential changes in FK-506
binding proteins, NOS, and DA uptake sites in the brain 1-8
weeks after unilateral 6-hydroxydopamine injection of the
medial forebrain bundle in rats. [*H]FK-506, [3H]L-NG-nitro-
arginine, and [3H]mazindol were used to label FK-506 bind-
ing proteins (immunophilin), NOS, and DA uptake sites, re-
spectively. [P H]FK-506 binding showed ~13-25% increase in
the ipsilateral striatum 2—8 weeks after degeneration of the
nigrostriatal pathway. However, no significant change in
[3H]FK-506 binding was observed in the ipsilateral SN dur-
ing the postlesion periods. In the contralateral side, [*H]FK-
506 binding also showed ~13-25% increase in the striatum
2-8 weeks postlesion. The SN showed a 21% increase in
[3H]FK-506 binding only 2 weeks after the lesioning. On the
other hand, [*H]L-NG-nitro-arginine binding showed ~21-
31% increase in the parietal cortex and striatum 1-2 weeks
postlesion. In the contralateral side, a 21% increase in [*H]L-
NG-nitro-arginine binding was found in the dorsolateral stria-
tum only 1 week postlesion. In contrast, degeneration of the
nigrostriatal pathway caused a conspicuousloss of [*H]mazindol
binding in the ipsilateral striatum (87-96%), SN (36-73%),
and ventral tegmental area (91-100%) during the postlesion
periods. In the contralateral side, no significant changes in
[3H]mazindol binding were observed in these areas up to 8
weeks after the postlesion. The present study demonstrates
that unilateral injection of 6-hydroxydopamine into the me-
dial forebrain bundle of rats can cause a significant increase
in [PH]JFK-506 and [3H]L-NG-nitro-arginine bindings in the
brains. In contrast, a marked reduction in [*H]mazindol bind-
ing is observed in the brains after the lesioning, indicating se-
vere damage to the nigrostriatal dopaminergic pathway. These
results suggest that immunophilin and NOS may play some
role in the pathogenesis of neurodegenerative disorders such
as PD.

SOD PROTECTS nNOS NEURONS FROM
NO-MEDIATED NEUROTOXICITY

In the nervous system, nNOS is localized in discrete popu-
lations of neurons in the cerebellum, cortex, striatum, olfac-
tory bulb, hippocampus, basal forebrain, and brainstem. Ex-
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cess production of NO via nNOS has been implicated in vari-
ous neurotoxic paradigms. Excess glutamate acting via NMDA
receptors may mediate cell death in focal cerebral ischemia,
trauma, and epilepsy, and in neurodegenerative disease such
as Huntington’s disease, Alzheimer’s disease, and PD.

Cu/Zn SOD is among the key cellular enzymes by which
neurons and other cells detoxify free radicals and protect
themselves from damage. Down-regulation of SOD causes
apoptotic death of neurons. The postulated molecular mecha-
nisms by which superoxide anions produce its toxicity are ac-
cording to the following scheme:

H202
[

Fe3* — Fe2* — -OH

/ Pathway 1V

lsop—To,- Apoptotic cell death
\
NO* — ONOO-
Pathway 2

One pathway involves superoxide purely as a reducing agent
for transition metal ions such as Fe3+. In this scheme, the re-
duced metal ion catalyzes the conversion of H,O, to the
highly reactive and destructive ‘OH. The other pathway in-
vokes the interaction of superoxide with NO, leading to for-
mation of ONOO-. ONOO~- then can be protonated and rapidly
decomposed to a strong oxidant. The toxicity of ONOO~- is
hereby depicted (9):

