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Introduction
Parkinson's disease (PD) is a common neurodegenerative disorder characterized
behaviorally by resting tremor, rigidity, akinesialbradykinesia and postural instability
(Fahn and Przedborski, 2000). Neurons associated with the behavioral component of PD
are mainly, though not exclusively, the dopaminergic (DA) neurons in the substantia
nigra pars compacta (SNpc) which degenerate and die during the course of the disease
(Faln and Przedborski, 2000). Although we do not know the etiology of this disorder, our
studies using the MPTP mouse model of PD and tissues from PD brains indicate 1) that
the superoxide radical and nitric oxide are implicated in PD (Przedborski et al, 1992;
Przedborski et al, 1996; Liberatore et al, 1999); 2) that there is a greater loss of
dopaminergic terminals in the striatum than the loss of dopaminergic neurons in the SNpc
(Jackson-Lewis et al, 1995); 3) that there is an inflammatory component to PD that may
be the cause of its progressive nature (Liberatore et al, 1999; Wu et al, 2002); and 4) that
there is an up-regulation of certain cytokines in the SNpc of both MPTP-treated mice and
tissues from PD brains (Teismann and Przedborski, personal communication). The
oxidative stress hypothesis of PD seems to encompasses all of these findings. While
etiological factors may ignite PD's neurodegenerative process, additional factors must
participate in the progression of this debilitating disorder as DA neurons continue to die,
albeit at a lower rate for many years as shown in recent evidence from human brains of
individuals who had injested MPTP (Langston et al, 1999). Since our goal is to elucidate
the pathogenic factors that contribute to the progression of PD, we revisited the
pathological picture of PD in search of abnormalities that might shed some light onto
these additional factors. Aside from the severe loss of DA neurons in the SNpc, there is
also present a marked glial response in both the PD brain and the MPTP-treated brain
(Langston et al, 1999). Interestingly, both astrocytes and microglia, the two main
components of the microglial response, are up-regulated in both situations (McGeer et al,
1988; Fomo et al, 1992; Czlonkowska et al, 1996; Oppenheimer et al, 1997; Banati et al,
1998; Mizra et al, 2000), however, the magnitude of their responses is quite different.
Although both are thought to support DA neuron survival (Abbott, 1988), whereas
astrocytes are thought to provide trophic support to the DA neuron (Abbott, 1988),
microglia are thought to represent a two-edged sword in that they can be both supportive
and deleterious (Banati et al, 1993). The astrocytic response, both in number and in
immunoreactivity, is, at best, mild and in only a few instances, has this response been
dramatic (Forno et al, 1992; Mirza et al, 2000). In contrast, the activation of microglia

.has been consistently strongest in the SNpc the area of the brain most affected by the
neurodegenerative process (Vila et al, 2001) thus, possibly counter-productive to the
survival of the DA neuron due, in part, to their production of the superoxide radical,
nitric oxide and a host of deleterious cytokines (Banati, 1993). Merely because the
substantia nigra (SN) contains significantly more microglia than other brain areas
(Smeyne et al, 2005), by virtue of this fact, DA neurons are in an environment that can
increase their vulnerability to damage or worst, to death in the event of a toxic insult or
injury. Activated microglia are also found in close proximity to any remaining
dopaminergic neurons (McGeer et al, 1988), around which they sometimes cluster to
produce what resembles neurophagia. Microglial activation and neurophagia are
indicative of an active ongoing process of cell death (Langston et al, 1999) which is
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consistent with the progressive nature of PD. However, few data exist on the temporal
relationship between dopamine neuron death and microglial activation. To this end, we
have proposed to use the MPTP mouse model to sort out the process of gliosis as it
relates to the time course of and the events of microglial activation in SNpc dopaminergic
neuron death. Aside from the up-regulation of microglia early on in the MPTP neurotoxic
process (Liberatore et al, 1999), we have noted that microglia systematically produce a
number of pro-inflammatory compounds (Teismann and Przedborski, personal
communication), which we think may be some of the factors which participate in the
progressive nature of DA neuron death in PD.

Microglial cells are resident macrophage cells in the brain that have the ability to react
promptly in response to brain injury and to subtle changes in the microenvironment
surrounding their charges, which are, in the SNpc, the DA neurons (Kreutzberg, 1996).
Normally, brain microglial cells are kept in a resting state in which they are barely visible
and very few, if any, ramified processes can be detected. In a pathological situation,
microglia quickly become up-regulated, proliferate, become hypertrophic, increase in size
and produce a number of marker molecules that are either pro- or anti-inflanmatory in
nature (Banati et al, 1993; Kreutzberg, 1996). Pro-inflammatory compounds include the
superoxide radical, nitric oxide (NO), prostaglandin E 2 (PGE2), excitatory amino acids,
and pro-inflammaroty cytokines such as interleukin- 1-beta (IL-I-13). Since activated
microglia have been found in the SNpc of PD brains and in the MPTP mouse model of
PD, and can produce such damaging molecules, it is important to discern their
mechanism of activation in PD and in the MPTP mouse model of PD as well as to
continue our efforts to identify compounds that exhibit neuroprotective qualities in the
SNpc. Since this is a Program Project with several components, we will concern
ourselves with the Project Core (Core A and Core B) and Project .1 (Przedborski).

Body of the Research.
The overall goal of this research project is the study of the pathogenesis of PD using the
oxidative stress hypothesis of PD as its basis. Part of our research has led us to note that
microglia are activated during the MPTP neurotoxic process. Furthermore, this fact has
been shown to be true for PD brains and for the brains of individuals who had injected
themselves with MPTP. Thus, we reasoned that microglial activation must be an integral
part of the neurodegenerative process so characteristic of PD and the MPTP model of PD.
We further thought that microglial activation may be the reason for the progressive nature
of PD and that elucidating the mechanisms of microglial activation would be important to
our understanding of the progressive nature of the disease as this may help us to identify
possible targets for treatments which may improve the symptomology of or stop its
progression. We also reasoned that if our MPTP model gave us clues to microglial
activation here, then we might be able to apply what we find to the human condition. In
this respect, in Specific Aim I, we propose to determine the role of microglial activation
in the MPTP neurotoxic process. Our plan is to administer different doses of MPTP to
mice pretreated with different doses of minocycline, a drug known to block microglial
activation independent of its antimicrobial effects, then assess neuroprotection in the
SNpc using HPLC, immunstaining and Western blot analyses. We also plan to use
primary mixed neuronal/microglial cultures to study more definitively the role of
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activated microglia in MPTP-mediated DA neuronal death and the contribution of
proinflammatory factors. We will also assess, by pharmacological intervention, the
beneficial effects of inhibiting such proinflammatory factors. In Specific Aim II, we
propose to define the role of NADPH oxidase in the MPTP neurotoxic process at
different time points in the MPTP mouse model of PD using both normal mice and mice
that are deficient in NADPH oxidase We will assess neuroprotection and process of
microglial activation. In Specific Aim III, we propose to assess the neuroprotective
effect of M40401 on SNpc DA neuron death in the MPTP mouse model of PD. M40401
is a manganese-based superoxide dismutase (SOD) mimetic that readily crosses the
blood-brain barrier and prevents the production of the superoxide radical. We will assess
the protective effect of M40401 in brain tissues known to be damaged by MPTP at
different time points and at different doses using the same methodology as for Specific
Aim I. Finally, in Specific Aim IV, we plan to examine the contribution of prostaglandin
PGE2 to the death of the SNpc DA neurons by assessing the roles of the PGE2-
synthesizing enzymes cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2 in the
MPTP neurotoxic process in different brain regions and at different time points using
different doses of the toxin. We also plan to use COX-1 and COX-2 deficient mice in
these studies. These planned specific aims should provide valuable information about the
mechanisms involved in the inflamnmatory response related to the MPTP neurotoxic
process and to PD as well as identify targets for therapeutic intervention.

Key Research Accomplishments
Core A.
Core A continues to be the administrative arm of this Parkinson's Disease Research
Program. It role is to provide the centralized scientific leadership so necessary for this
program to proceed and to succeed. Core A reviews all of the findings of this project,
discusses them with the researchers and provides guidance in the reporting of results in
publications. At this point, because of the excellent guidance afforded by Core A, only the
cell culture part of this project remains to be done.

Core B.
Core B is the centralized MPTP facility for this project. It is located within the Animal Care
Facility on the 19'h floor of the College of Physicians and Surgeons here at Columbia
University. The primary role of Core B is to support the research activities under this
project. To this end, Core B represents the first leg of this research project and the work here
encompasses four specific aims all geared toward supplying the needed MPTP-treated mice
for this program project as well as the training of our researchers in the safe use of MPTP.
Procedures have been worked out to ensure both. All mice are ordered and received in the
Animal Care Facility. Mice are housed by animal care technicians of this facility, then
placed outside of the MPTP Facility. Core B is informed of their arrival by telephone and a
member of the Core B staff puts the housed mice inside the MPTP room and logs them in.
For reception of genetically engineered mice from other institutions, a health report is
required. In house genetically engineered mice are bred in the barrier facility of the animal
care facility and at the age of one month are transferred to the MPTP Facility and logged in.
All animals acclimate for at least one week prior to any injection schedule. Experiments for
the tissues necessary for the Program Project are discussed and injection regimens are
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scheduled with Dr. V. Jackson-Lewis. All injections are performed by Dr. Jackson-Lewis.
Samples are then collected according to the scheduled experiment, and are either used here
at Columbia or sent as per the scheduled experiments to the individual who needs them. No
glitches in shipping samples have occurred thus far. To insure that samples are prepared
properly, quality controls are run frequently with experimental samples on the HPLC. As a
result of this policy, our quality control results indicate that our results are highly
reproducible and that intra-group variation is less than 5%. All research fellows who handle
the MPTP-treated mice are also required to read our paper regarding the safe handling of
MPTP mice and samples (Przedborski et al, 2001) and are trained in the handling of same by
Dr. Jackson-Lewis.

Specific Aim I.
In Vivo Experiments.
The in vivo work using minocycline as a neuroprotective agent in the MPTP mouse has
been done and has been published in the Journal of Neuroscience in 2002 under the title
Blockade of microglial activation is neuroprotective in the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine mouse model of Parkinson disease. J Neuroscience 22:
1763-1771, The important findings in this study were that minocycline, a second
generation tetracycline antibiotic, 1) protects SNpc DA neurons against the damaging
effects of MPTP; 2) decreases MPTP-mediated nitrotyrosine formation; 3) inhibits
microglial activation; 4) prevents the production of microglial-derived pro-inflammatory
cytokines; and 5) confers resistance beyond iNOS (inducible nitric oxide synthase)
ablation.

Cell Culture Experiments for Specific Aim I.
Our cell culture facility is now up and running. The microglial cultures have now been
established and are stable. One of our research fellows is now establishing neuronal/glial
cultures so as to continue our studies in Specific Aim I. Co-cultures will be treated with
MPTP or its active metabolite, MPP+, in the absence of and in the presence of varying
concentrations of minocycline in order to sort out the mechanism and events of
microglial activation as it relates to DA neuron death.

Specific Aim II.
The proposed studies for Specific Aim II has been completed and our results have been
published in the Proceedings of the National Academy of Science in 2003 under the title
NADPH oxidase mediates oxidative stress in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine model of Parkinson's disease (PNAS 100: 6145-6150). Findings in
this study show that 1) NADPH oxidase is induced in the ventral midbrain of MPTP-treated
mice; 2) NADPH oxidase is expressed in microglia in the SNpc following MPTP
administration to mice; 3) the lack of the gp9l subunit of NADPH oxidase attenuates
MPTP-induced reactive oxygen species (ROS) production in the SNpc of MPTP-treated
mice as demonstrated by hydroethidium fluorescence; 4) gp91 deficient MPTP-treated mice
exhibit less damage to the tyrosine hydroxylase (TH)-positive neurons in the SNpc than their
non-deficient counterparts; 5) gp9l deficient mice show significantly less protein carbonyl
content in the ventral midbrain of MPTP-treated mice that their wild-type littermates; 6)
MPTP toxicity in the SNpc is attenuated by the delivery of extracellular SOD.
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Specific Aim III
Specific Aim III proposes to assess the neuroprotective effects of M40401, a superoxide
dismutase (SOD) mimetic compound, in MPTP-treated mice. Our hypothesis here is that if
we can block the production of the superoxide radical, we can possibly attenuate SNpc DA
neuron death. In our animal studies with M40401, we noted that 1) M40401 has a significant
neuroprotective effect on the SNpc TH-positive neurons against the damaging effects of
MPTP; 2) this effect is not extended to DA terminals in the MPTP-treated striatum even
with a lower dose of MPTP; 3) there is a significant decrease in the microglial response to
MPTP on MAC-1 immunostaining; 4) there is a significant attenuation of damaged proteins
as assessed by carbonyl content in those brain areas known to be affected by MPTP; 5) these
effects were due to a significant (@ 50%) reduction in the production of the superoxide
radical as demonstrated by hydroethidium histochemistry. The manuscript representing this
work presently entitled M40401, a SOD mimetic, attenuates DA neuron death in the
MPTP mouse model of Parkinson's disease has been written and is now being edited by
its authors.

Specific Aim IV.
Epidemiological studies suggest that inflammation increases the risk of developing some
kind of neurodegenerative condition. Along with microglial activation, other
proinflammatory compounds and cytokines such as cyclooxygenase and prostaniods
(prostaglandin E2 (PGE2) up-regulate and are reported to be integral parts of the
inflammatory response. Thus, it is reasonable to think that these factors might also
contribute to the degeneration of SNpc DA neuron in PD and in the MPTP model of PD.
The cyclooxygenase (COX) enzymes, COX-1 and COX-2 convert arachidonic acid to
prostaglandin H2 (PGH2), the precurser of the prostaglandin E2 (PGE2) and several other
prostanoids (O'Banion, 1999). In our studies using MPTP in COX-1 and COX-2
knockout mice and their wild-type littermates, we demonstrated 1) that the COX-2
enzyme rather than COX-1 is up-regulated in SNpc TH-positive neurons in PD brains
and in the ventral midbrain of the MPTP mouse model of PD; 2) that this COX-2 up-
regulation in the ventral midbrains of MPTP-treated mice and in PD brains occurs
through a Jun kinase (JNK)/c-Jun-dependent mechanism; 3) that COX-2 inhibition and
ablation in the MPTP mouse model of PD prevents the formation of dopamine-o-
quinone; 4) that COX-2 inhibition and ablation in the MPTP mouse model of PD
attenuates TH-positive neuron death in the SNpc of treated mice; 5) that the inhibition of
COX-2 may be a possible therapeutic target for drug therapy in PD. This work was
completed and is published under the title Cyclooxygenase-2 is instrumental in
Parkinson's disease neurodegeneration (PNAS 100: 5473-5478, 2003). In our
continuing studies of inflammation in PD, we also investigated whether COX-2 was
involved in the apoptotic form of death of SNpc DA neurons induced by a sub-acute
regimen of MPTP intoxication (30 mg/kg per day for 5 consecutive days). At the peak of
apoptotic DA cell death induced by this regimen of intoxication (day 4 after the last
MPTP injection), ablation of COX-2 significantly attenuated the number of SNpc
apoptotic cells (40% less of SNpc apoptotic cells). To determine whether the reduction of
apoptotic cell death resulted in an increased survival of DA cells in this model, we then
counted by stereology the number of SNpc tyrosine-hydroxylase positive cells in COX-2-
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deficient mice, compared to their wild-type littennates. At day 21 after the last MPTP
injection, the number of surviving SNpc DA cells was significantly higher in COX-2-
deficient mice (75% of saline-injected animals) than in their wild-type littermates (50%
of saline injected animals). Overall, our findings indicate that COX-2 plays a role in both
forms of DA neuron death elicited by MPTP, be it necrotic or apoptotic elicited by
specific MPTP regimens. The second part of this work is still ongoing and has not yet
been published.

Reportable Outcomes for 2004-2005.
Core B.
This year, Dr. Jackson-Lewis was consulted by several outside institutions on the safe
handling and use of MPTP. She also wrote protocols for MPTP use for several of our former
research fellows who are now researchers at other institutions. Also, she is now working
with researchers from Woods Hole to sort out their methodological problems with tissues
from MPTP-treated mice. On annual inspection of the MPTP Facility by the university's
Institutional Animal Care and Use Committee, no deficiencies have been found in the MPTP
facility. Furthermore, our MPTP facility has been visited twice this year by other university
investigators to see how an independent facility operates.

Cell Culture Experiments for Specific Aim I.
Our cell culture facility is now up and running. We have secured all of the necessary
equipment (hoods, fluorescent microscope, inverted microscope, incubators, etc.) for this
part of Specific Aim I. The microglial cultures have now been established and are stable.
These cells when treated with lipopolysaccharide can produce reactive oxygen species
which we can be demonstrated by fluorescence. With the help of Dr. David Sulzer (DA
specialist and a Principal Investigator in our division), one of our research fellows, Dr.
Delphine Prou, has now established neuronal cultures grown on microglia. These cultures
are now stable and ready to be used in the completion of Specific Aim I. As proposed,
neuronal/glial cultures will be treated with varying concentrations of minocycline and
MPTP or MPP+ (MPTP active metabolite) in order to sort out the relationship between
the DA neuron and microglia in the neurodegenerative process.

Publications (2004-2005) Supported by This Award
Choi, D-K, Pennathur, S, Perier, C, Tieu, K, Teismann, P, Wu, DC, Jackson-Lewis, V, Vila,
M, Vonsattel, J-P, Heineke JW, Przedborski, S. Ablation of the inflammatory enzyme
myeloperoxidase mitigates features of Parkinson's disease in mice. J Neuroscience
(2005) 25: 6594-6600.

Perier, C, Tieu, K, Guegan, C, Caspersen, C, Jackson-Lewis, V, Carelli, V, Martinuzzi, A,
Hirano, M, Przedborski, S, Vila, M. Complex I deficiency primes Bax-dependent
neuronal apoptosis through mitochondrial oxidative damage. PNAS (2005) 102: 19126-
19131.
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Jackson-Lewis, V, Smeyne, RJ. MPTP and SNpc DA neuronal vulnerability: role of
dopamine, superoxide and nitric oxide in neurotoxicity. Minireview. Neurotoxicity
Research (2005) 7: 193-201.

Smeyne, RJ, Jackson-Lewis, V. The MPTP model of Parkinson's disease. Molecular
Brain Research (2005) 134: 57-66.

Przedborski, Serge. Pathogenesis of nigral cell death in Parkinson's disease.
Parkinsonism and Related Disorders (2005) 11: S3-S7.

Przedborski, S, Ischiropoulos, H. Reactive oxygen and nitrogen species: weapons of
neuronal destruction in models of Parkinson's disease. Antioxid Redox Signal (2005) 7:
685-693.

Discussion and Conclusions
The loss of SNpc DA neurons in the brains of PD patients and in the MPTP model of PD is
thought to be related to oxidative stress, mitochondrial dysfunction and energy crisis.
Neuropathological studies (Langston et al, 1999) indicate that following the acute phase of
DA neuron death, neurons continue to die for many years but at a much lower rate. In
revisiting the neuropathology of PD, it was noted that aside from the dramatic loss of DA
neurons in the SNpc, there is a marked gliosis in the area of the SNpc in PD brains and in
the SNpc of MPTP models of PD. This marked gliosis (glial response) occurs in the non-
neuronal support systems, the glia, in the SNpc. The question is why does PD take on a
progressive nature and how do microglia fit into the picture? It is known that microglia can
be supportive of DA neurons as, on one hand, they can produce trophic factors which
promote the life of the cell. On the other hand, microglia can produce compounds such as
superoxide, tumor necrosis factor, glutamate and arachidonic acid which can be damaging to
the DA neurons in the SNpc given the fact that microglial residents here outnumber
microglial residents in other brain areas (Smeyne et al, 2005). Thus, microglia put SNpc DA
neurons in a precarious microenvironment. Our answer may lie in discerning the temporal
relationship between SNpc neuron death and microglial activation. To this end, since MPTP
also elicits a microglial response, it is an ideal tool to study this problem. We noted that, in
the MPTP mouse model, a strong microglial activation occurs much earlier than that of
astrocytes and reaches maximun before the peak of SNpc DA neuron death (Liberatore et al,
1999). From this finding, we concluded that microglial activation must indeed be an integral
part of the MPTP neurotoxic process.

Since microglia have been shown to produce a number of proiflammatory compounds, it is
necessary to examine microglia in light of these compounds following a toxic insult. In
previous publications, we found that following MPTP administration, both the superoxide
radical (Przedborski et al, 1992) and nitric oxide (Przedborski et al, 1996; Liberatore et al,
1999) production increase dramatically and localize to activated microglia (Liberatore et al,
1999; Wu et al, 2002). This is in keeping with the oxidative stress hypothesis of PD in that it
is thought that superoxide and nitric oxide interact to form peroxynitrite, a compound that
damages DNA, proteins, enzymes amino acids and neurotransmitters. Microglia afford a
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milieu in which the interaction of these two compounds can take place. Proof of this
interaction can be seen in the increased levels of nitrotyrosine in the SNpc of MPTP-treated
mice. In Specific Aim I, a decrease in the presence of nitrotyrosine was achieved through the
use of minocycline which also attenuated microglial activation through its blockade of the
inducible nitric oxide synthase (iNOS) enzyme, the source of nitric oxide. Nitrotyrosine
appearance occurred as early as 24 hours after MPTP administration, the same time that
microglial activation reaches its peak. Proof that the source of superoxide is also the
microglia is our demonstration of superoxide presence in the SNpc using the fluorescent
probe hydroethidium (Wu et al, 2002). This effect was also noted at 24 hours after MPTP
administration. In Specific Aim 11, we show that NADPH oxidase in microglia in the area of
the SNpc is up-regulated as early as 24 hours after MPTP administration and that ablation of
the gp9l subunit of this enzyme is protective to neurons here (Wu et al, 2003). Associated
with this ablation is a decrease in the activation of microglia as well as a decrease in the
presence of the superoxide radical. .Thus, our studies define the roles of both superoxide and
nitric oxide in the glial response as part of a toxic event and note that their involvement in
this response occurs in a time-dependent manner.