NO- + 0O, - ——> OONO-
y LN

Oxidative Damage Cellular Energy Depletion

Lipid peroxidation Inhibition of aconitase

Protein nitration Blockade of complex I, IT

Inhibition of creatine kinase

DNA Damage
Base deamination
DNA strand breaks

PARS activation Iron loss

PERGOLIDE, A DA RECEPTOR AGONIST,
PROVIDES PROTECTION AGAINST
NO FREE RADICALS

Gomez-Vergas et al. (25) demonstrated that pergolide, a
widely used DA agonist, has free radical scavenging and an-
tioxidant activities. Using a direct detection system for the
NO radical (NO-) by electron spin resonance (ESR) spec-
trometry in an in vitro NO--generating system, they examined
the quenching effects of pergolide on the amount of NO- gen-
erated. Pergolide dose-dependently scavenged NO-. In the
competition assay, the IC, value for pergolide was estimated
to ~30 uM. Pergolide also dose-dependently attenuated the
‘OH signal in an in vitro FeSO -H,0, ESR system with an ap-
proximate IC,, value of 300 uM. Furthermore, this agent sig-
nificantly inhibited phospholipid peroxidation of rat brain
homogenates in in vitro experiments and after repeated ad-
ministration (0.5 mg/kg/24 h, i.p. for 7 days). These findings
suggest a neuroprotective role for pergolide on dopaminergic
neurons due to its free radical scavenging and antioxidant
properties. Similar results were found by Nishibayashiet al. (46).
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THE ROLE OF nNOS IN MPTP-INDUCED
DOPAMINERGIC NEUROTOXICITY

MPTP is used extensively in various mammalian species
to produce an experimental model of PD, a common and dis-
abling neurodegenerative disorder of unknown cause. In hu-
mans and nonhuman primates, MPTP induces irreversible
and severe motor abnormalities almost identical to those ob-
served in PD. In both monkeys and mice, MPTP replicates
many of the biochemical and neuropathological changes in
the nigrostriatal dopaminergic pathway found in PD. This in-
cludes a marked reduction in the levels of striatal DA and its
metabolites dihydroxyphenylacetic acid (DOPAC) and homo-
vanillic acid. In addition, as in patients with PD, animals that
receive MPTP show significant reductions in the number of
DA cell bodies in the SNPC. In monkeys, MPTP induces the
formation of intraneuronal eosinophilic inclusions resembling
Lewy bodies, a neuropathological hallmark of PD. These sim-
ilarities provide appealing hints that the MPTP model may
lead to important new insights into the pathogenesis of PD
(50). Smith et al. (60) showed that NO appears to be neces-
sary for -OH generation in MPP+ toxicity and may play a role
in neuronal generation in PD. Przedborski ef al. (50) injected
MPTP into mice in which NOS was inhibited by 7-NI in a
time- and dose-dependent fashion. 7-NI dramatically pro-
tected MPTP-injected mice againstindices of severe injury to
the nigrostriatal dopaminergic pathway, including reduction
in striatal DA contents, decreases in numbers of nigral tyro-
sine hydroxylase-positiveneurons, and numerous silver-stained
degenerating nigral neurons (see Fig. 2). The resistance of 7-
NI-injected mice to MPTP is not due to alterations in striatal
pharmacokinetics or content of MPP+, the active metabolite
of MPTP. To study specifically the role of nNOS, MPTP was
administered to mutant mice lacking the nNOS gene. Mutant
mice are significantly more resistant to MPTP-induced neu-
rotoxicity compared with wild-type littermates. These results
indicate that neuronally derived NO mediates, in part, MPTP-
induced neurotoxicity.