Since we have demonstrated that the superoxide radical is an integral part of microglial
activation in PD, pharmacological intervention may prove helpful here in abating the death
of SNpc DA neurons and possibly the progression of neurodegeneration. To test this
possibility, we used M40401, a manganese (Mn) SOD mimetic, in the MPTP mouse model.
M40401 posesses a catalytic rate constant that is at least equal to or greater than the native
SOD enzymes (Salvemini et al, 1999). Key to its action is the fact that M40401 has a MnII
center that is difficult to oxidize and that has no reactivity until it is oxidized to MnIII by
protonated superoxide. Once reactive, the MnIII is rapidly reduced back to MnII state by the
superoxide anion at diffusion-controlled rates (Salvemini et al, 1999). In the MPTP-treated
mouse, M40401 protected SNpc DA neurons to a significant degree although it had little or
no effect on DA terminals in the striatum of these animals. It also decreased carbonyl
content in the mouse ventral midbrain by preventing oxidation of neuronal proteins and
reduced the microglial response to MPTP in this area of the brain. The reduction in
microglial activation is most likely due to a decrease in the presence of the superoxide
radical as demonstrated by hydroethidium fluorescence.

Expression of cyclooxygenase has emerged as an important determinant of cytotoxicity
associated with inflanmmation (Seibert et al, 1995). The cyclooxygenase (COX) enzyme is
the rate-limiting enzyme in the synthesis of prostaglandin E2 (PGE2) which facilitates the
reaction between the superoxide radical and NO in the formation of peroxynitrite within the
DA neuron (Hastings, 1995). Superoxide presence within the dopamine neuron can be the
result of DA breakdown as DA is quite unstable or it result from the blockade of complex I
of the mitochondrial electron transport chain (Klivenyi et al, 1998). NO may be produced
within the DA neuron through the action of neuronal NOS (Jackson-Lewis and Smeyne,
2005). Two isoforms (COX-1 and COX-2) of the COX enzyme exist and their patterns of
distribution are somewhat different. The fact that COX-2 co-expresses with iNOS in SNpc
microglia from PD brain tissues (Knott et al, 2000) and that its product PGE2 is also
elevated here (Rothwell, 1998) led us to investigate the role of COX-2 in the MPTP
neurotoxic process. In the mouse model of PD following MPTP administration, COX-2 is
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indeed up-regulated in SNpc neurons. Our finding of COX-2 up-regulation in SNpc neurons
from PD brains complemented our MPTP findings. Furthermore, we noted that COX-2
deficient mice had significantly more TH-positive neurons in the SNpc than their wild-type
counterparts following MPTP administration which suggests that the reaction between
superoxide and NO was abated. The administration of CEP 11004 to MPTP-treated mice
blocks jun kinase activation which, in turn, lessened significantly the up-regulation of the
COX-2 enzyme in our model and protected the SNpc DA neurons against the damaging
effects of MPTP. We also noted that COX-2 does not participate in the activation of
microglia as although COX-2 ablation and inhibition attenuated MPTP-induced SNpc DA
neuron death, this approach did not lessen microglial activation (Teismann et al, 2003).
Thus, COX-2 because of its up-regulation within the neuron, likely contributes to
perturbations within the internal environment of the DA neuron which can lead to damage
and even death of the DA neuron in the SNpc in a pathological situation.

It is our conclusion that activated microglia do contribute to the death of SNpc neurons.
Their activation is a timely event occuring shortly after a toxic insult and continuing via
constant production of superoxide and NO due to the ongoing death of the SNpc DA
neurons. We will be able to give a more precise answer here once we have finished the
neuronal/microglia cell culture experiments. Regardless of that, it appears that the
neurodegenerative process in the SNpc of PD patients and in the MPTP mouse model is a
process of cell death that is basically circular in nature.
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Reactive Oxygen and Nitrogen Species: Weapons of Neuronal
Destruction in Models of Parkinson's Disease
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ABSTRACT

Parkinson's disease (PD) is a common neurodegenerative disease whose etiology and pathogenesis remain
mainly unknown. To investigate its cause and, more particularly, its mechanism of neuronal death, numerous
in vivo experimental models have been developed. Currently, both genetic and toxic models of PD are available,
but the use of neurotoxins such as 6-hydroxydopamine, paraquat, 1-inethyl-4-phenyl-I,2,3,6-tetrahydropyri-
dine, and rotenone are still the most popular means for modeling the destruction of the nigrostriatal dopamin-
ergic neurons seen in PD. These four neurotoxins, although distinct in their intimate cytotoxic mechanisms, kill
dopaminergic neurons via a cascade of deleterious events that consistently involves oxidative stress. Herein, we
review and compare the molecular mechanisms of 6-hydroxydopamine, paraquat, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, and rotenone, placing the emphasis of our discussion on how reactive oxygen and nitrogen
species contribute to the neurotoxic properties of these four molecules. As the reader will discover, to achieve
the above stated goal, we had to not only appraise recent findings, but also revisit earlier landmark studies to
provide a comprehensive view on this topic. This approach also enabled us to describe how our understanding
of the mechanism of actions of certain toxins has evolved over time, which is particularly striking in the case of
the quatrogenarian neurotoxin, 6-hydroxydopamine. Antioxid. Redox Signal. 7, 685-693.

INTRODUCTION profound deficit in brain dopamine (15). Another pathologi-
cal hallmark of PD is the eosinophilic intraneuronal proteina-p ARKINSON'S DISEAS1, (PD) affects -1% of the population ceous inclusion called the Lewy body (27), whose pathogenic

over the age of 50 in the United States alone, and it is the significance remains controversial.
second most frequent neurodegenerative disorder after Alz- There is no evidence that PD patients must be treated upon
heimer's disease (15). This common neurodegenerative disor- emergence of the clinical symptoms. However, at some point,
der is essentially a sporadic disease, meaning that it presents the motor disability becomes so severe that treatment aimed
itself with no apparent genetic linkage (15). Yet in rare in- at either replenishing dopaminergic stores in the brain (e.g.,
stances, as in several other neurodegenerative diseases (70), levodopa) or stimulating dopamine receptors (e.g., dopamine
PD can be inherited (16). Whether it is sporadic or familial, agonists), or both, is required to maintain the patient's auton-
PD is a slow, progressive disease characterized mainly by omy and quality of life. Several of the approved drugs for PD
resting tremor, slowness of movement (bradykinesia), stiff- are quite potent in alleviating symptoms, but their chronic ad-
ness (rigidity), and poor balance (postural instability) (25). ministration often causes serious motor and psychiatric side
Most, if not all, of these clinical abnormalities are attributed effects (24).
to the severe loss of the nigrostriatal dopaminergic neurons in Regardless of the nature of the etiologic factor that initially
the substantia nigra pars compacta (SNpc), which leads to a provokes neurodegeneration, two major hypotheses regarding
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the pathogenesis of the disease have emerged from studies and in vitro relies on one's knowledge of a series of technical
probing the functions of genes implicated in inherited forms points that have been discussed in detail (45, 46, 65). Because
of PD and from animal and cellular model systems of PD. of the emphasis of this special Forum of Antioxidants & Redox
One hypothesis postulates that inappropriate aggregation of Signaling on oxidative stress in PD and experimental models
proteins is instrumental in the death of SNpc dopaminergic of the disease and as 6-01IDA is a prototypical "oxidative-
neurons, whereas the other, which is the focus of this review, stress neurotoxin," we will focus the discussion on the 6-
suggests that the offender is oxidative stress, including poten- OHDA-induced neurotoxic mechanism. From the outset, it can
tially toxic intermediates of oxidized dopamine. This latter be said that most experts agree on the concept that 6-OHDA
hypothesis posits that the fine-tuned balance between the pro- destroys catecholaminergic structures by a combined effect of
duction and destruction of oxidants is altered in such a way ROS and quinones (10). This popular view is based on the evi-
that oxidative damage arises, leading to cellular dysfunction dence that 6-OHDA, once dissolved in an alkaline solution,
and, ultimately, to cell death. Unquestionably, support for the readily oxidizes in tlhe presence of oxygen, yielding, in a stoi-
"oxidative stress hypothesis" of PD comes from descriptive chiometric fashion, hydrogen peroxide (H202) and para-
investigations performed on fluids and tissue samples of PD quinone (37, 72) as depicted by the following reaction:
patients (64). However, in our opinion, the most compelling
evidence for a role of reactive oxygen species (ROS) and re- HO OHH

active nitrogen species (RNS) in the death of SNpc dopamin- HOo]` 2 0NH, +H2

ergic neurons in PD originates, not from human studies, but 6-OHDA para-quinone

rather from investigations in animal models of PD generated
by various neurotoxins. What these neurotoxins are and how Although the chemical reaction that underlies 6-OHDA-in-
they engender oxidative stress are the topics that we will dis- duced neurotoxicity appears quite straightforward, it is in fact a
cuss in this review. Conversely, how faithfully these neuro- remarkably complicated reaction that does not occur as a spon-
toxins model PD and how they should be used to achieve this taneous oxidation by molecular oxygen. Still, molecular oxy-
goal will not be discussed. Readers interested in these latter gen is mandatory for the reaction or, in anaerobic conditions,
aspects are encouraged to review other references (65, 66). no conversion of 6-OHDA into quinones is detectable (30). If

oxygen is necessary for the reaction, it is not, however, suffi-
cient to drive 6-Ot-DA oxidation alone because desferrioxam-

ROS-PRODUCING "PARKINSONIAN" ine, a potent metal chelator, does inhibit the aerobic formation

NEUROTOXINS of 6-OHDA quinones to a dramatic extent (29-31, 80). This
observation implies that 6-OHDA oxidation requires the pres-

Toxic models of PD are numerous, but thus far only a ence of redox-capable transitional metals such as iron or cop-

handful of such models have been thoroughly characterized per to catalyze the transfer of electrons from 6-OHDA to mole-

with respect to their biochemical and molecular modes of ac- cular oxygen. It is now well accepted that even the presence of
trace amounts of transitional metal contaminants, brought into

tion and neurodegenerative effects. Relatively well character- the reaction mixture by the reagents and glassware, suffice to
ized models of PD include 6-hydroxydopamine (6-OHDA), set this aerobic reaction in motion.
paraquat, rotenone, and 1-methyl-4-phenyl-1,2,3,6-tetrahy- siderom qaion in otion.

dropyridine (MPTP) (15). In principle, these toxins all share Aside from quinones, the oxidation of 6-OHDA also gener-

the same function, namely, the killing of SNpc dopamninergic ates HI202, as illustrated above. In biological systems, the pro-the amefimtion naely th kilingof ~pc opainegic duction of H 0 results from a two-electron reduction of oxy-

neurons by a process in which oxidative stress is instrumen- 2 r
tal. Yet, as discussed below and depending on the neurotoxin, gen. Thus, it can be surmised that during 6-OHDA oxidation
the molecular basis of the generated oxidative stress is quite a pair of electrons is transferred from 6-OHDA to molecular

different, and in broad terms 6-OHDA toxicity is dependent oxygen to produce H0O2 Yet it appears that the reaction of

on its oxidation. The toxic action of paraquat is due to its re- molecular oxygen with 6-OHDA is primarily a two-electron
duction-oxidation cycling, whereas, at least in part, inhibition process only in the presence of excess oxygen, but it is a four-
ductheion-iatond lcyclng whereansot leastin partspinhibitin electron process in the presence of excess 6-OHDA (30). Ac-
of the mitochondrial electron transport chain is responsible cordingly, H202 is an end product of the reaction merely if 6-
for the neurotoxicity of both rotenone and MPTP. OHDA is limiting. Furthermore, even if the experimental

conditions favor an overall exchange of a pair of electrons,
the fact that oxygen has two unpaired electrons on its outer-

THE 6-OHDA MODEL: A PATRIARCH most orbital with a same spin quantum number makes it more

STILL IN THE RACE likely that the reduction of oxygen proceeds by one electron
at the time forming superoxide (02-) and semiquinone radi-

6-OHDA was introduced as a catecholaminergic toxin >30 cals as the intermediary species. This interpretation is consis-
years ago (46) and, ever since, it has remained an extensively tent with the demonstration that superoxide dismutase
tested model both in vitro and in vivo. The effects of 6-OHDA (SOD), by scavenging superoxide radicals, dramatically in-
on both the central and peripheral catecholaminergic pathways hibits the oxidation of 6-OHDA (39). Subsequent studies
in rodents and in a variety of cultured cell types have been re- have confirmed the production of superoxide radicals, and
viewed elsewhere, as well as the molecular basis for its speci- have moreover demonstrated that superoxide radicals gener-
ficity (45, 46, 65). 6-OHDA can be administered to rodents via ated by the first step of 6-OHDA oxidation are critical in
a variety of different routes, but its proper utilization in vivo propagating the oxidation of 6-OHDA (11, 30, 31, 80). As de-
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tailed elsewhere (39), the progressive oxidation of 6-OHDA (MAO), a reaction that also generates ROS. This observation
can be schematized as follows: raises the possibility that the oxidative domination of 6-OHDA

HO ~OH HO O* 0contributes to the neurotoxic process. Yet the finding that pre-

+ 02 ) , + 0 H' treatment with MAO inhibitors such as pargyline, rather than
HO NH2  " mitigating 6-OHDA toxicity, enhances it (45), argues against a

6-OHDA semiqulnone MAO-dependent source of ROS as being contributive to the 6-
HO. OH HO O" OHDA neurotoxic process. It should also be stressed that, as

+ 0;-+ H÷ - "J v H20 2  long as the environmental conditions are favorable, oxidation
HO NH2  s unH 2  of 6-OHDA can occur in vivo both intra- and extraneuronally.
6-OHDA semiquinone

Consistent with this view is the demonstration that, in mesen-
HO,,• ' N H 2  _HO' ,, + H* cephalic cultures, 6-OtIDA toxicity is not- restricted to

"" + 02 -NH dopaminergic neurons (55), and that several cell types devoid

semiquinone para-qulnone of transporters allowing 6-OHDA to be translocated inside the

HO 0* HO 0 cell-such as C6 glioma, NIH-3T3, and CHO cells--can be
H+ 02+ H+ Z H20 2  damaged by this neurotoxin (3).

N)s O- • v NH2
semlqulnone para-qulnone

This shows that the oxidation of 2 moles of 6-OHDA leads to THE HERBICIDE PARAQUAT
the formation of 2 moles of quinone and 2 moles of H,0 2. In
addition to the 11202 and superoxide radicals, 6-OHDA oxida- The potent herbicide paraquat, whose chemical name is
tion is also associated with the production of hydroxyl radi- N,N'-dimethyl-4-4'-bipyridinium ion, is another prototypic
cals as demonstrated by using spin-trap 5,5-dimethyl-l- toxin known to exert deleterious effects through oxidative
pyrroline-N-oxide (26) and methional as spin traps (11). In mechanisms. Structurally, paraquat comprises two pyridine
this system, hydroxyl radicals can arise from the Fenton reac- rings, i.e., aromatic rings in which one carbon atom is re-
tion by which the breakdown of HI202 is catalyzed by transi- placed by a nitrogen atom, joined covalently by their number-
tional metals such as iron. 4 carbon and with a methyl group attached to each nitrogen.

The above studies indicate that 6-OHDA oxidation generates The overall biochemical reaction governing the neurotoxic
not only para-quinone and H202, but also the superoxide and mechanism of paraquat was reported by Bus and collabora-
hydroxyl radicals. As stressed by many authors throughout this tors roughly 30 years ago (6, 7). According to these authors,
Forum, ROS such as H,O 2, superoxide radical, and hydroxyl paraquat undergoes a single electron, reduction-oxidation cy-
radical can either directly or indirectly inflict an array of cellu- cling with subsequent formation of superoxide radicals:
lar oxidations that can ultimately lead to cell death. Given this,
the reader may encounter no difficulty envisioning how ROS H 3C-No N*--C *CH 3 + IN - , HuC-NDF -1j)N'-CH+ +

generated by the oxidation of 6-OHDA could contribute to the Paraquat Paraquat

neurotoxicity of this compound. On the other hand, how the
quinone of 6-OHDA may exert deleterious effects may be less The first of the two steps of this biochemical reaction re-
obvious. Early on in the characterization of the 6-OHDA mode quires that paraquat go through a single-electron reduction to
of action, it was recognized that para-quinone formed though the blue-colored cation radical, paraquar- (28, 59). This ini-
the oxidation of 6-OHDA undergoes covalent binding with tial step is not dependent on oxygen, as it can proceed under
sulflhydryl and other biological macromolecules with nucle- anaerobic conditions, but it does depend on the presence of
ophilic centers (32, 72). Accordingly, para-quinone is thus diaphorase activity (28), i.e., an enzyme that transfers an
likely to react with glutathione and protein amino acid residues electron from a NAD(P)H molecule. Paraquat diaphorases
such as cysteine, tyrosine, and lysine. The deleterious conse- are usually oxidoreductase enzymes containing flavin groups
quences of the para-quinone of 6-OHDA may thus range from and using NADPH and, presumably, NADH as electron
depletion of vital antioxidants such as glutathione, whose con- donors (9, 19, 22, 52, 77, 89). Relevant to the brain toxicity of
centration is diminished in PD (64), to inactivation of critical paraquat, it should be noted that nitric oxide synthase (NOS)
enzymes such as catechol-O-methyltransferase (4) and tyro- has been identified as one of the diaphorases capable of re-
sine hydroxylase (49) and, more importantly, to an accumula- acting with paraquat (19).
tion of potentially neurotoxic rs-synuclein protofibrils, a pro- The second step of the paraquat toxic reaction is the reoxida-
posed key event in PD pathogenesis (12). tion of this compound by oxygen that occurs through a transfer

Although the above-cited studies would argue that both the of a single electron from the paraquat radical to molecular oxy-
produced ROS and para-quinone are probably equally instru- gen, yielding oxidized paraquat (i.e., the parent compound)
mental in the 6-OHDA neurotoxic processes, available evi- and superoxide radicals. The actual reduction-oxidation cy-
dence appears to favor the view that ROS are the dominant cling reaction of paraquat can thus be depicted as follow:
noxious mediators. For example, the addition of ascorbic acid
to tissue slices, which is known to recycle para-quinone into 6- HuC-NLj- N+-CH3 + NAD(P)H 10 H3C-NýY\NtCH3 + NAD(P)

OHDA with a net formation of H20 2 (38, 80), prevents the ap-ParaquatParaquat radical N(

pearance of colored quinones, but enhances neurotoxicity (38).
Finally, it should be emphasized that, like other mono- H3C-Np--fN-CH3 + 02 1 H3c-NL\ N-CH3 + 02"

amines, 6-OHDA can be metabolized by monoamine oxidase Paraquat radical Paraquat
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Of note, paraquat" is a powerful reducing radical capable ing high activity of NADPH-diaphorase in the brain are ap-
not only of reacting with molecular oxygen to generate super- parently not the dopaminergic neurons (63). Given the mech-
oxide radicals as shown above, but also of reacting with tran- anism of action of paraquat, it is thus fascinating to note that
sitional metals such as iron. Paraquat" can readily reduce dopaminergic neurons are specifically affected in this model.
iron(III) and most iron(Ill)chelates (9) into iron(ll) or iron(II)
chelates, which in turn could catalyze the formation of by-
droxyl radicals via the Fenton reaction: THE MITOCHONDRIAL POISONS

MPTP AND ROTENONE
Fe' + H3 C-NýD -,Nt-CH 3  IN H3C-NQ1,-- N-CO3 + Fe2÷

Paraquat radical Paraquat Both MPTP and rotenone are well-known mitochondrial

Fe
2
* + H20 ---- H + OH + Fe• toxins used to recapitulate hallmarks of PD in laboratory ani-

mals (15). Although MPTP has been regarded for the past 20
Presumably, whether paraquat"÷ reacts with oxygen or iron years as the parkinsonian toxin par excellence, rotenone has re-

depends on the concentration of oxygen. Accordingly, it can be cently received major attention for its capacity to produce pre-
speculated that in the brain the high oxygen content should viously unattainable PD features such as intraneuronal pro-
favor the reaction of paraquart with molecular oxygen over teinaceous inclusions in rats (2). However, studies about the
that with iron(III). Yet hydroxyl radicals can also be produced detailed mechanisms by which rotenone kills dopaminergic
by an alternative mechanism in which paraquart simply sup- neurons are thus far few, which is in striking contrast with the
plies the metal needed for the hydroxyl radical formation by re- large body of literature available on this topic for MPTP. Be-
ductively mobilizing iron from ferritin (83). Thus far, there is cause it can be assumed that these two neurotoxins share many
not an unequivocal demonstration that hydroxyl radicals are of the key molecular mechanisms responsible for their neuro-
implicated in the deleterious effects caused by paraquat intoxi- toxicity, we will focus the rest of our discussion on MPTP and
cation. Conversely, there are countless demonstrations that only refer to rotenone whenever published data permit.
SOD overexpression and SOD mimetics confer resistance A distinct feature of MPTP is that this neurotoxin is highly
against paraquat (17, 18, 61), thus supporting the concept that lipophilic and thus readily capable of crossing the blood-brain
superoxide radicals are pivotal in paraquat cytotoxicity. barrier after its systemic administration (57). Yet, once in the

Aside from oxidative stress, it has also been suggested that brain, MPTP as such is unable to provoke any neurotoxicity
depletion of the intracellular stores of NAD(P)H, due to its unless it is converted to l-methyl-4-phenylpyridinium (MPP+)
increased oxidation during the reduction-oxidation cycling of (40, 57). The activation of the protoxin MPTP is a two-step
paraquat stores, contributes to the overall cytotoxic process, process: first, MPTP is oxidatively deaminated by enzyme
Indeed, loss of NAD(P)H or change in the NAD(P)H over MAO-B to form the intermediate, unstable compound 1-
NAD(P)y ratio may have serious harmful consequences by methyl-4-phenyl-2,3-dihydropyridinium (MPDPI); and sec-
impairing vital metabolic pathways such as fatty acid synthe- ond, MPDPI spontaneously oxidizes, yielding MPPI (Fig. 1).
sis. Increased oxidation of glucose by the pentose phosphate This process takes place not in dopaminergic neurons, which
shunt and inhibition of fatty acid synthesis in paraquat- are devoid of MAO-B, but primarily in glial cells and secon-
intoxicated animals (79) are consistent with this view.

Most experimental studies of paraquat are related to its ef-
fects on the lungs, liver, and kidneys, probably because the
toxicity induced by this herbicide in these organs is responsi-
ble for death after acute exposure. However, less known is the
fact that significant damage to the brain is also seen in indi-
viduals who died from paraquat intoxication (33, 41) in spite
of the fact that paraquat poorly crosses the blood-brain bar- MAO-B
ier (78). Thus far, the use of paraquat as a model of PD has
been performed mainly in mice, perhaps because previous
studies in rats have shown that oral administration of paraquat
to these rodents was ineffective in damaging the brain (86)
and that its intraventricular or intracerebral injection pro-
duces diffuse neurodegeneration (20, 53). Conversely, several N N+ N+
authors have now reported reduced motor activity and dose- I I
dependent losses of striatal dopaminergic nerve fibers and CH 3  CH 3  CH 3
substantia nigra neuronal cell bodies in mice that received
systemic injections ofparaquat (5, 58, 82). Aside from killing MPTP MPDP+ MPP÷
dopaminergic neurons, paraquat induces (x-synuclein up-
regulation and aggregation (56). FIG. 1. Bioactivation of MPTP to MPP+. The entire process

Quite surprising is the finding that dopaminergic but not of MPTP bioactivation takes place in serotonergic neurons and
other subpopulations of neurons, such as GABAergic cells in in astrocytes. The transformation of MPTP to MPDP- is cat-
the substantia nigra and the striatum, appeared to be affected alyzed by MAO-B; the subsequent transformation of MPDPI to
by paraquat injection (58). Neuronal subpopulations express- MPP is spontaneous.
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darily in serotonergic structures scarcely present in the vicinity The striking structural similarity between MPP÷ and
of the nigrostriatal dopaminergic neurons. Once formed in paraquat (Fig. 2) has prompted several investigators to test
these nondopaminergic cells, MPP+ is released to the extracel- the idea that MPP+, like paraquat, could inflict oxidative
lular space, and through its binding to the plasma membrane stress via a reduction-oxidation cycling mechanism. Com-
dopamine transporter (44) it is translocated in dopaminergic pared with paraquat. MPP+ is an extremely stable species un-
neurons. Soon after its entry into dopaminergic neurons, MPPI likely to undergo reduction-oxidation cycling (50). The rea-
participates in a variety of deleterious biochemical processes, son paraquat is more reactive than MPP1 relates to the
among which many could generate oxidants. Although most of double-positive charge on the paraquat, whereas MPPI has
these oxidative reactions are taking place within the dopamin- only one such charge (Fig. 2). For example, the one-electron
ergic neuron itself, some meaningful reactive pathways origi- reduction potential, which reflects the energy required to
nate from the surrounding glial cells. The current consensus in form the free radical, is -0.446 V for paraquat, well within
the field is that both the intrinsic and extrinsic oxidative the range of biological systems. In contrast, MPP+ has a one-
stresses participate in the demise of nigrostriatal dopaminergic electron reduction potential of - 1.18 V or greater, which is
neurons in the MPTP model. outside the range of known biological systems that might be

With respect to the intrinsic oxidative stress in the MPTP involved in this reaction. Therefore, it seems unlikely that
model, one of the main sources of the oxidant presumably em- MPP' could participate in paraquat-like reduction-oxidation
anates from the mitochondria, MPPh, like rotenone, can accu- cycling unless an enzyme catalyzes it.
mulate within the mitochondria and bind to complex I of the Although fierce discussions are still ongoing about which
electron transport chain (60). In doing so, MPP÷ interrupts the of these different sources of ROS, or combinations thereof,
natural flow of electrons along this chain of cytochromes, are implicated in MPTP neurotoxicity, there is compelling ev-
which leads not only to an acute deficit in ATP formation, but idence that oxidative stress does play a critical role in the

also to an increased production of ROS, especially of superox- neurodegenerative process seen in this PD model. For in-
ide (8, 35, 71). Because of the high amounts of Mn-SOD stance, reduction of Cu/Zn-SOD (SOD I) activity by diethyl
(SOD2) in the inner compartment of the mitochondria, it is dithiocarbamate, which chelates copper and inhibits SODI,
likely that most, if not all, of the superoxide radicals produced or by genetic ablation of SOD 1, potentiates MPTP-induced
by the blockade of complex I are immediately converted into toxicity in mice (13, 90). The mirror opposite picture is found
HO02. The latter, in contrast to the superoxide radical, could upon overexpressing human SOD1, in that transgenic mice
permeate through the mitochondrial membranes and thus can with increased SODI activity are more resistant to MPTP
readily gain access to the cytosol. Accordingly, it is likely that (67). Although similar studies have not yet been done in
mitochondrially generated superoxide may contribute to oxida- rotenone, the toxicity of this other poison on dopaminergic
tive damage inside the mitochondria, whereas H,0 2 may con- cells appears also to implicate oxidative stress (74, 76).
tribute to oxidative damage both inside and outside the mito-
chondria. These ROS may also engage in producing secondary
and strong oxidants such as the hydroxyl radical, by reacting
with an iron released from the destruction of mitochondrial
aconitase (36), as well as with nitric oxide to generate perox- CH 3
ynitrite (43). Although there is little evidence that any of the I
reactive species cited above actually do inflict structural or N+
functional mitochondrial damage in the MPTP model, the
demonstration that transgenic mice with increased SOD2 ac-
tivity are resistant to MPTP toxicity (47) argues that some type
of MPP+-mediated mitochondrial oxidative event has to be in-
strumental in the neurodegenerative process.

Presumably, ROS production can also occur in the MPTP
model from the autooxidation of doparnine (54) resulting
from an MPPI-induced massive release of vesicular dopa-
mine to the cytosol. Furthermore, the induction of cyclooxy-
genase-2 (COX-2) within the dopaminergic neurons after

MPTP injection (42, 81) can also serve as a source of ROS. N+
Indeed, via the peroxidase activity of COX-2, this enzyme [
can use catecholamines such as dopamine as an electron I
donor needed to catalyze the formation of dopamine- eH 3  CH3
quinones. The latter may modify proteins by forming dopa-
mine-cysteinyl adducts, which may have major consequences
on the structure and function of modified proteins. In support Paraquat MPP+
of this scenario, we have found that, following MPTP injec-
tions to mice, contents of dopamine-cysteinyl in proteins in- FIG. 2. Comparison of paraquat and MPP+ chemical
crease markedly in a COX-2-dependent manner in affected structures. Note the striking resemblance of the two com-
brain regions (81). pounds.
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As already referred to above, ROS exert many or most of and rotenone oxidative processes more closely mimics the
their toxic effects in the MPTP model in conjunction with actual pathogenic cascade occurring in PD than the simpler
other reactive species such as nitric oxide (1, 62, 69, 73) pro- oxidative processes engendered by 6-OHDA and paraquat is
duced in the brain by both the neuronal and the inducible iso- essentially unknown. Thus, if one is interested in testing
forms of the enzyme NOS (51, 68). A comprehensive review new antioxidants for the treatment of PD, it may be neces-
of the source and the role of nitric oxide in the MPTP model sary to preclinically ascertain the effectiveness of this puta-
can be found in other references (63, 84). tive neuroprotective intervention in more than one toxic

Before discussing the extrinsic oxidative stress in the model of PD.
MPTP model, we should first emphasize the fact that the loss
of dopaminergic neurons caused by both MPTP and rotenone
is associated with a glial response (75, 85). Activation of mi- ACKNOWLEDGMENTS
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Abstract

Parkinson's disease (PD) is primarily a sporadic condition which results mainly from the death of dopaminergic neurons in the substantia
nigra. Its etiology remains enigmatic while its pathogenesis begins to be understood as a multifactorial cascade of deleterious factors. As of
yet, most insights into PD pathogenesis are derived from toxic models of PD and show that the earlier cellular perturbations arising in
dopaminergic neurons include oxidative stress and energy crisis. These alterations, rather than killing neurons, trigger subsequent death-
related molecular pathways including elements of apoptosis. The fate of dopaminergic neurons in PD may also be influenced by additional
factors such as excitotoxicity, emanating from the increased glutamatergic input from the subthalamic nucleus to the substantia nigra, and the
glial response that arises in the striatum and the substantia nigra. In rare instances, PD can be familial, and those genetic forms have also
provided clues to the pathogenesis of nigrostriatal dopaminergic neuron death including abnormalities in the mechanisms of protein folding

and degradation as well as mitochondrial function. Although more remains to be elucidated about the pathogenic cascade in PD, the
compilation of all of the aforementioned alterations starts to shed light on why and how nigral dopaminergic neurons may degenerate in this
prominent disease, that is PD.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Parkinson's disease; MPTP; Neurodegeneration; Pathogenesis

1. Introduction linked to defects in a variety of genes [3]. Although,
clinically and pathologically, sporadic and familial PD may

Parkinson's disease (PD) is the second most common differ on several significant aspects, they all share the same
neurodegenerative disorder after the Alzheimer's dementia, biochemical brain abnormality, namely a dramatic depletion
It is estimated that more than one million individuals in the in brain dopamine [2].
United States of America alone are affected with this The reason why PD patients exhibit low levels of brain
disabling disease and that more than 50,000 new cases arise dopamine stems from the degeneration of the nigrostriatal
each year [1]. PD is progressive with a mean age at onset of dopaminergic pathway, which is made of dopaminergic
55, and with an incidence that increases markedly with age neurons whose cell bodies are located in the substantia nigra
[2]. Clinically, PD is characterized by the cardinal features pars compact and whose projecting axons and nerve
of tremor at rest, slowness of voluntary movements, rigidity, terminals are found in the striatum [2]. Yet, it is important
and postural instability [1]. Like many other neurodegen- to emphasize the fact that the neuropathology of PD is far
erative diseases, PD presents itself mainly as a sporadic from being restricted to the nigrostriatal pathway, and
condition, meaning in absence of any genetic linkage, but in histological abnormalities can be found in many other
rare instances, PD can also arise as a simple Mendelian trait, dopaminergic and even non-dopaminergic cell groups [2].

The second most prominent neuropathological feature of
PD is the presence of intraneuronal inclusions called Lewy

SProceedings of the 9th International Symposium on the Treatment of bodies (LBs) in the few remaining nigral dopaminergic
Parkinson's Disease.

Tel.: + 1 212 342 4119; fax: + 1 212 342 3663. neurons [2]. LBs are spherical eosinophilic cytoplasmic
E-mail address: sp30@columbia.edu. aggregates composed of a variety of proteins, such as

1353-8020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved. a-synuclein, parkin, ubiquitin and neurofilaments, and they

doi:10. 101 6/j.parkreldis.2004.0.012 can be found in every affected brain region [2].
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Over the past few decades a large core of data originating clearly demonstrated that the magnitude of MPP+-related
from clinical studies, autopsy materials, and in vitro and in ROS production within the mitochondria is a dose-
vivo experimental models of PD has been accumulated, dependent phenomenon [5]. The pathogenic significance
which led us to begin to have some level of understanding of of such a local excess of ROS production is supported by the
the pathogenesis of sporadic PD [2]. Available data would demonstration that mitochondrial aconitase activity is
argue that the mechanism of neuronal death in PD starts reduced in ventral midbrain of MPTP-treated mice [6].
with an otherwise healthy dopaminergic neuron being hit by MPP +-related loss of electron flow is also associated with a
an etiological factor, such as mutant ct-synuclein. Sub- drop in ATP production [4], which in vivo is found only in
sequent to this initial event, it is proposed that a cascade of susceptible areas of the brain such as ventral midbrain and
deleterious factors is set in motion within that neuron made striatum [7]. Remarkably, this work shows that ATP deficit
not of one, but rather of multiple factors such as free develops very rapidly after MPTP injection and lasts only
radicals, mitochondrial dysfunction, excitotoxicity, neu- for a few hours, as by one day post-MPTP tissue content in
roinflammation, and apoptosis to cite only some of the most ATP seem to return to normal values [7].
salient. Still based on this proposed scenario, all of these In addition to provoking mitochondrial oxidative stress
noxious factors will interact with each other to ultimately and energy crisis, MPP+ also interacts with synaptic
provoke the demise of the injured neuron. vesicles through its binding to vesicular monoamine

Despite unquestionable major advances made in the transporter-2 [8]. In so doing, MPP+ translocates into
molecular and cellular biology of PD and other neurode- synaptic vesicles where it stimulates the extrusion of
generative diseases which brought us closer than ever to synaptic dopamine [9,10], reminiscent of the effect of
being capable of unraveling the pathogenesis of PD, several methamphetamine. The resulting excess of cytosolic
critical questions remain unanswered. In this paper, three dopamine can readily undergo autooxidation, thus generat-
pending questions pertinent to the mechanisms of neuronal ing a huge burst of ROS, subjecting nigral neurons to an
death in PD are discussed and form the body of this review. oxidative stress [11]. Alternatively, oxidation of cytosolic
To be discussed first will be the question of what do we dopamine can also be catalyzed by enzymes such as
know about the nature of the pivotal factors and the cyclooxygenase-2 [12], which is upregulated in the
sequence in which they act within the proposed pathogenic remaining nigral dopaminergic neurons in both MPTP-
cascade that leads to neuronal death in PD. Second is the treated mice and in human post-mortem samples [13].
question to know whether the overall neurodegenerative Supporting this proposed event is our demonstration that
process in PD is truly a cell autonomous process will be cyclooxygenase-2 promotes dopamine-quinone formation
briefly addressed. Finally, one cannot avoid discussing the following MPTP injection, and the production of protein-
contribution of rare, inherited forms of PD to our current bound 5-cysteinyl-dopamine adducts in the brain of MPTP-
understanding of the pathogenesis of sporadic of PD. injected mice [13]. In addition, excess of cytosolic

dopamine can stimulate the formation of neuromelanin
[14], a dark intraneuronal pigment implicated in the greater

2. Nature and sequence of action of pathogenic susceptibility of nigral neurons to PD neurodegeneration
factors in PD [ 15]. Although it remains uncertain how neuromelanin does

actually contribute to the demise of dopaminergic neurons,
The current model of pathogenesis that most investi- it has been hypothesized that this pigment can do so by a

gators in the field utilize has been outlined above. To macromolecule crowding effect or by playing the role of
confirm the actual role of these different presumed factors intraneuronal toxic reservoir by binding different transi-
and the sequence by which they, respectively, intervene in tional metals, such as iron, and various toxicants, such as
this multifactorial cascade has been primarily, if not MPP+ [16].
exclusively, studied in toxic experimental models of PD, All of the studies discussed above point toward the
which are numerous. Findings from these models and superoxide radical being pivotal in MPTP neurotoxicity.
especially from that produced by the parkinsonian neuro- However, superoxide radical is known to not be highly
toxin l-methyl-4-phenyl-1,2,3,6-tetrahydropyridine reactive, and thus it is unlikely that it may be directly
(MPTP) indicate that the initial cellular perturbations responsible for the damage inflicted by MPTP. Instead, it is
include inhibition of mitochondrial respiration. Indeed, much more likely that superoxide neurotoxicity results from
soon after the systemic administration of MPTP to mice, its superoxide reacting with other reactive molecules to
active metabolite, 1-methyl-4-phenylpyridinium ion generate what are called secondary reactive species of
(MPP+), does concentrate in the mitochondrial matrix, much greater tissue damaging potential, such as peroxyni-
where it binds to complex I of the electron transport chain trite. Consistent with this view are the demonstrations that
[4]. MPP+ binding interrupts the flow of electrons along the the production of peroxynitrite, evidenced by quantifying
mitochondrial electron transport chain, thereby leading to tissue content of protein-bound 3-nitrotyrosine, is increased
an increased production of reactive oxygen species (ROS), after MPTP injection [17] and that peroxynitrite is likely
especially of superoxide radicals [4]. Previous work has implicated in the nitrative post-translational modifications
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of pathogenically meaningful proteins such as c•-synuclein overexpressing PD-causing proteins such as c•-synuclein
and parkin [18,19]. [2], there is no doubt that these catecholaminergic neurons

Collectively, the aforementioned findings indicate that die in absence of any other intervening exogenous factors
early pathogenic events following MPTP administration such as other cell types. However, when one looks at more
include mitochondrial and cytosolic oxidative stress and complex systems, such as post-mortem tissues from PD
ATP deficit. Yet, when one compares the time course of patients or in vivo experimental models of PD, there is
these cellular perturbations with the actual phase of mounting evidence that indicates that the surroundings of
neuronal degeneration found after MPTP injections, it the nigral dopaminergic neurons appear to play a critical
clearly appears that oxidative stress and energy crisis role in influencing the fate of these dopaminergic cells.
precede the peak of dopaminergic neuronal death in the Among the potential culprits is the increased glutamatergic
substantia nigra of mice which is situated around 24-48 h input to the nigra and which originates from the hyperactive
after the last injection of MPTP [20]. This finding suggests subthalamic nucleus [26,27]. Moreover, the glial response
that these early events may kill some dopaminergic neurons, that is found in both striatum and nigra of PD patients and
but that most of the neurons injured by this parkinsonian MPTP-mice is also likely to exert deleterious effects on the
toxin fail to succumb to this early attack. Instead, it is remaining dopaminergic neurons [28]. This view has led
believed that rather than killing a large number of neurons, many investigators, including those in my laboratory, to
early oxidative stress and energy crisis activate cell death- aggressively examine the potential role of neuroinflamma-
related molecular pathways which are the real executioner tion in the pathogenesis of PD. This important topic,
of the injured neurons. Among these are c-Jun N-kinases however, will not be reviewed here as it is discussed in-
[21], cyclin-dependent kinases [22], and various com- depth in the accompanied paper written by Dr E. Hirsch.
ponents of the apoptotic machinery [23]. To illustrate the Based on these data and those presented by Dr Hirsch in this
critical role of these molecular pathways in the MPTP- special issue, it is our opinion that several factors, exterior to
induced neurodegenerative process, two studies that pertain dopaminergic neurons, contribute to creating a hostile
to apoptosis will be discussed here. First is the work done on environment, which increases the stress on already com-
the pro-cell death protein Bax, demonstrating that not only promised dopaminergic neurons present in the vicinity.
is Bax highly expressed in nigral dopaminergic neurons, but These factors, while likely not capable of initiating the
that ablation of Bax renders mice more resistant to the disease, are nevertheless likely to amplify the neurodegen-
dopaminergic neurotoxicity of MPTP [24]. The second erative process and stimulate the progression of a chronic
study deals with apoptotic protease activating factor 1 disease such as PD. If this view is correct, one then must
(APAF-1), one of the critical components of the apoptosome take into account those exogenous factors if one wishes to
complex [25]. In the latter work, the authors have completely and accurately comprehend the pathogenic
unilaterally delivered a viral vector expressing a dominant cascade underlying the neurodegenerative process of PD
negative mutant of APAF-1 by stereotaxic injection in the and to develop effective neuroprotective therapies for this
substantia nigra [25]. Then, they have subjected these mice illness.
to a systemic administration of MPTP and found that the
blockade of APAF-1 did mitigate the death of dopaminergic
neurons [25]. These two studies clearly demonstrate the 4. Insights from the rare inherited forms of PD
importance of downstream molecular pathways such as
apoptosis in the death of nigral dopaminergic neurons and Until recently, all of the hypotheses regarding the cause
are consistent with the sequential pathogenic model and the mechanisms of PD neurodegeneration came from
proposed above, investigations performed in autopsy material from sporadic

PD cases or in neurotoxic models [2]. However, less than a
decade ago this situation changed with the identification of a

3. Is the neurodegenerative process in PD cell mutation in c-synuclein associated with PD in an Italian
autonomous? kindred [29]. Since then, four additional PD-causing genes

have been identified, and a linkage has been reported for at
This question is of critical importance both for least five more. Although rare, these inherited cases have

pathogenic and therapeutic reasons. Indeed, it is quite opened new directions of research which have already led to
important to determine whether the demise of nigral the integration within the proposed pathogenic cascade of
dopaminergic neurons strictly results from the cellular new molecular components. In particular, familial cases
perturbations that arise within these neurons due to the of PD have brought to our attention the potential importance
disease's etiology, or from a complex interaction between of protein aggregation and abnormalities in protein turn-
what are called intrinsic and extrinsic perturbations. The over in the overall process provoking neurodegeneration in
answer to this question is complicated and far from PD. The contribution to our understanding of the pathogen-
straightforward. For instance, if one reviews the body of esis of sporadic PD from the different PD-causing mutations
literature on cultured neurons exposed to MPP+ or has been discussed elsewhere [3], and thus readers
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interested in this question are urged to consult this paper. several others originate from outside the dopaminergic
Since the publication of this latter review, several important neurons such as glutamatergic input and glial cells.
new findings have been published and, of these, three are We also know by now that while uncommon, there is
worth discussing briefly, much to learn from these rare familial cases of PD linked to

As mentioned above, protein degradation has emerged as gene mutations. In a matter of a few years, thanks to several
a potentially important theme in PD pathogenesis, elegant investigations performed in genetic cases of PD, we
especially in the context of alterations of the proteasome/ have become aware of the importance of excess protein
ubiquitin pathway. Yet, protein degradation does not solely aggregation with respect to mechanisms of neuronal death,
rely on the proteasome/ubiquitin pathway, but also on perturbations in protein degradation systems such as
autophagy. With respect to autophagy, it has been reported proteasome and autophagy, and accumulation of unwanted
that both wild-type and mutant ot-synuclein can be degraded proteins. These genetic cases have also shed light on new
by lysosomal enzymes and that both bind to the autophagy mitochondrial mechanisms other than those related to the
chaperone [30]. Remarkably, however, mutant c-synuclein electron transport chain which may have great pathogenic
binds with much greater avidity to the autophagy chaperone significance.
than its wild-type counterpart [30]. Furthermore, contrary to Despite enormous advances, it is fair to conclude by
wild-type oc-synuclein which after binding to the chaperone saying that much remains to be done to completely unravel
is rapidly taken up by autophagic vacuoles for lysosomal the pathogenesis of PD. Among specific aspects that may
degradation, mutant c-synuclein remains tightly attached to deserve particular attention are the identification of where
the chaperone and is never taken up or degraded [30]. These within the proposed pathogenic cascade do mutation-related
striking observations indicate that mutant a-synuclein fails deleterious mechanisms intersect with those mediated by
to be properly degraded by the chaperone-mediated the parkinsonian toxins. Why nigral neurons are more
autophagy (CMA). It can, thus, be speculated that part of vulnerable than other dopaminergic neurons to the PD
the neurotoxic mechanism of mutant cz-synuclein may be neurodegenerative process is also paramount to a compre-
related to the blockade of CMA and the consequent hensive understanding of the neurobiology of this prominent
accumulation of unwanted proteins that are no longer neurodegenerative disease.
eliminated by CMA.