The similarity between the MPTP model and PD raises the
possibility that NO may play a significant role in the etiology
of PD. Moreover, Klivenyi et al. (32) showed that inhibition
of nNOS protects against MPTP toxicity. Liberatore et al.
(39) showed that after administration of MPTP to mice, there
was a robust gliosis in the SNPC associated with significant
up-regulation of iNOS. These changes preceded or paralleled
MPTP-induced dopaminergic neurodegeneration. They also
show that mutant mice lacking the iNOS gene were signifi-
cantly more resistant to MPTP than their wild-type littermates.
This study demonstrates that iNOS is important in the MPTP
neurotoxic process and indicates that inhibitors of iNOS may
provide protective benefit in the treatment of PD. Obata and
Yamanaka (47) examined the effect of L-NAME, a NOS in-
hibitor, on extracellular potassium ion concentration ([K+*] )-
enhanced -OH generation due to MPP+ in the rat striatum.
Rats were anesthetized, and sodium salicylate in Ringer’s so-
lution (0.5 nmol/ul/min) was infused through a microdialysis
probe to detect the generation of -OH as reflected by the
nonenzymatic formation of 2,3-dihydroxybenzoicacid (DHBA)
in the striatum. Induction of KCI (20, 70, and 140 mM) in-
creased MPP+-induced -OH formation trapped as DHBA in a
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concentration-dependent manner. However, the application of
L-NAME (5 mg/kg i.v.) abolished the [K*] -depolarization-
induced -OH formation with MPP+. DA (10 uM) also increased
the levels of DHBA due to MPP+. However, the effect of DA
after application of L-NAME did not change the levels of
DHBA. On the other hand, the application of allopurinol (20
mg/kg i.v. 30 min prior to study), a xanthine oxidase in-
hibitor, abolished both [K*] - and DA-induced -OH genera-
tion. Moreover, when iron (II) was administered to MPP+ and
then [K+] (70 mM)-pretreated animals, there was a marked
increase in the level of DHBA. However, when corresponding
experiments were performed with L-NAME-pretreated animals,
the same results were obtained. Therefore, NOS activation
may not be related to Fenton-type reaction via [K*]  depolar-
ization-induced -OH generation. The present results suggest
that [K+] -induced depolarization augmented MPP+-induced
-OH formation by enhancing NO synthesis. Furthermore, in-
hibition of nNOS prevented MPTP-induced parkinsonism in
baboons (26) and in mice (12). Moreover, inhibition of nNOS
by 7-NI protected against MPTP-induced neurotoxicity in
mice (56).

Cutillas et al. (10) found that a significant loss of DA was
found in rat striatal slices incubated with MPP+ at a concen-
tration of 2 pM or higher. The addition of 7-NI, a specific
inhibitor of nNOS, prevented this effect on DA when the con-
centration of MPP+ was 2—5 uM, but not at higher concentra-
tions. This protection was reproduced with other less specific
NOS inhibitors, such as nitroarginine and nitroarginine methyl
ester. 7-NI did not protect against the DA depletion caused by
the nonspecific mitochondrial chain blocker, rotenone. Neither
MPP+ nor rotenone significantly increased the nitrite concen-
tration in striatal slices, measured as an index of NO produc-
tion. The basal production of NO may be enough to trigger
the DA depletion at very low concentrations of MPP+, proba-
bly acting synergistically with cytosolic calcium increase.
Higher concentrations of MPP+ are toxic by themselves with-
out the mediation of NO. The inhibition of nNOS may protect
against DA loss at early stages of a neurodegenerative pro-
cess, and it could then be considered in the treatment of neu-
rodegenerative human processes such as PD.

Muramatsu et al. (44) studied the effects of the nNOS in-
hibitor 7-NI, nonselective NOS inhibitor L-NAME, and MAO
inhibitor pargyline on MPTP-treated mice. The mice received
four intraperitoneal injections of MPTP at 1-h intervals. A
significant depletion in DA and DOPAC concentration was
observed in the striatum from 1 day after MPTP treatment.
The pretreatment of 7-NI and pargyline, but not L-NAME,
dose-dependently protected MPTP-induced depletion in DA
content 3 days after MPTP treatment. Their histochemical
study also showed that 7-NI and pargyline can prevent a
marked decrease in the nigral cells and a marked increase in
astrocytes in striatum 7 days after MPTP treatment. The pro-
tective effect of 7-NI against MPTP-induced DA and DOPAC
depletionin the striatum was not attenuated by intraperitoneal
pretreatment with L-arginine. Furthermore, the posttreatment
of 7-NI or pargyline protected against MPTP-induced deple-
tion of DA content. These results demonstrate that the protec-
tive mechanism by which 7-NI counteracts MPTP neurotoxi-
city in mice may be due not only to inhibition of nNOS, but
also to MAO-B inhibition. Furthermore, this study suggests
that the posttreatment of 7-NI and pargyline can prevent a
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significant decrease in DA levels in the striatum of MPTP-
treated mice. These findings have important implications for
the therapeutic time window and choice of nNOS or MAO in-
hibitors in patients with PD (Fig. 2).