The two other studies to be discussed here pertain to
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Dysfunction of mitochondrial complex I is a feature of human oxidative damage, by increasing the releasable soluble pool of
neurodegenerative diseases such as Leber hereditary optic neu- cytochrome c within the mitochondrial intermembrane space.
ropathy and Parkinson's disease. This mitochondrial defect is This molecular scenario sheds light into the mechanisms of cell
associated with a recruitment of the mitochondrial-dependent death in chronic diseases linked to complex I deficiency and may
apoptotic pathway in vivo. However, in isolated brain mitochon- have far-reaching implications for the development of new
dria, complex I dysfunction caused by either pharmacological or neuroprotective therapies for these incurable illnesses.
genetic means fails to directly activate this cell death pathway.
Instead, deficits of complex I stimulate intramitochondrial oxida- Materials and Methods
tive stress, which, in turn, increase the releasable soluble pool of Animals and Treatment. Eight-week-old wild-type or Bax-deficient
cytochrome c within the mitochondrial intermembrane space. male mice received one i.p. injection of MPTP-HCI per day (30
Upon mitochondrial permeabilization by the cell death agonist mg/kg per day of free base; Sigma-Aldrich) for 5 consecutive
Bax, more cytochrome c is released to the cytosol from brain days and were killed at 0, 2, 4, 7, 21, and 42 days after the last
mitochondria with impaired complex I activity. Given these results, injection; control mice received saline injections only (n = 3-10
we propose a model in which defects of complex I lower the mice per time point, treatment, and genotype).
threshold for activation of mitochondrial-dependent apoptosis by
Bax, thereby rendering compromised neurons more prone to Subcellular Fractionation. Protein extraction of mitochondrial and
degenerate. This molecular scenario may have far-reaching impli- cytosolic fractions was performed on fresh ventral midbrain
cations forthe development of effective neuroprotectivetherapies tissue from saline- and MPTP-injected mice, as described (15).
for these incurable illnesses.

Antibodies. The following primary antibodies were used for
mitochondria I neurodegeneration I Parkinson's disease Western blot analysis: mouse monoclonal anti-cytochrome c

(PharMingen); mouse monoclonal anti-cytochrome c oxi-

R educed activity in mitochondrial complex I (NADH/ dase-IV (Molecular Probes); rabbit polyclonal anti-cleaved
ubiquinone oxidoreductase) is associated with a wide spec- caspase-3 (CM1; Idun Pharmaceuticals, La Jolla, CA); rabbit

trum of neurodegenerative diseases (1). Low complex I activity polyclonal anti-cleaved caspase-9 (Asp-353; Cell Signaling Tech-
due to mitochondrial DNA point mutations is found in many nology, Beverly, MA); mouse monoclonal anti-p3-actin (clone
cases of Leber hereditary optic neuropathy, which is character- AC15; Sigma); mouse monoclonal anti-Bax (B-9; Santa Cruz
ized by a massive retinal ganglion cell degeneration resulting in Biotechnology); rabbit polyclonal anti-sulfite oxidase (gift from
a rapid loss of central vision (2). Reduced complex I activity has J. L. Johnson, Duke University Medical Center, Durham, NC);
also been reported in both autopsy brain tissues and platelets of and goat polyclonal anti-HSP60 (Santa Cruz Biotechnology).
patients affected with sporadic Parkinson's disease (PD) (3, 4).
The pathogenic role of this mitochondrial dysfunction is sup- Immunofluorescence. For double immunofluorescence and con-
ported by demonstrations that natural and synthetic complex I focal microscopy, a mouse monoclonal anti-cytochrome c (cat-
antagonists provoke neuronal death in animals (5-7). The alog no. 556432; PharMingen) and a rabbit polyclonal anti-
molecular basis of neuronal death mediated by defective com- adenine nucleotide translocase-1 (ANT-i; Oncogene, Boston)
plex I activity is just beginning to be deciphered, in part by the were used. Distribution of the fluorescent signal for both ANT-i
utilization of the mitochondrial poisons 1-methyl-4-phenyl- and cytochrome c stainings was analyzed by using the IMAGEJ
1,2,3,6-tetrahydropyridine (MPTP) and rotenone. For instance, 1.28U software (National Institutes of Health), similarly as de-
it is now established that inhibition of complex I in rodents leads
to degeneration of dopaminergic neurons of the substantia nigra
pars compacta, as seen in PD (5), through activation of apoptotic Conflict of interest statement: No conflicts declared.
molecular pathways (8-10). Moreover, it is believed that com- This paper was submitted directly (Track II) to the PNAS office.
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drial respiration provoke the activation of the mitochondrial- dine; ROS, reactive oxygen species; ANT-i, adenine nucleotide translocase-1; MPP+,

dependent apoptotic machinery by directly triggering the release 1-methyl-4-phenylpyridinum ion; TMPD, NN,N',N'-tetramethyl-1,4-benzenediamine.
t
Present address: Department of Environmental Medicine and Center for Aging and

emolecule cytochrome c from the defective Developmental Biology, University of Rochester, Rochester, NY 14642.
mitochondria (11-14). o Present address: Institut National de la Sant6 et de la Recherche M~dicale, U601, 44000

Here we show that, contrary to the proposed direct effect of Nantes, France.
complex I deficit on cytochrome c release and consequent cell **To whom correspondence may be addressed. E-mail: miquel.vila@icrea.es or sp30@

death, complex I defects do not autonomously recruit the columbia.edu.
apoptotic machinery. Instead, we show that complex I deficiency §§Present address: Catalan Institution for Research and Advanced Studies (ICREA) and

sensitizes neurons to mitochondrial-dependent apoptosis in re- Research Institute of the Vail d'Hebron University Hospital, 08035 Barcelona, Spain.

sponse to the cell death agonist Bax through mitochondrial ©2005 by The National Academy of Sciences of the USA

19126-19131 I PNAS I December 27, 2005 1 vol. 102 I no. 52 www.pnas.org/cgi/doi/1 0.1 073/pnas.0508215102



extraction, polarography, H 20 2 production and cytochrome c a b
release studies were performed as described above. 0

E
Ascorbate/N,NN',N'-Tetramethyl-1,4-Benzenediamine (TMPD) Assay. ý 0- NState 3

EI State 4 E 300These experiments were performed as described (20). Briefly, 1 so 0
mg/mi mitochondria was incubated in sucrose buffer (0.2 M . *00

sucrose/10 mM Trisphosphate-4-morpholinepropanesulfonic E b0j
t

eoo.i

acid, pH 7.4/1 mM Pi/5 mM glutamate/2.5 mM malate/10 1LM C E *oo
EGTA-phosphate Tris, pH 7.4) and treated as indicated in Fig. 8 204. After the indicated time, 400 pmol carbonyl cyanide 3- 0 o 25 00 o o___,____0__

F -- d 2 6 DO 50Conteo 5 0 100 6000chlorophenylhydrazone (CCCP) and 1 nmol antimycin A per mg 0 MPPl (PM) MPP" (JIM)

of protein-1 were added, and the reaction was transferred to a
Clark-type oxygen electrode chamber. Final volume was 1 ml at C Bax

25°C. After 2 min, 6 mM ascorbate was added, followed by 300 Control MPP" Sx MPP" M40401

liM TMPD 3 min thereafter. The ascorbate-driven oxygen -_ p O O up pet sup Spe sup Spe sup

consumption rate over the total TMPD-driven rate is plotted as Cyt ..

a percentage of the ratio in the untreated mitochondria. Hp6O . -

MPP+-Cardiolipin Interaction Assay. Different amounts of [3H]- o80 .
MPP+ were incubated in a cardiolipin-coated ELISA plate 0

(Alpha Diagnostics, San Antonio, TX) for 15 min. Residual 60

radioactivity was measured after washing out radioactive MPP÷.
40

Lipid Extraction and HPLC. Lipids from isolated brain mitochondria )E 20

were extracted as described (21). Lipid extraction from midbrain, 2 **striatal, and cerebellar brain mitochondria was performed by M 0
pooling the above-mentioned anatomical regions from five (2 + " ÷ + +

different saline- or MPTP-intoxicated mice. The HPLC mea- M40401 - - - +
surements were carried out by using an adaptation of a previ- Fig. 2. Complex I inhibition stimulates ROS production and promotes Bax-
ously described method (21). dependent cytochrome c release in isolated brain mitochondria. (a) MPPI

induces a dose-dependent inhibition of complex I-driven mitochondrial res-
Statistical Analysis. All values are expressed as the mean ± SEM. piration, as assessed by monitoring oxygen consumption after addition of
Differences among means were analyzed by using one- or ADP, which in normal mitochondria induces a transient mitochondrial depo-

two-way ANOVA with time, treatment, or genotype as the larization with asubsequent burst of oxygen consumption (state 3 respiration)
independent factors. When ANOVA showed significant differ- until the added ADP is converted to ATP (state 4). (b) Complex I inhibition by

MPP÷ induces dose-dependent ROS production in brain mitochondria, as
ences, pair-wise comparisons between means were tested by assessed by measuring H2 0 2 using the fluorescent dye Amplex Red. (c) Com-
Student-Newman-Keuls post hoc testing. In all analyses, the null plex I inhibition with 100 /M MPP+ or incubation with -100 nM recombinant
hypothesis was rejected at the 0.05 level. Bax, alone did not trigger significant release of cytochrome c from isolated

brain mitochondria. However, combining complex I inhibition with recombi-
Results nant Bax resulted in a marked release (>60%) of cytochrome c. This effect was
Complex I Inhibition Relies on Bax to Engage Mitochondrial-Depen- abolished by 50 1M of the superoxide dismutase mimetic M40401. Matrix

mitochondrial protein HSP60 was not mobilized by any of the tested condi-dent Apoptosis. Bax, a proapoptotic member of the Bcl-2 family, tions. *, P < 0.05, compared with untreated mitochondria; **, P < 0.05,
plays a critical role in the demise of dopaminergic neurons compared with mitochondria treated with MPP÷ and recombinant Bax.
provoked by complex I inhibition (8). In most circumstances,
including the pharmacological blockade of complex I (22),
Bax-mediated cell death is accompanied with a mitochondrial Inhibition of Complex I Potentiates Bax-Induced Cytochrome c Re-
release of cytochrome c and activation of caspase-9 and -3. We lease. We next ascertained in isolated brain mitochondria the
confirmed that mitochondrial release of cytochrome c does respective roles of complex I deficiency and Bax activation in the
occur in MPTP-intoxicated mice (Fig. 1). This molecular event recruitment of the mitochondrial-dependent neuron death pro-
is time-dependent and coincides with the induction (8) and gram, as well as the molecular basis for their interaction. First,
relocation of Bax from the cytosol to the mitochondria (Fig. 1). we incubated purified brain mitochondria with different con-
We also show that Bax mitochondrial translocation and cyto- centrations of MPTP's active metabolite, MPP+, or rotenone.
chrome c release parallel the activation of downstream caspases cause in a ose-de edetman bot a reducti nofD
(Fig. 1) and the previously reported time course of neuronal caused, in a dose-dependent manner: (i) a reduction of ADP-

apoposi caued y MTP (). upprtin th piotalrol of stimulated oxygen consumption (state 3 respiration) supportedapoptosis caused by MPTP (8). Supporting the pivotal role of by the NADH-linked substrates glutamate/malate (Fig. 2a and
Bax in this molecular cascade is the demonstration that the byteND-ikdssras lame/ lt (g.2an

Fig. 7, which is published as supporting information on the PNAS
release of cytochrome c and the activation of caspases are absent web site); and (ii) an increased production of reactive oxygen
in Bax-deficient mutant mice treated with MPTP (Fig. lfandg); species (ROS) (Figs. 2b and 7), likely generated by a higher rate
these mice were previously found resistant to MPTP-induced of molecular oxygen reduction into superoxide radical in re-
neurodegencration (8). However, abrogation of Bax in mutant sponse to the hampered terminal step of electron transfer from
mice did not impair the potency of MPTP to inhibit complex I the highest potential iron-sulfur cluster of complex I to ubiqui-
(Fig. 6, which is published as supporting information on the none (23). Contrary to the effect of complex I deficiency on
PNAS web site). Our results thus indicate that complex I cytochrome c release in intact cells in vivo, we found no evidence
deficiency operates together with Bax to engage the mitochon- that MPP÷- or rotenone-induced complex I inhibition elicited a
drial-dependent apoptotic pathway in vivo. release of cytochrome c from purified brain mitochondria, even

19128 1 www.pnas.org/cgi/doi/10.1073/pnas.0508215102 Perier et al.



a b
ascorbate TMPD 2 100

- Nal *80I, I p 804' PP+P'u

FeSO 6
- Calcium c Fig. 4. Complex I inhibition increases the soluble pool of

C-S40 cytochrome c in the mitochondrial intermembrane space by
15 nmol 1 oxidizing cardiolipin. (a and b) Complex I inhibition by MPP+
of 02 20 induced a dose-dependent increase of mitochondrial ascor-

-2 **bate/TMPD-driven respiration ratio, consistent with an in-

0 0 creased intermembrane soluble pool of cytochrome c. This
1 min < Vehicle 100 500 MPP÷ Fe2S04/Asc effect was prevented by 50 AM M40401 and could be repro-

MPPI(gM) M40401 duced by the ROS-generating compound, Fe2SO4 (60 A.M)/

ascorbate (500 pM). Sodium iodide (Nal) was used as vehicle,
C d because MPP÷ was used in the form of MPP4-I. Ca2+-mediated
"X- 3.0 = 4 r-Saline mitochondrial swelling, which increases the soluble pool of0 * 0

2.5 0 *MPTP cytochrome c (20), was used as a positive control. (c) Complex
o 3 I inhibition by MPP+ induced oxidation of inner mitochondrial
'8 2.0 L) membrane cardiolipin in isolated brain mitochondria, as as-
t o sessed by determining cardiolipin hydroperoxide (CLOOH)
o 0 *content by HPLC. Oxidation of cardiolipin was also producedE E by Fe2SO4/ascorbate and was attenuated by M40401. (d) Ox-
M 1.0
W idized cardiolipin was detected in ventral midbrain samples

15 0.5 from MPTP-intoxicated mice but not in regions devoided of
0.0 MPTP-induced cell loss, such asstriatum and cerebellum. *, P<n0.0 r

Control MPP* MPP' FeSO4/Asc MidBrain Striatum Cerebellum 0.05, compared with controls; **, P < 0.05, compared with
M40401 MPP+-treated mitochondria.

mitochondrial ascorbate/TMPD-driven respiration ratio (Fig. 4 the contents of oxidized cardiolipin in isolated brain mitochon-
a and b), consistent with an increased intermembrane space dria. Complex I blockade by MPP+ resulted in a marked increase
soluble pool of cytochrome c. This effect was also prevented by of oxidized cardiolipin that was attenuated by M40401, indicat-
M40401 (Fig. 4b) and could be reproduced by Fe2SO4/ascorbate ing its dependency on ROS production (Fig. 4c). Furthermore,
(Fig. 4 a and b), indicating its dependency on ROS production. incubation of isolated brain mitochondria with the ROS-

generating system Fe2SO4/ascorbate also increased cardiolipin
ROS Generated by Complex I Inhibition Oxidize the Inner Mitochon- oxidation (Fig. 4c). Supporting a role in neurodegeneration
drial Lipid Cardiolipin both in Vitro and in Vivo. It has been shown induced in vivo by complex I inhibition, cardiolipin oxidation was
in isolated rat liver mitochondria that cytochrome c can be freed also detected in mitochondria isolated from ventral midbrain of
from the inner mitochondrial membrane by oxidative modifica- mice intoxicated with MPTP (Fig. 4d) in a time-dependent
tions of cardiolipin (21). Therefore, we tested whether cardio- manner that preceded activation of Bax and apoptotic neuron
lipin peroxidation occurred after complex I blockade. After death in this model of complex I deficiency (8).
having excluded the possibility that MPP+ displaces cytochrome
c from the negatively charged cardiolipin by simple electrostatic Discussion
interaction (see Materials and Methods), we assessed by HPLC The mitochondrial-dependent apoptotic pathway has been

shown to be instrumental in the neuronal degeneration associ-
ated with disruption of mitochondrial respiration caused by

Intermembrane Cytosol complex I deficiency, as demonstrated by targeting molecules of
space - this pathway such as Bax, caspase-9, or Apaf-1 (8, 22, 28). Our

H H'• • •study, while confirming that complex I defects lead to a recruit-
LpxBax ment of the mitochondrial-dependent apoptotic pathway in vivo,

H' I N. / -. %0,- ' perxidation sheds light onto the molecular mechanisms linking these two
--. H* AAevents. For instance, after MPTP administration, there is indeed

0.ote a time-dependent and region-specific mitochondrial release of
CL-OOH amemb ae cytochrome c that occurs in association with activation of both

Rotenone I ROS Inner caspase-9 and -3. All of these molecular alterations appear to be
Complex-I mutation nemr. regulated by the death agonist Bax, because they coincide with

*Cytochrome C Bax up-regulation and translocation to the mitochondria and are! Cardiolipin
IBax prevented by genetic ablation of Bax. Although Bax induction

was previously shown to rely on p53 activation after complex I
Fig. 5. Proposed pathogenic scenario induced by complex I deficiency. Phar- inhibition (29), the mechanism driving Bax mitochondrial trans-
macological or genetic inhibition of complex I disrupts mitochondrial respiration location after complex I inhibition remains to be determined
and stimulates the mitochondrial production of ROS. As a consequence, an array (10). Both Bid and Bak are known for cooperating with Bax to
of molecules is likely oxidatively modified in response to complex I defect, initiate mitochondrial-dependent apoptosis in response to the
including the inner mitochondrial membrane lipid cardiolipin. Cardiolipin per- ligation of cell-surface death receptors. However, in contrast to
oxidation, in turn, affects the binding of cytochrome cto the mitochondrial inner the pivotal role of Bax, both Bid and Bak have been shown to be
membrane, leading to an increased soluble pool of cytochrome c in the inter-
membrane space. Consequently, upon permeabilization of the outer mitochon- dispensable in complex I deficiency-mediated neuronal death

drial membrane by activated Bax, a larger amount of mitochondrial cytochrome (22, 30).
c can be released, making it more likely for a compromised neuron to undergo Our study also clarifies the process by which complex I defects
apoptosis (see Discussion for more details), contribute to the actual recruitment of the mitochondrial-
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Abstract

The biochemical and cellular changes that occur following administration of l-methyl-4-phenyl-l, 2, 3, 6-tetrahydropyridine (MPTP) are
remarkably similar to that seen in idiopathic Parkinson's disease (PD). In this review, we detail the molecular activities of this compound
from peripheral intoxication through its various biotransformations. In addition, we detail the interplay that occurs between the different
cellular compartments (neurons and glia) that eventually consort to kill substantia nigra pars compacta (SNpc) neurons.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction neurodegenerative disorder, following Alzheimer's disease
and dementia with Lewy body disease. Since the disease

Parkinson's disease (PD) was first described in a paper incidence increases with age, it is likely that the number of

entitled "Al Essay on the Shaking Palsy" in 1817 by Dr. people suffering firom PD will rise as improved healthcare

James Parkinson in Ref. [109]. PD is a progressive lengthens the average life span.

neurological disorder that strikes 1-2% of the "over 50" The main anatomical feature of PD is the decrease in

population [21]. Current estimates from the American number of neuromelanin-containing neurons located in the

Parkinson's Disease Foundation put the number of Amer- midbrain substantia nigra pars compacta (SNpc). These

ican citizens suffering from this disease at greater than 1.5 dopaminergic neurons project to the striatum as well as a

million persons. At this time, PD is the third most prevalent number of other subcortical regions [161]. PD symptoms
first manifest when approximately 60% of the SNpc

neurons have already died [39] and 70% of dopamine
• Corresponding author. Department of Developmental Neurobiology,

Saint Jude Children's Research Hospital, 332 North Lauderdale, Memphis. responsiveness disappears [83]. Because the progression of
TN 38105, United States. Fax: +1 901 495 3143. cell loss is thought to occur over a somewhat protracted

E-mail address: richard.smeynerstjude.org (R.J. Smeyne). period of time in a defined spatiotemporal manner [18,104],

0169-328X/$ - see front matter C) 2004 Elsevier B.V. All rights reserved.
doi: 10.1016/j.molbrainres.2004.09.017
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the onset of Parkinson's disease symptoms is often in cats, and in several rodents. In rodents, it has been shown
insidious, that only specific strains of mice are sensitive to the

At this time, it is unclear as to how much of the disease administration of MPTP [46,94,123,148]. MPTP structur-
results from a purely environmental factor, a strict genetic ally resembles a number of known environmental agents,
causation, or a combination of the two [23,146]. Most including well-known herbicides, such as paraquat [24], and
epidemiological studies conclude that less than 10% of PD garden insecticides/fish toxins, such as rotenone [90], that
has a strict familial etiology [110]. This includes a small have been shown to induce dopamine cell degeneration
number of familial parkinsonian patients with polymor- [4,8,13,153], although mechanistically, the actions of each
phisms in the a-synuclein gene [112] (reviewed by Lundvig are likely different [24]. Further studies of each of
et al., this issue) as well as patients with early onset PD that mechanism of each of these toxins may lead to a unified
have recessive mutations in the Parkin gene, mapping to the pathway that underlies these toxins.
long arm of chromosome 6 (6q25.2-q27). The pathogenicity
of these proteins is discussed in a review by Burke [9].
Familial PD has also been associated with human chromo- 2. Mechanism of MPTP action
some 2p13 and 4 p polymorphisms [38]. The PD linked to
this locus more closely resembles that of idiopathic PD, There are many points systemically where MPTP can
although like the ca-synuclein protein, this unknown protein affect the dopaminergic system (Fig. 1). The first point of
has very low penetrance. Although alterations in the potential modulation of any exogenous compounds neuro-
proteins coded for by these loci may lead to an under- toxicity is the blood-brain banrier (BBB). The BBB is
standing of the molecular processes that occur in idiopathic composed of tight-junctioned endothial cells that make up
PD, no mutations as of yet have been reported in aged-onset the microvasculature of the brain in tight opposition with the
idiopathic PD [56,138]. end feet of glial processes. MPTP first is metabolized by the

Since the majority of PD patients have no identifiable enzyme MAO-B to 1-methyl-4-phenyl-2, 3-dihydropyri-
genetic mutation, important information regarding the dium (MPDP+) that then deprotonates to generate the
pathophysiology of PD may be learned through the study corresponding pyridium species, MPP÷. Endothelial cells
of animal models. At this time, several animal models have in the microvasculature that make up the BBB contain
been developed to study the underlying mechanisms that monoamine oxidases; and several studies have correlated
lead to the development of experimental PD. One of the levels of monoamine oxidases with MPTP-induced neuronal
earliest models made use of a lesion of nigrostriatal pathway loss [64,124]. Since MPP÷ cannot be transported through
in which fibers emanating from the substantia nigra the BBB [125], this level of toxification/detoxification can
proceeded to the striatum rostrally through the medial provide a first line of defense against exogenous agents.
forebrain bundle, [6,31,80]. Other models have used
chemical lesions. One example is the use of 6-OHDA, a
neurotoxin that when injected into the striatum causes a 3. Role of glial cells (part 1)
retrograde degeneration of dopaminergic neurons in the
SNpc (reviewed in Refs. [22,55,107,137]). Another model MPTP that is not converted to MPP+ in the periphery
of experimental PD utilizes the properties of selective rapidly enters the brain where it is processed into glial cells
neurotoxins, including 1-methyl-4-phenyl-1, 2, 3, 6-tetrahy- by a number of mechanisms, including monoamine [7] and
dropyridine (MPTP). glutamate [50] transporters or pH-dependent antiporters

The sequalae of degeneration that occurs following [69,87]. Glia, like the previously mentioned endothelial
administration of MPTP in animals has provided a useful cells, also contain large pools of monoamine oxidases, and
model of Parkinsonism because it induces pathologies also convert MPTP from its protoxin form to MPP+ [122].
similar to that seen in man. Interestingly, the use of MPTP Additional support for the role of glial cells in dopaminergic
may be one of the few cases in which the effects of a neuronal toxicity was shown by Brooks et al. [7] who
neurotoxin were discovered in humans first, followed by demonstrated that administration of a serotonergic uptake
development of an animal model. Although there were early inhibitor, fluoxetine, immediately before systemic injection
reports of neurotoxicity to this compound, its use as a of MPTP altered the observed neurotoxicity. Since fluox-
research tool became prevalent in the early 1980s following etine did not alter the neurotoxicity of injected MPTP, it was
the identification of a number of Northern California heroin proven that the site of activation was extraneuronal, lending
users who presented at various emergency rooms with credence to the observation that the primary step in MPTP
symptoms indistinguishable from those of Parkinson's toxicity occurred in the astrocyte.
disease [10,75]. A complete history of these cases is Once converted to MPP+ in the astrocyte, MPP+
presented in "The Case of the Frozen Addicts" [76]. stimulates the up-regulation of TNF-ot, interleukin-1 [ý (IL-

Although MPTP was first identified as a parkinsonian 1?,) and IL-6 [152,160] and these, in turn, up-regulate
agent in humans, it has been demonstrated to exert similar inducible nitric oxide synthase (iNOS) [57]. Of the three
effects in a number of other primates [63,70,157], as well as NOS isoforms present in the brain, endothelial NOS
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Fig. 1. Scfmhatic representation of die mpecanism of MPTP action in the nigrostriatal systemt. Red arows represent the initial AtoxificationT) role ofglia cells.
Blue arrows represent tole second (peuroprotgctive) role of glial cells.

(cNOS), found mainly in the vasculature of the brain, is not transporter (DAT). Since midbrain neurons contain the
altered following to MPTP toxicity [98]. In addition, since highest concentration of dopamine transporters/cell [11],
neuronal NOS (nNOS) knockout mice show partial protec- the DAT may be a control point in determining how
tion against the MPTP toxicity in the substantia nigra pars susceptible midbrain neurons are to exogenous agents
compacta (SNpc) [116], another NOS isoform must also [67,79] (but see also Refa [52]). The requirement for the
contribute to the neurotoxicity of MPTP. iNOS, a NOS DAT in relation to MPTP toxicity was demonstrated by two
isoform that is minimally expressed in the normal brain, has groups examining mice carryingn mutations of the DAT
been shown to be up-regulated in the substantia nigra's [5,36]. In these studies, MPTP-susoeptible strains of mice
microgliaNo induct ion ca seboe byth antiin mice carrying null mutations of th e ele completely
following MPTP treatment [68,81,158o159]. iNOS produces protected fioom r MPTP toxicity.
large amounts of the uncharged and lipophillic molecule
nitric oxide (NO) s a as such can freely pass through
membranes and travel distances greater than the length of a 4. Role of dopaminergic neurons
neuron [73]. Thus, following MPTP treatment, neurons in

the vicinity of the NO molecule are put at risk for possible Once in the cell, MPP+ can move through several
attack by glial-derived reactive nitrogen-related species, cellular compartments: it can enter into mitochondria
Since iNOS induction can be blocked by the antibiotic where it interferes with complex I of the electron transport
minocycline [158], this step in the toxification process of chain [74,103] or it can be sequestered into cytoplasmic
MPTP presents a point where potential therapeutics may vesicles by actions of the vesicular monoamine transporter
have a significant impact. [20.,82].

Since MPP+ is a polar compound, it cannot freely exit MPP"+ enters the mitochondria by the diffusion through
fromn its glial environs. It has been suggested that there may the mitochondrial inner membrane. The uptake of MPP+
be a specific transporter that actively moves this polar into mitochondria is actively driven by a menmhrane
molecule out of the glia [58,.127]; however, at present, this electrical gradient (Kin = 5 mM). This active transport was
specific mechanism remains unknown. supported by experiments in which valinomycin plus

Once MPP+ is released into the extracellular space, potassium, which collapses the mitochondrial electrochem-
MPP 4 is taken up into dopaminergic cells by the dopamine ical gradient, eliminated MPP+ uptake, while agents which
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collapsed this proton gradient had no effect on MPP+ uptake contains the soluble form of the TH enzyme, it is often used
[120,121 ]. as the phenotypic marker for dopaminergic neuron numbers

Once in the mitochondria, MPP+ inhibits cellular and can be measured both by biochemical and immunohis-
respiration through the blockade of the electron transport tochemical methods to determine neuron loss [46,60].

enzyme NADH:ubiquinone oxidoreductase (complex I) Clinical symptoms are first thought to appear when about

1[102,149]. Blockade of this complex leads to a reduction 60-70% of the TH-positive cells in the SNpc have

in cellular ATP. Although this appears to be the major step degenerated [30]. Brains of parkinsonian patients also show

in blockade of mitochondrial function, studies have shown deficits in TH enzyme and TH enzyme activity [61 ]. Both in

that MPP+ can also directly inhibit complexes III (ubiq- vitro and in vivo studies demonstrate that peroxynitrite

uinol:ferrocytoehrome c oxidoreductase) and IV (ferrocyto- impairs TH activity [71]. In MPTP-treated mice, TH nitration

chrome c:oxygen oxidoreductase or cytochrome c oxidase) occurs soon after MPTP administration. Furthermore, trans-

of the electron transport chain [95,96]. The loss of cellular genic mice that overexpress human SOD do not show any

energy through each of these pathways has several detectable levels of nitrated striatal TH following MPTP

consequences, including the generation of the oxygen free treatment [1]. Mice deficient in iNOS show less ventral

radicals that rearranges to form hydrogen peroxide. Further midbrain nitrotyrosine, a fingerprint for tyrosine nitration,

catalysis leads to the formation of hydroxyl radicals. after MPTP administration than in their wild-type counter-

Based upon the finding that MPP+ depletes cellular parts [81]. Thus, the inactivation of THl via its nitration

energy due to interference with complex I-Ill, and as such following exposure to both peroxynitrite and MPTP appears

may be related to the etiology of human PD, a number of to be an important process in the development of PD in

potential therapies have been examined. One promising humans and to the MPTP neurotoxic process in mice.

study has used Coenzyme Q10 supplementation, where oral Dopamine (DA) is a relatively unstable molecule that is

administration of this compound in fairly high doses has subject to both hydroxyl radical attack [141] and autoox-

been observed to slow the progression of the disease idation in the extracellular space [53]. In addition to

[2,97,139]. extraneuronal effects, dopamine can also be nitrated intra-

Although complex I inhibition by MPP+ reduces energy cellularly [78] and therefore may contribute to the degen-

production within dopaminergic neurons, it is likely that this eration of the cells that contain this neurotransmitter. In this

is not the immediate cause of the SNpc neuronal death. The process, DA is oxidized to DA quinone, which then

damage done within these dopaminergic neurons is likely to undergoes a nucleophilic addition via the transfer of a

result from compounds generated in the cell, secondary to sulihydryl group from cysteine, to form 5-cystenyl-DA [43].

energy depletion. The formation of the superoxide radical is In pathological situations, the oxidation of DA to 5-

one example of this process. Cleeter et al. [14] showed that cystenyl-DA is facilitated by the up-regulation of cyclo-

MPP+, following inhibition of mitochondrial complex I oxygenase-2 (COX-2) [48,105]. The role of 5-cystenyl-DA

activity, formed an excessive amount of superoxide radicals in the development of PD as well as to the degeneration of

within the neuronal cytosol. Further support for the role of DA neurons seen in the MPTP mouse model was examined

superoxide radicals came from Przedborski et al. [115], who in a variety of studies. For example, it was observed that

demonstrated that overexpression of the copper-zinc form COX-2 immunostaining was robust in the human and

of superoxide dismutase in mice is neuroprotective against mouse dopaminergic neurons [151.]. Additionally, COX-2

the damaging effects of MPTP. Moreover, Wu et al. [159], enzyme activity and protein levels in both PD brains and

using the fluorescent tag hydroethidium, provided an in vivo ventral midbrain from MPTP-treated mice were found to be

demonstration of the presence of the superoxide radicals significantly higher than in controls. Inhibition of the COX-

following MPTP intoxication. 2 response to MPTP, however, prevented the rise in protein

NO, produced and released by glial cells, can enter the cysteinyl dopamine that was seen to occur in mice following

cytosol of the neuron via simple membrane diffusion. At the administration of MPTP [151].

this point, the superoxide radical and NO, which are not The vesicular monoamine transporter VMAT2, is a

particularly damaging by themselves; can interact to form proton-dependent transporter that sequesters monoamine

peroxynitrite (OONO-), one of the most destructive neurotransmitters from free cytoplasmic space into synaptic

oxidizing molecules [59,114,117]. Although difficult to vesicles [93]. Since it structurally resembles monoamines,

detect due to its rapid processing, the nitration of the MPP+ can be transported by the VMAT into these vesicles,

tyrosine residues of a number of cellular components that thus being prevented from entering the mitochondria where

include enzymes, transmitters, proteins, fatty acids and it can inhibit complex 1. This sequestration has been

DNA can easily be identified [119]. hypothesized to be as a potential mechanism for reducing

One potential target of OONO- is tyrosine hydroxylase the deleterious effects of any number of monoaminergic

(TH), the rate-limiting enzyme in catecholamine synthesis. toxins. Support for this hypothesis comes firom analyses in

The most densely packed TH-positive cell area in the brain mice containing partial or complete deletions of VMAT2 as

is the SNpc, which projects fibers to the striatum [44]. Since well as from human studies of VMAT expression. In

it has been shown that the cell-body rich SNpc primarily parkinsonian humans, immunocytochemical localization of
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VMAT showed reduced expression in striatum, similar to HEK 293 cells transfected to overexpress human (x-

that seen in the DAT. In fact, Miller et al. [92] suggested that synuclein that were exposed to peroxynitrite showed a

the relative expression of VMAT2, compared to that of nitrated band that corresponded to the molecular mass of a-

DAT, may allow one to predict if and which dopamine synuclein was noted [118]. In vivo, using the MPTP mouse

neurons may be lost in PD (see the possible application of model, immunoprecipitation studies of midbrain and stria-

this hypothesis in Faherty et al., this issue). In animal turn showed that ax-synuclein was nitrated as early as 4 h

studies, VMAT2(±) mice exposed to MPTP were examined after MPTP administration. Specificity for this form of

for markers of dopaminergic neuron toxicity, including synuclein was demonstrated by the observation that [•-

dopamine content and DAT protein in the stiatum, as well as synuclein was not nitrated in either situation [118].

expression of glial fibrillary acidic protein (GFAP) mRNA. Another consequence of the cellular ATP depletion is the
In all parameters measured, VMAT2(±) mice were more abnormal release of DA from intracellular stores

sensitive than their wild-type litternates to MPTP-induced [77,106,126,135,136]. Once DA is released into the

toxicity [37]. Further examination of these mice revealed extracellular space, the enzymatic oxidation of DA results
that VMAT2(±) mice, following administration of MPTP, in the formation of hydroxyl radicals. That dopamine

also had increased SNpc cell loss [150]. These studies rapidly auto-oxidizes and contributes to neurotoxicity

suggested an important role for VMAT2 in potentiating the always leads to the controversial topic of L-dopa therapy

effects of MPTP. Using an in vitro system, cells transfected in PD. Simply stated, one can question whether the therapy

to overexpress a greater density of VMAT2 were converted that best treats the symptoms of PD may also exacerbate the

from MPP+-sensitive to MPP+-resistant cells [82]. These disease. In support of this hypothesis, Whone et al. showed

studies suggested an important role for VMAT2 in that the progression of PD using PET scanning was greater

modulating the effects of MPTP. Another molecule of in patients treated with L-dopa than those treated with the

interest relevant to the development of PD in humans and to dopamine agonist ropinerole [86,156]. However, other

the neurotoxic process in the MPTP mouse model of PD is studies do not support this hypothesis [33,91], and for this
aL-synuclein. Synucleins are cytosolic proteins that contain reason, this question has yet to be sorted out.

127-140 residues that have a unique 11-residue repeat that Additional sites of hydroxyl radical formation may occur

occurs in 5-7 copies which accounts for roughly one-half of as a result of interactions with neuromelanin [17] as well as

their structure and no structural domains (see review by with cellular iron [62], each of which could contribute to its
Lundvig et al., this issue). Four proteins, ca, ý and -y neurotoxicity.

synuclein as well as synoretin make up this family of
proteins of which only two, at and P, are synthesized in
relatively large amounts in the brain (making up approx- 5. Role of glial cells (part 2)
imately 1% of total brain protein). These proteins are
generally found in abundance in presynaptic nerve terminals The mechanism(s) of MPTP-induced cell death (Fig. 1)

[1 34]. Mutations in et-synuclein have been associated with a show a great amount of cross-talk between the neurons and

familial form of PD [112] that is readily indistinguishable the nonneuronal milieu. Previously, we discussed how the

from the more common sporadic form of the disease. It is astrocytes are necessary for the conversion of MPTP to

thought that the interaction between WT and mutant a- MPP+. In addition to this function, astrocytes are also
synucleins may enhance the ability of these proteins to believed to play a significant role in neuroprotection. A

interact with other non-synuclein cellular proteins to form study using chimeric SN cell cultures, has demonstrated that

aggregates [15]. the differential toxicity of MPTP in mouse strains is

The presence of Lewy bodies within neurons in the SNpc determined by the response of the glial cells [142]. This

is one of the characteristic pathologies seen in PD. Lewy work is supported by other in vitro studies [25,26,34].

bodies are both ubiquitin and a-synuclein immunopositive. As discussed earlier in this review, glial cells directly

Since ca-synuclein is the only synuclein present in Lewy contribute to the toxicity seen following administration of

bodies, it has to be determined whether this molecule is MPTP through several mechanisms, including the mediation

toxic or whether it is just a by-product (tombstone) of of free radical formation and damage by induction of nitric

cellular metabolism in a pathological situation. A number of oxide synthase (iNOS) [54,88,89]. In addition to the

cellular proteins have been found to be nitrated in PD brains induction and modulation of cytokines, the presence of

[59] and specific antibodies that recognize nitrated a- dopamine in the extracellular space can induce a number of

synuclein have been used to demonstrate that alpha- different molecules that are involved in oxidative stress. One

synuclein is the protein that is nitrated in Lewy bodies of these molecules, hemeoxygenase-l (HO-I), the rate-

[40,41]. Furthermore. ot-synuclein inclusions in tissues from limiting enzymes in heme degradation, has been shown to

PD patients have been shown to be strongly labeled with play a critical role in iron and heme honreostasis [85,133]. Itis

antibodies that recognize the hallmark of peroxynitrite- well known that alterations in brain iron are seen in PD brains

induced nitration, 3-nitrotyrosine [144]. Two lines of [3,65,72]. Several isoforms of hemeoxygensase have been

evidence support these conclusions. In vitro studies using identified (reviewed in Ref. [29]), each of which converts
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hemne to bilirubin and carbon monoxide, while at the same species, from man to mouse. Studies using this toxin have
time releasing iron into the cellular milieu [84]. Further led to the development of useful animal models of
support for the importance HO-1 is that it is elevated in Parkinson's disease. In mice, MPTP demonstrates differ-

astrocytes of parkinsonian patients [132]. In striatal astro- ential toxicity that is dependent on the strain of animal

cytes, HO-1 elevation occurs as early as 6 h following examined [46,99,143] (see also Pierri et al. in this issue).

administration of MPTP [32]. In addition, brains of HO-I null This finding supports the hypothesis that the loss of

mice show excessive deposition of iron, increased sensitivity substantia nigra neurons in Parkinson's disease may result

to oxidative stress and chronic inflammation [113]. On the from a genetic sensitivity to a number of environmental

flip side, overexpression of HO-1 leads to a lessening of agents [24,147]. Recently, the chromosomal loci containing

damage that has been observed in the presence of free radicals the genetic sequences contributing to this sensitivity to

[84]. For this reason, modulation ofHO-1 has been postulated neuronal loss [16] in mice has been localized on the

as a potential therapy for PD. However, based on the telomeric end of mChr.l [16]. Further studies into the

breakdown of heme, which leads to the formation of genetic as well as into the biochemical pathways involved in

bilivirdin, carbon monoxide and free iron, it is possible that MPTP toxicity will lead to a better understanding of

in the specific environment of the SN, HO-I can act idiopathic Parkinson's disease as well as provide clues to

counterintuitively and lead to a furthering of neurotoxicity novel targets for therapeutic interventions.
[47,131]. It is also possible that the breakdown products of
hemne induced by HO-I act as mitochondrial toxins leading to

a feed-forward loop that eventually leads to cell death. References
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Parkinson disease (PD) is a common neurodegeiier- INTRODUCTION
alive (lisease of unkniown origin that is character-
ized, miainily, by a significant reduction in the nuni- Most neurodegenerative diseases involve specific sub-
ber of (lopaxnine neurons in the .suIbstailtia nigra sets of neurons. In the case of Parkinson's disease (PD),
purs conipacta (SNpc) of the brain and a dramnatic a common neurodec-encrative disorder characterized
reductioii in dopamine levels in the corpus striatuni. behaviorally by resting tremor, rigidity,
For reasons that wve do not know, the dopamiine non- akinesia./bradykinesia and postural instability, these are
ron seents to be miore vulnerable to damage than mainly, thou-g'h not exclusively, the dopaniincrgie net[-
any other neuron in the brain. Althoughi hypotheses rons in the SUbstantia nigra pars compacta (SNpc)
of damage to the dopamaine neuron include oxidn- whose fibres p~roject to the corpus striatumn. There are,
thve stress, growth factor decline, excitotxicitY, at present, I million P[) patients in the United Statesý

infamati n he ~p an potin ggegtion alone, with 50,000 newly diagnosed cases each year
oxidative stress in tbe nigrostriatal dopaininergic (ffahin and Przedborski, 2000). These case,. include
system garners a significant amnounit of attention. In both familial and sporadic PD, of which sporadic PD
(lie oxidative stress hypothiesis of' PD, superoxide, appears to be the more common (Dauer and
nitric oxide and dopaminie ail conspire to create alt Przcdhorski, 2003). Currently, the most effective ther-
cnvironment that con be (lctrinlewlal to the apy for alleviating the symptoms or PI) is levodopa (L-
dopautine neuron. MPTP (l-m~ethyI-4-p)1e11y1 DOPA) (Fahn andý Przedborski, 2000), which increases