Ferrante et al. (18) showed that increased nitrotyrosine im-
munoreactivity in SN neurons in MPTP-treated baboons is
blocked by inhibition of nNOS. However, Barc et al. (2) dem-
onstrated that impairment of the neuronal DA transporter ac-
tivity in MPP+-treated rat was not prevented by treatments
with nNOS or PARP inhibitors.

SELENIUM DEFICIENCY ENHANCES
THE EXPRESSION OF NOS

Prabhu et al. (49) investigated the relationship between Se
status, iNOS expression, and NO production in Se-deficient
and Se-supplemented RAW 264.7 macrophage cell lines. The
cellular glutathione peroxidase activity, a measure of Se sta-
tus, was 17-fold lower in Se-deficient RAW 264.7 cells, and
the total cellular oxidative tone, as assessed by flow cytometry
with 2',7’-dichlorodihydrofluaescein diacetate, was higher in
the Se-supplemented cells. Upon LPS stimulation of these
cells in culture, they found significantly higher iNOS transcript
and protein expression levels with an increase in NO produc-
tion in Se-deficient RAW 264.7 cells than in Se-supplemented
cells. Electrophoretic mobility-shift assays, nuclear factor-kB
(NF-kB)-luciferase reporter assays, and western blot analyses
indicate that the increased expression of iNOS in Se defi-
ciency could be due to an increased activation and consequent
nuclear localization of the redox sensitive transcription factor
NF-kB. These results suggest an inverse relationship between
cellular Se status and iNOS expression in LPS-stimulated
RAW 264.7 cells and provide evidence for the beneficial ef-
fects of dietary Se supplementation in the prevention and/or
treatment of oxidative stress-mediated inflammatory diseases.

NO-MEDIATED ERYTHROPOIETIN
(EPO) PROTECTED AGAINST
MPTP-INDUCED TOXICITY

EPO, produced by the kidney and fetal liver, is a cytokine-
hormone that stimulates erythropoiesis under hypoxic condi-
tions. It has been shown that EPO is produced in the CNS and
its receptor is expressed on neurons. As EPO has neuroprotec-
tive effects in vitro and in vivo against brain injury (22), we in-
vestigated the effect of EPO treatment on locomotor activities
of animals, survival of nigral dopaminergic neurons, and nitrate
levels in SN and striatum in the MPTP-induced animal model of
parkinsonismin C57/BL mice. These findings suggest that EPO
has protective and treating effects in MPTP-induced neurotoxi-
city in this mouse model of PD via increasing NO production.

SELEGILINE AS METALLOTHIONEIN (MT)
MAY PROTECT AGAINST NO TOXICITY

MT isoforms are low-molecular-weight (6,000-7,000) zinc-
binding proteins containing 60-61 amino acid residues, 25—
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30% cysteine, and no aromatic amino acids or disulfide
bonds, and binding 5-7 g of zinc/mol of protein. The mam-
malian MT family consists of four similar but distinct iso-
forms, designated as MT I-IV. MT I and MT II isoforms were
first identified in the rat brain. MT III containing 68 amino
acids, also known as a growth inhibitory factor, and MT IV
are expressed in stratified squamous epthilia. MT isoforms
are found in glial cells, as well as in neurons.

MT isoforms have been proposed to participate in the trans-
port, accumulation, and compartmentation of zinc in various
brain regions, including the areas that have extremely high
concentrations of zinc, such as hippocampus. Because among
its 61 amino acids, MT possesses 18-20 cysteine residues, it
is the most abundant and important thiol source in the brain.
In those cells that can express MT genes, they are transcrip-
tionally regulated by metals, glucocorticoid hormones, and
cytokines (14).

By using ESR spectroscopy (36, 37), we have demon-
strated that rat hippocampal MT isoforms I and II were able
to scavenge 1,1,-diphenyl-2-picrylhydrazyl radicals (DPPH),
‘OH generated in Fenton reaction, and superoxide anions
generated by the hypoxanthine and xanthine oxidase system.
In addition, MT I isoform protected the isolated hepatocytes
from lipid peroxidation as determined by thiobarbituric acid-
bound malondialdehyde. MT antibodies scavenged DPPH radi-
cals, -OH, and reactive oxygen species, but not superoxide
anions. The results of these studies suggest that although both
isoforms of MT are able to scavenge free radicals, the MT I
appears to be a superior scavenger of superoxide anions and
DPPH. Moreover, antibodies formed against MT isoforms re-
tain some, but not all, free radical scavenging actions exhib-
ited by MT I and MT II (see Fig. 2).