* 1,2,3,6-tetrahlydfropyr-idimie), the too] of choice for the lcyeis of dopamnine in the brain. Although, ther-e is
itnvestigations into the inechanisins involved in the no evidence that L-DOPA alters the progression of the
death of dopamnine neuronis in PD, hias been used dieso7n ad pcltosemtta -)P
extensively in attempts to sort out %vbat happenis in misaye cnal ontrib, peute ation texs porsiono P-DO

and around tlie dopainine neuron. Herein, wve (mahn 1997;ll Winer,2000)o whie pogrtesso othr itli

review the roles% of dopainiine, superoxide and niitric (an 97 enr 00)wieoiteohr ti

oxide int (lie demise of the dopamnine neuron in the ihought that 1--DOPA is actually micuroprotective
MPTPmodl o PDas i reate tothe eat ofthe (Raj~put, 2001) and non-toxic to the human substantia

dopa'monel nuon PDtas it reaePoDh.etho h nigra (Rqjput, 2001). For reasons that are not yet
dopaiineneurn nted ii P. uderstood, dopaminergic iieurons. in the SNpc appear

to be more susceptible to damiage than other netrnms, in
Aen'nl.MPINSusatli iga ar omac0 the brain. T'heories as to wvhy this situation exist,,

Neurotoxicity; Dopaninec: Superoxide.; Nitric oxide; include genetics (Vila and Przedborski, 2004), exciti-
Oxidtivestres; Prkinonosdiceiey (Olanow and 'ration, 1999), inflamnmation in
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the brain due to changes in the neuronlal environmient I~s the finiding by Lanigston and colleagues that brains
(Langston et at., 1999, Hitnot arid Hirsch, 2003, fromn individuals, wvho died from a PD-like syndroine
Tekm~a-irt oq al., 2003), protein aggrnenatiolo (hi Ot 11.1 tesulliiig fromt thc& solf-atdriini.siratiori of I -mel0hyl-4-
1 997; Trojanoxvski el al., 1998) oxidative stress, (Fahn phenyl- I ,2.3,6-tetrahydropyvidine (MPTP) and who
and Cohien. 1992; Przedbor-ski and Jac kson-Lew is, lived for 3-16 years following exposuire, s-howeI a sig-
2000), and growth factor (neurotrophin) decline (MIogi nilicant presence of activated mnicroglia (Langston el
et a!., 1 999: Na-atSU et ait., 2000). at., 1999). However, inflammation. thuus far, has not

A-bout 10"X of the PD) cases are familial, To date, at been shown to be- the cause of PD but rather it is sug-
numbe-r of' genetic mutations have been found both in -esaed that inflammation may be instruinental in its
multiple pedigrees and in single families. Multiple pedi- progression.
gree muiltations include those found in the alipha-synmi- Althoughi there is still unuch debate onl the subject, the
clein, parkin, Nurr- I (nuclear receptor related-I1) and( finding of protein aggregates (both intracellular and
DJ-1 - enes whereas UCI-L-l (tibiquitin c-terminal extracelinlar) in many of the neurodegenerative dis-
hydrolase-l ) and NE-NI (neurofilamnent medium) gene eases including, PD has led to) the hypothesis that thle
mrutations have been localized ito single families (1-Tuang improper disposition of pr~oteins may he toxic to the
et al., MAK)). Most, if noat all of these identified genes doparnine neuron and can coutribute to the neurode-
Ftinction for the survival of' the doparinine neuron (syn- generative process. in the simplest of terms, the ubiq-
thesis, metabolism, energy supply, cellular detoxifica- uitin-proteasomne system (UPS) is Jik-e a sink which
lion). Thlus, any mutation in these genes; could lead to degrades both abnorinal and damaged proteins in the
inishinctions in the dlopamnine nieuron miaking them neuron. Proteins are first uhiquitiated by the covalent
more susceptible to such problems as energy crisis and attachment of a polyuhiquiti~t chain and then the whole
oxidative stress that could lead to eventual dleath, In complex is degraded by the 26S proteasome
addition to these PD-inducing muluationx. several mcch- (Vigouroux et at., 2004), If this system fails to operate
anismis have been proposed reg~arding the etiolog~y of properly, it is thought that the aggregation of proteins
PD~i).Tese include ion homeostasis, neuroinflamnination. to be disposed of follows. For example. Lewy bodies
purotein aggregation andI alterations in growth factors. are a pathological hallmark of PD anid they' contain sig-

Calcium homneosiasis is important to normal (lop- nificant amounts of modified alpha-synticlein (Daner
amine neuron function. The. NMDA (N-miethyl-D- and Przedborski, 2003). Recent reports have shown
aspartate) and the AMPA (alpha-antino-3-hydroxy-5- that aggregated alph't-synu clein not only binds to but
methfy l-4-iso.\azolepropion ate) receptors. both ionotro- aoinhibits ubiquitin-dependent proi sralfnto

phie glutaniate receptors, are, in part, responsible for (Snyder et at., 2003). Furthermore. oxidized protein's
intracellular calcium hoineostasis (Rego and Oliveira, can accumulate in the neuton and this abnlormal accu-
2003). Overstimulatioti of these glutamnate receptors mulation of proteins may be toxic enough to put the
cani alter local calcium homecostasis. Calcium is known neuron in anl oxidative stress situation which is a high-
to up-regulate enizymies like phospholipase A,, nitric ly d111amaing event.
oxide synthase and xanihine oxidlase, all of wvhich are The growth factor decline hypothesis beg 's the ques-
found iiinmitochondria and all can stimulate reactive Lion as to why these substance,. are decreased in the,
oxygen species (ROS) produtction. Thus, if local calci- SN~pc of PD brains. Growth factors (neurotrophins) are
urnm control is comnpronmised, resultingo in an excitabloy- proteins that are normally highly expressed in the sub-
stimulated relea~se of ROS and if existing antioxidant stantia nigra (SN) and several lines of evidence demion-
systeis. cannot handle the produced RC)S, mitochondr- strate a decrease in growth factors, particularly glial-
ial (lyslunction and damnage to several synaptic and derived neurotrophie factor (ODlNE) and brain-derived
intracellular proteins ensues, neurotrophic factor (BDNF) in the SN of PD) brainis

Progression of a number of neurological diseases has (Chaulhan et at., 2001), The reason For these decreacse
been shown to be related to inflammatfionl in the brain, remains unknowtn, And, there is nothing known about
which canl affect the neuronal envir-onmet101, For growth factor decline and oxidative stress, What is
instance, multiple scletosis is a neuroinflanimatory, dis- clear is that most of the aforemetntioned hypotheses
ease that causes a loss of the myelinated tracts in the involve some kind of oxidative stress situation. We and
CNS (Hafler, 2004). and recent evidence has shown others have used IMPTP to follow the oxidative stress
that there is an inflammatory component to) am)'- hypothesis and the proposed roles of superoxide, nitric
otrophic lateral sclerosis (Drachmian eri t.,, 2002), oxide and dopamine in the vulnerability of the
F"urthermore, supporting a role for inFlamnint fion in PD dopaimine, neuron (FIG, I).
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MPTP B(1) ASTROCYTE (MAO-B)

&ASE 02' + NO ~OONO- (13)
F-u

(12)

DA TERMINAL (STRIATUM) MICROGLIA

FIGURE I Proposed MPTP action in the nigrostriatail clopainincrgie pathway. After systemic administration, N[PTP fieely crosses 411c
blood-brain barrier and is taken up into astrocyies where it is nietaboli'.ed by mTOoDnoaine oxidase-B (MAO-B) toNMPP (I ). It then xisthe
astrocyte by an untknown mrechanismn arid is taken up by the doparmine traiisporter (DAT) into thec dopamine tenrninals ini the StriaUtirm. There.
.MPP- is sequcstered into the storage vescicies (2) and in the proce~ss pushcs out dopamnine (3) which is oxidized to cither dopaInineC-o-
dtuinorie (doparnine-o-Q), 6-hydro~xydopanlirre (6-01 iDA), 3,4-dihtydroxyvphciivacctaldchiydc (DOPAL) or 5-cysteinyldopand ne (5-ey's-
telirvl- dopamine) (4). Dtoparine.-o-Q (DA-o-Q). 6-OlI1tA and DOPAL have all keen show.n to be toxic and can attack dopamoine ncrvc ter-
ininals (5) that lead back to the SNp~c dopaniine cell body. in the me~antime, iri the extraco.llular space hr the SNpc ..MPP' that is extruded
froin aslroc)yws. is takenI LIP into 111C neurron by the DAT (6). Once in thre ccli body (7), MPP1 btocks the complex t site of the niirochondr-
lal electron transport chain (MIETC) which causes thre NMETC to kick out tiresuperoxide radical. Neuronal nitric oxide synrhasc (nrNOS) in
the M'ETC inembrane up-regulateN, which increases the presence of nitric oxide (NO). lit the cywisol of the doparnire neuron, superoxide
anrd NO interact to produce thre strong oxidant poroxynitriie (OONO ) (8) which can darnage cellular proteins, lipids and DNA. Dopamirie
in the nerruon is oxidized to dopaminc-o-Q anid DOPAL (9) or can he relcascd anid subijected to hydroxyl radical attack (6-01-ID3A?) (10)
w.hich can also damiage the rrcu1ron. Once the neuron is damnaged, an irrflanimaror~y response ensues in which rinirogliia in the extracellular
spaice becomec activated. During the activation process, ertain enzymes are up-regulated [NADPH oxidase (1i). tumnor neccro.is factor
(TINF)-cf., inelui--ca(lL-1-6). JL-6and inducible NOS> (iNNOS) (12)] which stimubniesuperoxide and NO production. Thlese twvo then
react to produce 00N`O (13) which can attack the neuronat rtritrbrane (14).

The INPTP Netirotoxic Process Once inside glial cells, IMPTP is converted to MP[)P
As a highly I ipophilie compound, M\PTP can bc (1t -met hyl-4-phcnyl-2,3-di hydropyrid ini Urn) by mono-
absorbed throughi the skint, be ingested, injected. and amnine oxidase-fl (IMAO-B3) and then to MNPP (I-
snorted. However administered. M1PTP rapidly crosscs methyl -4-pyridinimm) (Ransom et ul., 1987) by sponta-
the blood brain batrier and is taken up into glial cells by neotrs oxidation. Since M1PI" is a polar compound, it
monoamine (Brooks et al., 1 989) arnd gluturatc trants- cannot cross, menetvbrnes; it is Spccrltkrtd that MPP' is
porters (Ha)zel] et al., 1997) or pH-dependent extntdcd fromn glia via some kind of transport System.
antiporters (Kopin elittl, 1992; M\arini et tit., 1992). Evidenec for a role of glia in lihe conversioni of MNPTP
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to MPP' comes from Brooks el alt (1989) who demon- MPTP administration, both the extracellular and tlhe
strated that fluoxetitc, a serotonin uptake inhibitor, intracellular environments of the SNpc dopamine neu-

[ltenulates MPITP-indueed dopaminergic toxicity but ron are altered in stuch a way that they are no longer pait
does not interfere with MPT.P metabolism. Following of a supportive system but rather contain detrimental
extrusion into the extracellular space. MPP is taken up components. Our early studies using Iransgenic mice
into the dopamine neuron by the dopamine transporter that overexpress the copper-zinc fornm of superoxide
(DAT) (Koslic et al, 1996). This transporter may be dismutase (Cu.'nSOD) and that were treated with
damaged in the MPP' uptake process, as recent evi- MPTP show that the SNpc of these mice was protected
dence by Jakowec et ati (2004) have showvn that the against the damaging effects of MPTP (Pr..cdborski et
number of DAT in the SN following MPTP administra- al., 1992), thus implying the involvement of the super-
tion is decreased. MPTP targets primarily dopamine oxide radical. Furthermore, Wu el a!. (2003) have
neurons and the syndrome it produces, over a period of shown that the infusion of SODI into the striat-um of
about a week (Jackson-l.ewis vi al, 1995), is reminis- MPTP-trealed mice is neuroprotective ro SNpc neu-
cent of end-stage PD. MPTP causes a far greater loss of rons, which defines a role for the superoxide radical in
dopamnine neurons in the SNpc than of those dopamine the MPTP neurotoxic process. Since CuZnSOD is an
neeurons in the ventral tegmental area, It also produces extracellular enzyme (Fridovich, 1995), these results
about 90% degeneration ofdopamine nerve terminals in suggest that the extracellular environment of the
the striatumn (Jackson-Lewis et al., 1995). In order for dopamitne neuron is perturbed or altered by the super-
this level of dcamage to occur in the nigrostrialal oxide radical early in the neurotoxic process.
dopaminergic pathway, MPP has to stimulate or recruit A significant source of the superoxide radical in the
dopamine-related metabolites from within this pathway. extracellular environment is NADPH oxidase (Gao ew

al, 2003; WU el a/t, 2003). NADPH oxidase is a miul-
NIPTP and Glial Cells timeric microglial enzyme that is composed ofa num-
The non-netronal support system in the CNS are the ber of subunits that include gp91]:, p22,`", p47w'I, and
glial cells (Abbott, 1988), Under physiological condi- p40,.' (Babior, 1999). In resting microglia, this
tions, glia secrete substances into the extracellnlar envi- enzyme is inactive because gp9lr1ý " and p22-"" are sep-
ronment that support the jnormal functioning of the net:- araled from the other phox subunits. However, follow-
ron (Abbott, 1988). For instance, not only is it known ing MNPTP administration to mice, the NADPH oxidase
that microglia remove dcbris from the neuronal envi- complex within the microglia becomes activated
rontment but, depending on the situation, they can be a because die p47 phox subunit is phosphorylated fol-
source of nenurotrophic and neuroprotective molecules lowed by the movement of the whole complex to the
such as interleukin-6, basic fibroblast growth factor, microglial membrane where it assembles with gp9lV..-
epidermal growth factor, insulin-like growth tactor and and p22•$". This makes the NADIPH oxidase complex
epidernial growth factor. On the other hand, they can able to stimulate the production of the superoxide rad-
also produce neurotoxic compounds like nitric oxide, ical. Wu et al. (2003), using hydroethidium injections
superoxide, tumor necrosis factor, glutamate, arachidon- in MPTP-treated mice, visualized the presence of' the
ic acid and proleolytic enzymes (Banati el al., 1993). superoxide radical within microglia located in the
Astrocytes seem to exert a protective effect on dopamin- SNpc environment of these mice. Up-regulation of
ergic neurons, as it has been demonstrated that they can NADPH oxidase in postmortem SNIpc tissues fromn PD
produce nieurotrophins like nerve growth factor, ciliary brains was also shown (Wtit et al, 2003). The sinperox-
growth factor and interleukin-6 (Muller et al, J 995) as ide radical is then extruded into the extracellular envi-
well as GDNF (Boln, 1999). What is extremely triter- ronment where its presence not only alters the neuronal
esting about these glial cells is that they may represent a environment but also stimulates the production of sec-
double-edged sword when it comes to MTYI, for in the ondary oxidants (Babior, 1999) which can, in turn,
MPTP ieurotoxic process, it is in glia that MPTP is influence the integrity of the dopamine neuronal meni-
metabolized to MPP' by MAO-B, and microglia pro- brane, enter the dopamine neUron and affcct its internal
duce molecules such as the superoxide radical and nitric environmilent.
oxide which are toxic to dopamine neurons. Dopamine neurons, as abundant as they are in the

SNpc, are likely a victim of their own environment.
NIPTP, Superoxide and the SNpc Environment Once MPP' exits the glial cells, it is taken up from the
The environment surrounding SNpc neurons can con- extracehlular space into the dopamine aeuron via the
trol the Eate of these cells. For example, followving DAT (Javitch et at., 1985; Bezard ci al, 1999).
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Although recent evidence shows that these transpoiters Evidence of the up-regulation of iNOS in g'ia follow-
arc injured during the uptake process (Jakowec et at., ing MPTP administration points to an indirect process
2004), enough of them remain to transport MPP" into rather than a direct up-regulation of this enzyme
the cytosol of the dopamine neuron. DAT are absolute- (Ciesiclska et a(., 2003). In glia within the area of the
ly necessary for the MPTP neurotoxic process as sev- SNpc and the striatumn, MPP' stimulates the up-regula-
eral groups (Gainetdinov et al., 1997; Bezard et at., tion of proinliamniatory cytokines such as TNF-cu,
1999) have shown that MPTPdoes not harm mice lack- intericukin-I-beta (JL-113) and interleukin-6 (IL-6)
ing DAT. In the cytosol of the dopamine neuron, when (Youdim et a(., 2002; Teismoin ei a!., 2003) in a time-
MPP' is not taken tip into the vesicles, MPP' can assist dependent manner (Hebert ei al., 2003) as early as 12-
in altering the internal environment of the dopamine 18 hours prior to the induction of iNOS (Hunot et al.,
neuron by blocking the nmitochondrial electron ttans- 1999). Immunohistochemical studies (Liberatore et al..
port chai~n (METC) at the complex I site (Nicklas et ai'., 1999; Dehmer et at.. 2000) show that iNOS up-regula-
1985; 1987). The major organelle within the dopamine tion occurs in microlglia 24 hours after the adrinistra-
neuron that produces the lion's share of superoxide rad- tion of MPTP, which suggests that the proinflammnato-
icals is the mitochondrion (Real, 2003). This organelle ry cytokines may stimulate tile up-regulation of the
controls oxidation-reduction reactions and is a major iNOS enzyme and thereby increase the production of
source of cellular energy through its oxidative phos- NO within the glia. In a personal communication, Wu
phorylation reactions (Przedborski and Jackson-Lewis, and Przedborski (Personal Communication) noted that
2000). At the complex I site of the METC, the super- endothefial NOS (eNOS) is found in the brain vascula-
oxide radical is released into the cytosol where, under ture and does not contribute to the MPTP neutroloxic
physiological conditions, it is controlled by the man- process. In contrast, neuronal NOS (nNOS), shown to
ganese form of SOD (MnSOD), which is located in thle be decreased within non-dopamine neurons (? interneu-
internal membrane of the mitochondrion (Keller ei al., rons) in the SNpc following MPTP administration
1998), Many investigators have found a decrease in (Watanabe el al.. 2004), probably does contribute to the
complex I iin various tissues including brain tissue from MPTP neurotoxicity in the SNpc. Furthermore, since
PD patients (Mizuno er a,., 1989; Shapira, 1990). Thus, nNOS knockout mice were only partially protected
low activity of complex I in the METC translates to against the damaging effects of MPTP and 7-nitroinda-
increased production of superoxide radicals, a deple- zole. a selective inhibitor of nNOS that has little if any
tion of MnSOD and an oxidative stress within the cardiovascular effects, offered a greater but not a total
dopamine neuron. An overabundance of superoxide protection (Przedborski el a!., 1996), it is likely that
radicals, as stimulated by the presence of MPP', appar- niNOS is a contributor to NO presence in the extracel-
ently can no longer be controlled by MnSOD. Klivenyi lular space and to the alterations in the extraneuronal
and colleagues (Klivenyi et at., 1998) have shown that, environment of the dopaniinc neurons in the SNpc.
as long as sufficient stores of MnSOD are present: 1) NO is not a free radicel, is highly lipophilie, can read-
Mice are protected against the damaging effects of ily traverse membranes without the need of a transport
MPTP; and 2) the superoxide radical influences the system and has the ability to iravel as far as 300
internal environment of the dopamine neuron. microns from its site of production (Lancaster, 1996).
Furthermore, MPP* has also been shown to affect comn- Under physiological conditions, both nNOS and iNOS
plex fI] (Mizuno el a!,, 1988), such that the increased produce significant amounts of NO that are ever pres-
production of the superoxide radical here also con- ent in the extracellular space while levels of the super-
tributes to the disruption of thie normal cytosolic envi- oxide radical, constantly produced in many biological
ronnient within the SNpc dopamine neuron. The rele- reactions within the brain, are kept in check by the
vance of this particular scenario to PD is ilot well abundance of SOD. In the palhology of PD and in the
understood because it is not clear whether the deficit in MPTP moodel, increased amounts of the superoxide rad-
complex I is or is not a cause of PD. ical and NO are pushed into the extracellular milieu

surromnding the dopamine neuron. Here, they can react
MINf'P, Nitric oxide and the SNpc Environment with each other at a faster rate than the superoxide iad-
Nitraive stress related to NO has been documented in ical can be dismutated by the extracellular CuZnSOD
PD brains through demonstration of the presence of the to produce the most damaging secondary oxidant per-
inducible form of nitric oxide synthase (iNOS) (Hunot oxynitrite (Przedborski et at., 2000). Peroxynitrite can
eta!., 1996; 1999) and has been tied, in part, to the acti- damage neuronal membrane proteins arid lipids
vated glia in the vicinity of SNpc dopamine neurons, (Przedborski et al., 2000). Thus, the extracellular neu-
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ronal env'ironmient of SNpc is disturbed or compro- greater loss of striatal doparniine nerve terminals than
mised and is no longer supportive for the dopamine dopamnine cell bodies in the~ SNpc (Fahn and
neuron either in PD orlin the IMPTP model. Przedborski, 2000). This, may be related to the huge

Althoug'h the sup.eroxide radical does disturb the release of dopamnine from thc stora-ge vesicles caused
internal enlvironmecnt of the doparnine neuron, it is, by by the uptake of MIPP. Fur-thermore, although 6-
itself, not overwhelmingly toxic. Iii thle internal milieu hydroxydopamine has never been found in brain tissues
of the SNpc dopamnine neuron, aside from affecting the fromn PD patients nor in brains fro~m the MVPTP mnodel,
METC, MPP* has been demonstrated to increase the one can speculate onl the possibility that 6-hydroxy-
expression of the cyclooxygenise-2 (COX-2) eiixymlc dopamnine or a sitmilarly related compound may Con-
(Teismayin et at., 2003). COX-2 is the rate-limiting tribnitc negatively to the external environment that stir-
enzyme in [tie, conversion of arachidOniVe acid to PGH 2 rounds tlie dopainitnc neuron, sitnce dopamitie is sits-
which is then further metabolized to PGE.2 (O'Bannion, ceptible to hydroxyl radical (secondary oxidant) attack-
1999). The NO present in the SNpc doparnine nero (Cohen, 1984). A more interesting scenario, howvever,
following LM4PTP administration most likely enters the has been proposed with 3,4-dihiydroxyphienylacetalde-
dopamnine neuron after having traveled sonic distance hyde (DOPAL). DOPAL is the intermediate dopatnine
from its non-dopamnine neurons in the SNp~c that con- ttetabolite. that has been shown to be neurotoxic (Burke
tamn nNOS. WN-hen both the supcroxide radical and No et al., 2003). To demonstrate that. it is DC)PAL and not
are in excess in the internal midlieu of thle dopamine doparnine that is neurotoxic, Burke and colleagutes
neuron after MPFTP exposure, PG[ 2 c4italyzes the reac- (Burke et al,, 2003) injected varying concent rations, of'
tion between these two relatively mildly toxic com- both compounds into the SNpe of rats. Trhese
pounds to produce the secondary oxidant peroxynitrite researchers showved that DOPAL wvis 5-10 time's more
(Isehiropoulos and al-Melidi, 1995; Przedbors;ki andl~ neurotoxic thian dopamine. Thus, in the extracellular
Vila. 2003) which agtain creates a Severely hostille envi- ;pace, because M'vAO-'B metabolizes dopamnine to
ronment for tlie dopamine neuron. Peroxyditritc .ML (Fomnai et -at., 2000; Burke et a/., 2004),
nitrates internal cellular components such as enzymes. dopamine via DOPAL, possibly contributes to changes
fatty acids. protein,,, lipid~s, amnino acids and .DNA in thle extraC~llUlar milieu, DOPAL. may also be the rea-
(Radi ei at., 2002) of which one of the most important son why dopamine terminals are severely damaged.
of' these is thie tyrosine hydroxylase (TI-) enzyme. 'rhis In the internal metabolism of the DA neuron, DA can
enzyme is the rate-liniiting enzyme in the ynhssof be oxidized to dopamine-o-quinone and furlther to 5-
dopamnine and is either down1-regulated or damaged in cystein'ldopamine (Hastings, 1995). Aside from hit%'-
PD and in the MIPTP model such that the production of ing a role in peroxynitrite formation thKrOUgh its stimu1-
doparnilne is severely compromised (Ara e tit. 1997). lation of PGE2, thie COX-2 enzyme can facilitate the

oxidation of doparnine which can damage protein-
Dopntnine Toxicity and the SNpe Eiivirotiment bound sulfhydryl groups, (Hastings, 1995). Using
The doparnine neuron in the .SNpc may indeed be. at HPLC analysis. Teismann et al. (2003) showed that
least in part, a contributor to its own death. Followingl MPTP administration elevates ventral midbraiti 5-cy's-
M.PTP administration, huge amouints of dopaniinc are teinyldopamnine, which is considered a stable tnodirica-
releascd from intracellular stores into the extracelliilar [ion of dopamine and evidence that the formation of
space (Lau et at,, 1991; Schmidt et al., 1999). Once dopainine-0-qn~inone has occurred. Dopamine-o-
released, dopamine is either enzyrmatically metabolized qijinone can conriffbute to the upheaval of the internal
by monarninoe oxidase-B to 3,4-dihydroxypbenylacetic neuronal environment through giutathione depletion
acid and in the process, the hydroxyl radical is kicked and the inactivation of'Ti-I (KUhn1 et at., 1999). Onl the
ouit (Burke C1 171.. 2004) or it auto-oxidizes to form a other hand, while dopamine is metabolized to DOPAL
number Of toxic compounds including 6-hydroxy- extraneuronally by MAO-B, within the ne-uron,
doparnine (Grahamn, 1978). 6-hydroxydopamine is a DOPAL is formed by JMAO-A (Burke ei at,, 2004).
known neurotoxin that has been utsed extensively for Furthermore, DOPAL is the imajr Mnetabolite of
animial miodels, in I'D research (Jeon et al.. 1995; dopaniine in the human brain (Burke el at., 1999) and
Przcdborski et at., 1995). It has been demonstrated thatj levodlopa, the drug of choice in the treatment of PD,
this cotnpotiud destroys striatal. dopantirie terminals has been shown to elevate significantly levels of'
which results in the death of SNpc dopamine iieurotis DOPAL in the brain (Fornai et al., 2000). As stated ear-
(Przedborski et at., 1995). Interestingly, one of the find- hier, DOPAL has bcen shown to destroy the dopamine
ings in PD and in the MPTP? model is that there is a neuron at concentrations, mutch lower than dopamnine
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itself (Burke ei a!.. 2003. Whether MPTP can elevate Bohn %MC (1999) A comnmentary on glial cell line-derived neu-

DOPAL levels in the brain and mlinlic the death of rotrophic factor (Ct)NFT), From a gliol seereled molecule to pene

dopamnue nerve terminals a~s seen in PD remains to be therapy. Diocheor. Phaonraco!. 57, 135-142.
Brooks WJ. MF Jarvis and GC Wagner (1989) Aslrocyies asý a pfi-

determi-ined. mary locus for ihe conversion MPITI into MPP'. J. Nerural
Dhaonsoi. 76, 1-12.

CONCLUSIONS Burke WJ, 111) Chum-, and SW Li (1999) Quantilation of 3, diby-
droxyphenylacetaddehyde and 3. 4-dihy3droxyphotnyiglvIcolalde-

Environment plays a1 significanrt role in the well-being hyde. the monoamine oxidase mneiabolires of dopamille and itora-
L, ~drenaline, in humnan lissucs by microcolumoi hiVli-perforinanee

of the dopamnine neuron . .Several cell types including liquid ciiromulooraphy. Anal. Riocheuu 273, 111-11J6.
0olia and the compounds that these cells secrete work, Burke WVI. SW Li, EA Williams,,, R Nonneman and DS Zahirn (2003)

ogether to maintain an enivironmnent suitable for ,-lrroyieyactdhdc sth toidorne
dopamnine neutron survival. Yet, at thle samne timne, thlese metabolile in v'ivo: implications for Parinson's disease. parho-

sn cells and agents, when perturbed such as follow,.- genxesis. Brain Res. 989. 20-5-213.
sameBurke WJ, SW Li. HD Chunp, DA Rugojero. BS Kristal, ENI

in- MPTP administrcation, can contribute to the death of JonoPL pVtKurM rao.AWilmsndS

the dopamine neuron throughi reactions which alter Zahrn (2004) NeUrotoxicity of MIAO mnetabolites of cate-
theirt physiological concentrations in the ST\pc, thus chotarniuie neurl ransmiotier,: role in icurodegeiteralive dis-eases.
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Ablation of the Inflammatory Enzyme Myeloperoxidase
Mitigates Features of Parkinson's Disease in Mice
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Parkinson's disease (PD) is characterized by a loss of ventral midbrain dopaminergic neturons, which can be modeled by the neurotoxin

1 -miethiyl-4-phienyl-1I,2,3,6-tetrahydropyridinie (MPTP). Inflammatory oxidants have emerged as key contributors to PD- and 1VIPTP-
related neurodegeneration. Here, we show that myeloperoxidase (MPO), a key oxidant-producing, enzyme during inflammation, is
Lipregulated in the ventral midbrain of hu man PD and lvPTP mice. We also show that ventral midbrain dopaminergic neurons of mutant
niice deficient in MPO are more resistant to MYPTP-induced cytotoxicity than their wild-type littermates. Supporting the oxidative
damaging role of MPO in this PD model are the demonstrations that MNPO-specific biomarkers 3-chlorotyrosine and hypochlorous
acid-modified proteins increase in the brains of MIPTP-injected mice. This study demonstrates that MNPO participates in the MVPTP
neurotoxic process and suggests that inhibitors of MPO may provide a protective benefit in PD.

Key wvords: MPTP; Parkinson's disease; oxidative stress; inflammation; neuroprotection; nitrotyrosine

Introduction PID and the I -methyl -4-phenyl- I ,2,3,6-tetrahydropyridinte
Parkinson's disease (PD) is a common neurodegenerative disor- (MPTP) model of PD (1-unot et al., 1996; Liberatore et al., 1999;
der characterized by disabling motor abnormalities, which in- Wu et al., 2003). Studies of mice deficient in NADPH oxidase or
elude tremor, muscle stiffnress, paucity of voluntary movements, iNOS indicate that superoxidle radical (02 -) and NO contribute
and postural instability (Dauer and Przedborski, 2003). Its main to the MPTP-induced neurodegenet-ative process (Liberatore et
neuropathological feature is the loss of the nigrostriatal dopami- al., 1999; Wu et al., 2003). Hlowever, both 02 - and NO are rela-
nergic neurons, the cell bodies of which reside in the substantia tively unreactive, and a variety of secondary oxidants, such as
nigra pars compacta (SNpc) and nerve terminals of which extend peroxynitrite (ONOG -), are more likely to account for the inju-
to the striatum (D~auer and Przedborski, 2003). Except for a rious capacity of inflammation in PD. Supporting this viewv are
handful of inherited cases related to known gene defects (Vila and the demonstrations that levels of 3-nitrotyrosine, a major prod-
Przedborski, 2004), PD is a sporadic conditiun of unknown uct of ONOO - oxidation of proteins, are elevated in affected
pathogenesis (Dauer and Przedborski, 2003). However, epidemi- brain areas after MPTP injections to mice (Pennathur et al.,
ological studies suggest that inflammation increases the risk of 1999), for the most part in an iNOS-dependent manner (Libera-
developing PD (Chen et al., 2003), and experimental models of tore et al., 1999).
PD show that inflammatory oxidants modulate SNpc dopami- Levels of OO-dlityrosine also increase markedly in the SNpc
niergic necuronal death (L~iberatore et al., 1999; Gao et al., 2002; of.MPTP-intoxicated animals (Pennathur et al., 1999). This is an
Wu et al., 2002, 2003). For instance, NADPH oxidase and induc- intriguing finding because O,O'-dityrosine is a relatively minor
ible nitric oxide synthase (iNOS), which are major Sources of product of ONOC (Pennathur et al., 1999). Conversely, myelo-
inflarnmatory oxidants, are upregulated indanmaged areas in both peroxidase UMPO), and not 0N00-, scenms to promote 0,0'-

dityrosine formation in this model ofPD (Pcennathur et at., 1999).
Receivedmarch 11, 2005; revised May16,2005; accepted May 31,2005. Moreover, MPO can use the NO degradation product N0,7 to
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disease samples, al., 1998), would contribute to the MPTP-indluced neurodegen-

Correspandence tsrould he addnessed re Dr. Serge Przedbosrki, Columhia tniversity, 650 West 168tht Street, rtv p ocs an %'ul re ee tap e iu ly n e og zd
D13-318, Nev., York, NY 10032. t-irsilk sp304?olum~blaedu.ertvpocsanwulrpeetapeiulyneogid

001:0-123/IEURSCI097005,005culprit in the inflam nsatcsry- mediated oxidastive insult associated
(apyrigrt <0 200 Societytfortdeuorstinnre 07-440/5540S50 with diseases such as PD. Consistent with this hypothesis, we
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show here not only that MPO is detected in affected brain areas of Vronse MPO, glialfibrillary acidic protein, [, itteqgri/ MAC-1 (C()116/

MPTP-injected mice and PD patients, specifically in glial cells, CD18), neutrophil, and tyrosine hydroxylese imrnnohise istry. At

but also that mutant mice deficient in MPO are more resistant to selected time points after MPTP, mice were killed, and their brains were

MPTP-ind uced dopaminergic neurotoxicity. These findings in- processed for immunohistochemical studies followingour standard pro-

dicate that MIPO does participate in the MPTP neurotoxic pro- tocol forsingle or double immunostaining (Wu et al., 2003). The primary

Sand suggest that inhibitors of MPG may provide protective antibodies used were rabbit polyclonal anti-MPO (1:500; Lab Vision,
cess a g hFremont, CA), rabbit polyclonal anti-glial fibrillary acidic protein
benefit in PD. (GFAP; 1:500; Chemicon, Temecula, CA), mouse monoclonal anti-

MAC-I (1:1000; Serotec, Raleigh, NC), and the monoclonal rat anti-
Materials and Methods mouse neutrophil antibody MCA77 IGA (1:100; Serotec). Immunostain-

Animals and treatment. Procedures using laboratory animals were in ing was visualized by 3,3'-diaminobenzidine (DAB) or fluorescein and

accordance with the National Institutes of H-Iealth (NIH) guidelines for Texas Red (Vector Laboratories, Burlingame, CA) and examined by reg-

the use of live animals and approved by the Institutional Animal Care and ular or confocal microscopy. Colocalization studies were performed on

Use Committee of Columbia University. The mice used in this study doubly imrnunofluorescent stained sections, which were analyzed with

were 10-week-old male C5713l./6J mice (Charles River Laboratories, Wil- an LSM 510 M ETA laser-scanning microscope (Zeiss, Thornwood, NY).

mington, MA) and MPO-deficient mice that had been backcrossed > 10 For quantitative tyrosine hydroxylase (TH) imnmunostaining, mice

times into the C57BI./6J background (Brennan et al., 1985) and their were killed 7 d after MPTP. Both striatal and nigral sections (30 tkm),

wild-type (WT) littermates, all weighing 22-25 g. For MPTP intoxica- spanning the entire extent of the structures, were incubated with a poly-

tion, '4-10 mice per group received four intraperitoneal injections every clonal anti-TH antibody (1:1000; Calbiochem, San Diego, CA) for 48 hat

2 h of MPTP-I-ICI (18-20 mg/kg of free base; Sigma-Aldrich, St. Louis, 4*C. Immunoreactivity was visualized by incubation in DAB, glucose,
MO) dissolved in saline. Mice were killed from 0-7 d after the last injec- and glucose oxidase, and sections were countetstained with thionin. The

tion, and their brains were used for morphological and biochemical anal- total numbers of TH- and Nissl-positive neurons in the SNpc were

yses. Control mice received saline only. MPTP handling and safety mena- counted stereologically using the optical fractionator method (West,

sures were in accordance with published guidelines (Przedborski et al., 1993) as used previously (Tieu et al., 2003). Striatal OD ofTH immuno-

2001). staining, determined by the Scion (Frederick, MD) inage program, was
RNA extraction and reverse transcrip•ioti-PCR. Total RNA was ex- used as an index of striatal density ofTH innervation (Tieu et al., 2003).

tracted from selected brain regions and at selected time points after The concentration of anti-TH antibody and DAB used here and the
MPTP and used for reverse transcription-PCR analysis as described pre- length of time striatal sections were incubated in DAB were the same as
viously (Wu et al., 2003). The primers used for mouse MPO and 3-actin reported previously (Tieu et al., 2003).
were as follows: MPO, 5'-AGGATAGGACTGGATTGCCTG-3' (for- Hluman samples. All human samples were obtained from the New York
ward) and 5'-GTGGTGATGCCAGTGTTGTCA-3' (reverse); O-actin, Brain Bank at Columbia University (http://cnmc.colhmbia.edu/
5'-CTTrGATGTCACGCACGATTTC-3' (forward) and 5'-GGGCC- research/eqnip/eq-tb_bb.htm). Procedures using this autopsy material
GCTCTAGGCACCAA-3' (reverse). The thermal cycling conditions of were in accordance with the Nil-I guidelines for human studies and ap-
the PCR were 94O(C for 3 rmin, followed by 23-35 cycles for 20s at 94,C, I proved by the Institutional Review Board of Columbia University. Sam-
minm at 60'C, I min at 72°C, and a final extension at 72'C for 5 nin, After pies used in this work included the cerebellum, striatum, and ventral
amplification, products were separated on a 5% PAGE and quantified by midbrain (for PD and controls); the caucdate nucleus I for Huntington's
a FluorChem 8800 digital image system (Alpha Innotech, San Leandro, disease (HD) and controls); and the frontal motor cortex ffor amyotro-
CA). PCR products were of expected sizes, and sequences were con- phic lateral sclerosis (ALS) or motor neuron disease and controlsl. All of
firmed by direct cycle sequencing. these cases were selected on the basis of neuropathological diagnoses

numzumoblots. Mouse brain protein extracts from selected regions were using the criteria for definite PD, HD, and ALS outlined in the supple-
prepared and used for Western blot analysis as described previously (Wu mental material (available at www.jneurosci.org). Relevant clinical and
et al., 2003). The primary antibodies used were as follows: a rabbit poly- neuropathological information regarding all of the cases used here are
clonal antibody raised against a 14 aa peptide representing the C termi- presented in supplemental Table 2 (available at wwwv.jneurosci.org as
nus of tile mouse MPO (NTLPKI.NLTSWKET; [:1000 dilution; gener- supplemental material). The procedures for Western blot analysis and
ated by J.W.H.'s laboratory) and a mouse monoclonal anti-p-actin inLmunohistochemistry in human tissues were identical to those de-
antibody (1:10,000; Sigma, St. Louis, MO). A horseradish-conjugated scribed above in mouse tissues; the primary anti-MPO antibody wvas a
secondary antibody (1:500-1:25,000; Amersham Biosciences, Piscat- rabbit anti-human MPO antibody (DakoCytonlation, Carpinteria, CA)
away, NJ) and a chemiluminescent substrate (SuperSignal Ultra; Pierce, used at 1:1000 for Western blot and 1:200 for immunohistochemistry, as
Rockford, IL) were used for detection. Bands were quantified using the well as a rabbit polyclonal anti-GFAP antibody (1:10,000; DAKO,
FluorChem 8800. Carpinteria, CA). Visualization of the bound antibody was achieved us-

MPO isaohttion anl activity. The methods used to prepare brain sam- ing chromogenes SG (blue/gray) and 3-amlino-9-ethylcarbazole (red)
pIes and to measure MPO activity are slight modifications of those de- from Vector Laboratories.
scribed previously by Daugherty et al. (1994). In brief, fresh mouse tis- MPTP rnetabolism. Striatal l-methyl-,l-phenylpy'ridinium (MPP +)
sues from selected brain regions were homogenized in a 100 mm sodium levels were determined by HPLC with UV detection (A = 295 am) in WT
phosphate buffer, pH 7.0, containing 1% (wt/vol) cetyltrimethylammo- and MPO-deficient mice at 90 min after the last injection of 20 mg/kg
nium bromide (CTAB) and centrifuged (6000 X g, 4°C, 10 rnin). Then I MPTP. Striatal tissue lactate production induced by MPP + and synap-
m,\i CaCI,, MnCI2 , and MgCI2 (final concentration) were added to each tosomal uptake of [ 31-I]MPP ' were performed as described previously
sample before being incubated overnight at 4°C with 0.3 nil of con- (Wu et al., 2003). The assays were repeated three times, each time using
canavalin A-Sepharose B (Sigma). The gel was then pelleted by centrifti- duplicate samples.
galion and washed three timeswith a 0.1 ,t sodium acetate buffer, pH 6.0, Mass spectrometric analysis. At selected time points, anesthetized mice
containing 0.1 &1 NaCl and 0.05% CTAB. Then sampleswere centrifuged were perfused with ice-cold 50 mfi sodinm phosphate, pH 7.4, contain-
(6000 X g, 5 min) to remove residual washing buffer. The glycoprotein ing an antioxidant mixture made of 100 /.,,t diethylenetriaminepentsace-
bound to the lectin gel was then eluted by incubation with 0.15 ml elution tic acid, I mN, butylated hydroxytoluene, 10 mn,\ 3-arnino-1,2,4-triazole,
buffer (0.5 ,\i methyl rs-tu-mannoside in washing buffer) for 30 min. After and 1% ethanol (v/v) to minimize ex vivo oxidation. The ventral mid-
the last centrifugation, final supernatants were collected and used imme- brain and cerebellum were then dissected and pulverized in liquid N,,
diately to assess MPO activity by monitoring the oxidation oftetrameth- delipidated, dialyzed to remove low-molecular weight compounds, and
ylbenzidine as described previously (Andrews and Krinsky, 1982). The hydrolyzed using HBr instead of HCI to prevent artifactual chlorination.
absorbance was read at 655 nm with a microplate reader (Bio-Rad, Her- [ "3 CJ-Ring-labeled internal standards were added before hydrolysis.
cules, CA). The amino acids were isolated using a C-18 solid-phase extraction col-
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unto and subjected to derivatization and analysis by isotope dilution gas MPTP
chromatography/nmass spectroscopy (GC/MS) (Heinecke et al,, 1999).

Detection orh)yochhmloros acid-nmodifled protein. lmmunochemical de- C+ S 12hr Id 2d 4d 7d C-
tection ofhypochlorous (HOCJ)-modified proteins was performed with A - - - - - -

the antibody HOP-I (clone 2Dt0G9; dilution 1:500; provided by E.
Malle, Medical University ofGraz, Graz, Austria). HOP-I is specific for MPO "- ý...
l.OGl-modified epitopes/proteins and does not cross-react with other
oxilative modifications (Malle et al., 1995; Hazell et al., 1996). Immune-
staining was visualized by using DAB, and sections were counterstained
withf methylgreen (Vector Laboratories). P-actin -- v •* 16- jvr..

Statistical analysis. All values are expressed as mean + SEM. Differ- l5= ____ . .

ences among means were analyzed using one- or two-way ANOVA with
time, treatment, or genotype as the independent factors. When ANOVA MPTP
showed significant differences, pairwise comparisons between means B
were tested by Newman-Keuls post hoc testing. In all analyses, the null C S 12hr Id 2d 4d 7d
hypothesis was rejected at the p •- 0.05 level.