Thomas et al. (61) postulated that neuroprotectivity of se-
legiline (L-deprenyl) may be unrelated to inhibiting MAO. As
NO modulates activities including cerebral blood flow and
memory, they examined the effect of L-deprenyl on NO. L-
Deprenyl induced rapid increases in NO production in brain
tissue and cerebral vessels. Vasodilation was produced by en-
dothelial NO-dependent, as well as NO-independent, mecha-
nisms in cerebral vessels. The drug also protected the vascu-
lar endothelium from the toxic effects of amyloid-B peptide.
These novel actions of selegiline may protect neurons from
ischemic or oxidative damage and suggest new therapeutic
applications for L-deprenylin vascular and neurodegenerative
disease. Similar results were reported by Sharma et al. (59).

CONCLUSION

Damage to the mitochondrial electron transport chain has
been suggested to be an important factor in the pathogenesis
of a range of neurological disorders, such as PD. It is now
well documented that NO and its toxic metabolite, ONOO -,
can inhibit components of the mitochondrial respiratory chain
leading, if damage is severe enough, to a cellular energy defi-
ciency state. Within the brain, the susceptibility of different
brain cell types to NO and ONOO- exposure may be depen-
dent on factors such as the intracellular GSH concentration
and an ability to increase glycolytic flux in the face of mito-
chondrial damage. Thus, neurons, in contrast to astrocytes,
appear particularly vulnerable to the actions of these mole-
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cules. Following cytotoxin exposure, astrocytes can increase
NO generation, due to de novo synthesis of the iNOS. Although
the NO/ONOO- isoforms may not affect astrocyte survival,
these molecules may diffuse out to cause mitochondrial dam-
age, and possibly cell death, to other cells, such as neurons, in
close proximity. Selegiline, selenium, coenzyme Q,,, nalox-
one, pergolide, or MT provides neuroprotectionagainst ONOO —-
induced damage to dopaminergic neurons (31).
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ABBREVIATIONS
cnNOS, constitutive neuronal nitric oxide synthase;
control ,, wild-type control; DA, dopamine; DHBA, 2,3-

dihydroxybenzoic acid; DOPAC, dihydroxyphenylacetic acid;
DPPH, 1,1-diphenyl-2picrylhydrazyl radicals; eNOS, endo-
thelial nitric oxide synthase; EPO, erythropoietin; EPR, elec-
tron paramagnetic resonance; ESR, electron spin resonance;
FITC, fluoresceinisothiocyanate; GSH, glutathione;HZOZ, hy-
drogen peroxide; IL, interleukin; iNOS, inducible nitric oxide
synthase; LPS, lipopolysacchaide; MAO, monoamine oxi-
dase; MPDP+, 1-methyl-4-phenyl-2,3-dihydropyidinium;
MPP+, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-
phenyl-1,2,3,6tetrahydropyridine; MT, metallothionein; L-
NAME, Ne-nitro-L-arginine methyl ester; NF-kB, nuclear fac-
tor-kB; 7-NI, 7-nitroindazole; NMDA, N-methyl-D-aspartate;
nNOS, neuronal nitric oxide synthase; NO, nitric oxide; NOS,
nitric oxide synthase; -OH, hydroxyl radical; 8-OH-2dG, 8-hy-
droxy-2-deoxyguanosine; ONOO-, peroxynitrite ion; PARP,
poly(ADP-ribose) polymerase; PD, Parkinsonks disease;
RhOmgko, mitochondrial genome knockout; SIN-1, 3-morpholi-
nosydnonimine; SN, substantia nigra; SNPC, substantia nigra
pars compacta; SOD, superoxide dismutase; STN, subthalamic
nucleus; THir, tyrosine hydroxylase-immunoreactive; TNF-a,
tumor necrosis factor-a.
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