Results MPO -
MPO is induced in the mouse ventral midbrain during
MPTP-induced dopaminergic neurodegeneration P-actin

To examine the possibility that MPO is a component of the in-
flammatory response seen in the MPTP model of PD (Liberatore -1.6 C0.4 .2
et al., 1999; W• et al., 2002), we first assessed MPO mRNA and Ir. **

protein content in the ventral midbrain (i.e., brain region con- " 1 .2

taining the SNpc dopaminergic neurons) over the entire active z 0.3 S
phase of neurodegeneration and gliosis provoked by this neuro- E: 1
toxin (Liberatore et al., 1999; Przedborski and Vila, 2001). In - 0.8

saline-injected control mice, the ventral midbrain contained low "

levels of MPO mRNA and protein (Fig. 1A--C). In contrast, in 7 0.2 I

MPTP-injected mice, ventral midbrain levels of both MPO • 0.4 - MPO mRNA $-
InRNA and protein increased in a time-dependent manner (Fig. a. -0- MPO protein I

IA-C). Ventral midbrain MPO mRNA and protein expression 0.0 . 0.1

levels peaked at I and 2 d after MPTP exposure, respectively (Fig.
IC), which is contemporaneous to the most-intense phase of V
SNpc dopaminergic neuronal death in this PD model (Przedbor- Days post-MPTP
ski and Vila, 2001). We next asked whether the observed changes
in MPOventral midbrain content in MPTP-injected animalspar- 40

alleled an alteration of MPG enzymatic activity by monitoring D
oxidation of tetramethylbenzidine. Consistent with the protein
data, we found that ventral midbrain MPO activity also rose dur- w 2 1
ing MPTP neurotoxicity in a time-dependent manner (Fig. I D).
In contrast, in mutant mice deficient in MPO (MPO -'-; t, = 2), 20
the ventral midbrain did not show higher oxidation oftetrameth- E n

ylbenzidine after MPTP administration (data not shown). Unlike C

in the ventral midbrain, levels of MPO mRNA, proteins, and 0 10
catalytic activity in the cerebellum (brain region resistant to 0 0
MPTP) were unaffected by MPTP administration. However, 2

more unexpected was the finding that no MPO alteration could 0
be detected in the striatum (where dopaminergic fibers degener- 0 2 4 6 8
atc after MPTP administration), as illustrated by the lack of
change in striatal MPO activity: saline, 14.0 ± 4.1 (n = 7), versus Days post-MPTP
M~PTP (at 2 d), 16.2 -+ 1.5 (ii 11;p > 0.05). Thus, both protein
levels and activity of MPG increase in the MPTP mouse model of Figure 1. MPTP injections are associated with a time-dependent Increase in ventral mid-

brain MPO mRNA (A, (), protein expression (8, C), and enzyrmatit activity (0) relative to saline
PD, specifically in ventral midbrain where the demise of the ni- injections. Data are means t SEM for 3-11 mice per group. ',tp < 0.05, *. "ep < 0.01
grostriatal dopaminergic neurons is taking place. compared (Newman-Keulsposthoctest) with saline-injected control animals. 5, Saline; C+,

positive control (bone marrow); C-, negative control (absence of reverse transcriptase); mOD,

MPO is expressed in reactive astrocytes after MPTP injection millioptical density.

To elucidate the cellular origin of MPO in the ventral midbrain of
MPTP-treated mice, immunohistochemnical studies were per-
formed. In saline controls, diffuse MPO immunoreactivity was both the cell bodies and proximal processes (Fig. 2 D). To corrob-
seen in the neuropil (Fig. 2A, C). In MPTP-treated mice 2 d after orate the bright-field microscopy results, we performed double-
the last injection, ventral midbrain MPO immunostaining was immunofluorescence confocal microscopy on ventral midbrain
stronger, especially at the level of the substantia nigra, and cells sections from mice 2 d after MPTP. This analysis confirmed that
with a glial morphology appeared labeled (Fig. 2B,D). These MPO colocalized with the astrocytic marker GFAP as shown by
MPO-positive cells showed punctate immunoreactivity over the merged image from the two fluorochromcs (Fig. 2 E-G) and
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A C A Control PD C+
.- "- 1 2 3 4 5

MPO - - -
" - - -,GFAP- 7.,

--- ...- " 3-actin -

1.5 - Control (n=7)
B - . ~PD(n=7)

0~I- "4.." . . • '.%:ri ; a..

-• , -- - -- ,#• • 0.5

Colcalzed Figure 3. A4, B, Ventral midbrain MP0 tissue content Is increased in postmortem tissue from
Figure 2, .A, C", Immunochemical studies revealed no specific MP0 immunoreactivity in the PD patients compared with controls, as well as GFAP tissue content. C +, Positive control (pu-
ventral nildbrain of saline-injected control mice. The dashed oval delineates the SNp(. B, D, rified MP0). C, In ventral midbrain sections, MP0 (blue)is5 notdletectedin control tissues, neither
However, a dense network of fibers and scattered cell bodies positive for MP0 are seen at the in GFAP-positive cells (open arrow) nor in or around neuromelanized dopaminergic neurons
level of the SNpc after MPTP injections. Black arrows In D show the MP0-positive cellular ele- (arrowhead). D, Conversely, MP0 immunoreactivity (blue, small black arrowi) is found In GFAP-
ments. E-H, Confocal microscopy demonstrates that ventral midbrain MP0-positive structures positive cells (open arrow) in PD tissue but not in the rare remaining neuromelanized dlopaml-
(E, red) are also GFAP positive (F, green), as evidenced by the overlay of the two fluorochromes nergic neurons (arrowhead). Scale bar, 20 Am. Data are means ±- SEM for seven samples per --- "
(0") and by the computed mask of the (olocalized pixels (H).J-L, In contrast, ventral midbrain group. *p < 0.05 compared with normal (ontrols (Ne, man-Keuls posthoclest).
MP0-positive strulctuems (1, red) are not MAC-1 positive [./, green), as evidenced by the overlay
(K) and the mask of colocalized pixels (L.). Tissue sections are from mice at 24 and 48 It after we assessed IMPO protein levels in postmnortem] venrtlal midbrain
saline orMPTP injections. Scale bars: (inD) A, B, 250 A~M; , 25 rm; (inL) E-L.,10OA.m samples ft'omn sporadic PD patients. Consistent with the mouse

data, PD samples had significantly higher MPO protein contenlts
the computed mask of the colocalized pixels (Fig. 2H-). Con- compared with controls (Fig. 3A,B). Like in mice, there was no
versely, no evidence of'MPO expression inl microglial cells Could significant difference in MPO to ,P-actin ratios in the striatum
be documented by using the same techniques (Fig. 21-4). Al,- (PD, 1. 1 ±- 0.8, vs corntrols, 1.4 ±_ 0.8; p > 0.05; ni = 7) or ceire-
though abundant neutrophils were seen in our mouse bone mar- belhun (PD, 0.8 -± 0.2, vs controls, 1.0 ±_ 0.3; pn > 0.0.5; n = 7)
row preparations (positive controls) using the anti-mouse neu- between the PD and control samples. Histologically, cellular
Irophil antibody MCA771GA, none were detected within the IMPO immunoreactivity was not detected in the control ventral
brain parenchyma (data not shown). No noticeable cel]ularIMPO midbrain parenchyma per se (Fig. 3C) but only in small cells
immunoreactivity was observed in the striatum or cerebellum of within blood vessels. However, IMPO irnmunoreactivity was seen
either saline- or MPTP-treated mice (data not shown). These in verntral midbrain sections from PD patients (Fig. 3D), where it
results demonstrate that MPO is primarily expressed in ventral was identified in SNpc glial cells in the vicinity of.neuromelanin-
midbrain astrocytes during the demise ofdopamninergic neurons containing neurons (Fig. 3D). The similarity of. the MPO alter-
caused by MPTP. ations between the iMlI•'P mice and the PD postmortem speci-

mens strengthens the relevance of using this experimental model
Expression of MPO is increased in PD inidbrain to study the role of IMPO in the PD neurodegenerative process.
To determine whether the changes in MPO observed in the Because gliosis is a conmmon pathological feature of many
MPTP mouse model of.PD were present in the human condition, neurodegenerative diseases, we wondered Whether increases in
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1.68 ± 0.15, vs MPTP, 1.46 ± 0.20; n = 5 per group), supporting
-- A .. the assertion that the reduction in dopaminergic neuron num-

"bers corresponds to an actual cell loss and not to a downregula-
tion of TH.

To examine whether MPO ablation protects not only against
structural damage but also against functional deficits caused by
MPTP, we compared the levels of dopamine and its metabolites,

.. .W (s, ..) .," MPo- ) dihydroxyphenylacctic acid and homovanillic acid, in the stria-
turn as well as locomotor activity between MlPO"-"' and

C :. ,[ D ., . MPO +' mice, after MPTP injections. Contrasting with the pro-
. ss=tr• .tection afforded by the lack ofMPO on the nigr'ostriatal doparni-

nergic neurons, the loss of striatal dloparnine and the deficit in
k- r-" "motor performaance caused by MPTP w ere as severe in MPo

as in MPO ' mice (supplemental material, available at
- "www.jneurosci.org).

WT.____ . P 4 (MTP)

E F 0.16 MPTP metabolism

0 150-12 T Major factors controlling IMPTP neCurotoxicity ire its conversion
ý mmWr 0 ~ WI"

-MPO. _-6- 0.12 -MP04.- in the brain to MPP+, followed byMPP+ entry into dopamniner-
S10000. L gic neurons and its subsequent blockade ofmitochondrial respi-

r.o -rration (Przedborski and Vila) 2001). To ascertain that the resis-

"" 0 4000- # tance of MPO-' mice was not attributable to alterations in3: "MPTP toxicokinetics, we assessed its three key neurotoxic steps

L E0.0 (Tieu et al., 2003). Results show that striatal levels of MPP +,
Saline MPTP Saline MPTP striatal uptake of ['H]MPP -, and MPP +-induced lactate pro-

Figure4. A-D, Ablation ofMPO in mutant mice attenuates MPTP-induced striatal TH fibers duction (a measure of mitochondrial function) did not differ

and SNpc TH neuronal loss, as assessed 7 dafter either saline or MPTP injections. E, F, Quantifi- between MPO-G - mice and their WT littermates (Table 1).

cation of neuronal (E) and fiber (F) loss. Data are means ± SEM for four to six mice per group.
"p < 0.05 compared with saline-injected animals; 'p < 0.05 compared with saline- and MPO damages ventral midbrain proteins
MPTP-injected MPO +x mice. MPO is the only known mammalian source of HOC] at plasma
the expression ofMPO within areas ofneurodegeneration car be concentrations of halide ion (Gaut et al., 2001). HOCI reacts with

found in neurodegenerative disorders other than PD. Compared tyrosine to form 3-chlorotyrosine, a specific and stable biomarker
with controls, the motor cortex from ALS patients did not exhibit ofprotein damage by MPO (Heioecke et al., 1999). Io determine
higher GFAP or MPO Values (data not shown). Conversely, we whether MPTP promotes oxidative damage to brain proteins, we

found that caudate nucleus tissues from stage 4 HD patients had used isotope dilution GC/MS (Heinecke et al., 1999), a sensitive

higher GFAP to ,-actin ratios (HD, 0.7 ± 0.1, vs controls, 0.1 ± and specific method, to quantify 3-chlorotyrosine levels in sam-

0.1; p < 0.01; am = 3-4) as well as MPO to 6-actin ratios (HD, ples from eight saline-injected controls and eight MPTP-injected

0.8 ± 0.2, vs controls, 0.2 ± 0.1;p < 0.05; n = 5-6). This suggests mice 24 h after injection. We compared levels of3-chlorotyrosine

that brain MPO expression is not specific to PD but rather generic in the ventral midbrain and cerebellum. In MPTP-treated mice,
to neuroaegtnerative diseases in which areas of neuronal loss are 3-chlorotyrosine levels in the ventral midbrain were markedly
accompanied with gliosise increased (p < 0.05) compared with saline-injected controls:

MPTP, 30.8 -± 5.7 nmol of3-chlorotyrosine per molar oftyrosine

MPO deficiency protects against (n = 8) versus saline controls, 4.8 -- 2.1 nrnol of 3-chlorotyrosine

MPTP-induced neurodegeneration per molar oftyrosine (n = 8). 3-Chlorotyrosine was undetectable

Next we compared the effects ofMPTP on the nigrostriatal path- in the cerebellum of mice injected with either saline or MPTP. In

way ofmutant mice deficient in MPO (MPO-/-) and their WT contrast, in MPTP-treated MPO-/- mice (n = 3), ventral mid-

littermates (MPO +/+). Seven days after the last injection ofsaline brain 3-chlorotyrosine was undetectable. The identification of

or MPTP, the brains of these animals were processed for quanti- chlorinated tyrosine in tissues therefore supports the hypothesis

fication ofdopaminergic cell bodies in the SNpc and ofprojecting that reactive intermediates produced by MPO damage brain pro-

dopaminergic fibers in the striatum using TH immunostaining. teins in MPTP-intoxicated mice.

In saline-injected MPO-'- and MPO +/ mice, stereological To localize MPO-darnaged proteins, tissue sections were im-

counts of SNpc dopaminergic neurons and striatal TH-positive munostained with HOP-I, a mouse antibody that specifically

OD (Fig. 4A, B,E,F) were comparable. In MPTP-injected recognizes HOCI-modified proteins (Malle et al., 1995); the chlo-

MPO 4/+ mice, there was a -70% loss of SNpc TH-positive neu- rotyrosine antibody was not available to us. Intense HOP- I im-

rons (Fig. 4C,E) and -92% reduction of striatal TH OD (Fig. munoreactivitywasobservedintheSNpcofMPTP-injectedmicc
4C,F) compared with saline-injected controls (Fig. 4A,E,F). In (Fig. 5A-C). HOP-l-positive material was seen in the neuropil
contrast, in MPTP-injected MPO- - mice, there was only -50% within beaded-appearing fibers and in cells with both neuronal
loss ofSNpc TH-positive neurons (Fig. 4 D, E) and -70% reduc- and non-neuronal morphology within vesicular elements (Fig.
tion ofstriatal TH OD (Fig. 4D, F) compared with saline-injected 5A-C). No HOP- 1 immunostaining was detected in the SNpc of
controls (Fig. 4B,E,F).TheTII/Nisslratioofneuronalcountsdid saline-injected mice or MPTP-injected MPO- mice (data not
not differ between saline- and MPTP-injected WT mice (saline, shown).
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Table 1, Striatal MPTP metabolism in MPO-deficient mice ity are also confined to ventral nidbrains
MPP" level (,tg/g stdatum) MPP' uptake (1C0, inm) MPP+-induced lactate /O,1m/100 mg protein) of MPTP-injected mice (Liberatore et al.,

MP0'• mice 4.46 L 0.24 113.7 -21.2 57.6 -• 7.5 1999), whereas activation of NADPtH oxi-

MPO-' mice 5.54 t 0.71 114.3 1.7 66.8 :t 4.4 dase is observed in both ventral midbrains
and striata of these animals (Wu et at.,

Stirtala MPP' levek in WT (tPO 't ) andM •PO-defi dent mice ( ,tPO '-w ere determined 90 min! e af e the last injection of MPTP (20 mglkg). Values are

means ± SIM0 oteitlher six mice per group (miPp level) or threeindependent experiments each performed in duplicate (['l]MPP' uptake and lactate 2003). Collectively, these observations
level). None ofthe presented saluesditfer significantly(p >..05) between MPO"• andMPO-?- mice. suggest that the molecular composition of

the inflammatory response to injury may
4 ti be, to a certain extent, regionally specific.

A.B '" .Supporting this view is the finding that a stereotaxic injection of 5
& -'t", ",- .,g/tl bacterial endotoxin lipopolysaccharide into the hip-

<'*.4 *, pucaMPUS or cortex of adult rats produces no apparent neuronal
lswhereas an identical administration into the substantial nigra

S p "dramatically reduces the number of neurons (Kim et al., 2000).
Although this distinct regional susceptibility has been linked to
differences in microglial densities, its molecular basis might well
bc related to differences in the quantity or variety of the inflam-i
matory mediators produced.

" "After MPTP injections, mutant mice deficient in MPO
showed more spared SNpc dopaminergic neurons and striatal
dopaminergic fibers than their WT littermates (Fig. 4). We also

250. , 25pm' found that the lack of MPO did not alter key aspects of MPTP
_ _ _ _ _ _ _ toxicokinetics (Table 1). Together, these findings indicate that

MPO contributes to the pathogenic cascade of deleterious events
Figure 5. Immunnhistochemical localization of HOl -modified proteins with the HOP-N an- responsible for the demise of dopaminergic neu rons in the MPTP
tibody in ventral midbrain sections Twenty-four hours after MPTP injections, HOP-i-positive model and perhaps in PD as well. Surprisingly, although alter-
immunoreactive material is seen mainly at the level of the SNpc (A) and within or around ations in M/IPO protein and enzymatic activity were only detected
cellularelements(B, C).Scalebars: A, 250 .m; B, ( 25 A.m in the ventral midbrain (Fig. 1), both cell bodies and fibers of

nigrostriatal dcopaminergic neurons were pr-eserved in MPTP-
Discussion injected MPO -1- mice (Fig. 4). This observation implies that an
The present study shows that the level of MPO expression in- entire neuron may be salvaged by mitigating deleterious factors
creases markedly in diseased SNpc from both mice exposed to that specifically injure cell bodies and that nigrostriatal dopami-
MPTP (Figs. 1, 2) and human PD (Fig. 3). This work also dem- nergic neurons are not degenerating solely via a dying-back pro-
onstrates that changes of MPO protein content and enzymatic cess, cis one may have thought based on previous observations
activity in MPTP-intoxicated mice parallel (Fig. 1) the degener- (I terkenham et a]., 1991; Wu et al., 2003).
ation of SNpc dopaminergic neurons (Przedborski and Vila, The relative resistance of dopaminergic neurons to MPTP-
2001). Moreover, MPO is found primarily in SNpc-reactive as- induced neurotoxicity in MPO-/- mice was, however, not ac-
trocytes (Figs. 2, 3), which are major cellular components of the companied bya preservation ofstriatal dopainine levels or atten-
PD- and M'PTP-associated inflammatory response (Przedborski uation of motor deficits caused by this parkinsonian neurotoxin
and Goldman, 2004). Conversely, we failed to detect any of the (supplemental material, available at www.jneurosci.org). This
well established cellular sources of MPO (neutrophils, mono- discrepancy may be explained by the fact that TH (the rate-
cytes, or macrophages) (Hampton et al., 1998) within the ventral limiting enzyme in the synthesis of dopamine) can be inactivated
midbrain parenchyma of PD patients and MPTP-injected mice. by injury, such as that inflicted by MPTP (Ara et al., 1998). It is
The presence of MPO in damaged SNpc thus appears to derive thus conceivable that although ablation of MPO attenuates the
essentially from a resident, not a blood-borne, inflammatory re- loss of TH protein (as evidenced by immunostaining), this ben-
sponse associated with the degeneration of dopaminergic neu- eficial effect may not be enough to prevent the loss ofTH catalytic
rons. Based on assessments performed in two other neurodegen- activity (as evidenced by the dopamnine levels). Targeting MPO
erative diseases, namely HI) and ALS, it appears that MPO alone may thus suffice to provide observable structural, but not
upregulation in the brain is not pathognomonic of PD. Instead, functional, neuroprotection in this experimental model of PD.
we believe that the occurrence of MPO in diseased brains is likely Accordingly, optimal therapeutic interventions for PD may rely
indicative of a disease process associated with chronic gliosis on the combination of strategies capable of providing structural
rather than a partictdar etiology. That said, our results are sur- protection such as MPO inhibition, with other strategies capable
prising because phagocytic white blood cells are generally be- of protecting/stiLmulating dopaminergic function. Yet, given the
lieved to be the only cellular sources of MPO. However, neuronal relentless nature of PD, it can be surmised that the death signal in
expression of MPO is also increased in Alzheimer's disease this illness may not be as harsh as that provoked by MPTP. There-
(Green et al., 2004), raising the possibility that this enzyme may fore, whether MPO inhibition in PD can succeed, not only in
contribute to ox.idative damage in a variety of chronic neurode- slowing neuronal death but also in sustaining dopamine synthe-
generative disorders. sis, is a possibility that should not readily be excluded.

Contrary to ventral midbrain, the striatum, which is also a site As to how MPO neurotoxic actions on dopaminergic neurons
of a strong inflammatory reaction after MPTP administration are mediated, two distinct and not mutually exclusive mecha-
and sometimes in PD, did not show any alteration in MPO ex- nisms may be invoked. First and foremost, MPO is known for its
pression or enzymatic activity as illustrated in Figure 3. Remark- production of cytotoxic reactive oxygen species and RNS (Harri-
ably, detectable changes in iNOS expression and enzymatic activ- son and Schultz, 1976; Eiserich et al., 1996; Hampton et al., 1998).
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Therefore, neurons located in the vicinity of MPG-containing necke JlW (2004) Neuronal expression of myrloperoxidlase is increased
cells may have their plasmna membrane proteins anid lipids sub- in Xlzheimeras disease. I Neurochemn 90:724-733.
je.cted to the deleterious effects of MPG-derived oxidants such is Hampton MB, Kettle Al, Winterbtiurn CC (1998) Inside the rieutrophil

1-OCI. In keeping with this sceniario, we found high levels of phagosonie: oxidansts, myeloperovidase, and bacterial killing. Blood
92:3007-3017.

3-chiorotyr-osine, a specific oxidative modification of tyrosine Harrison iF, SchultCJ (1976) Studies onl the chlorinating activity ofmnyelo-
residues mediated by HOCI in the MPTP-susceptible brain re- peroxidase. J B3iol Chemt 2,51:1371-1374.
gion, the ventral midbrain. Also supporting the oxidative role of Hazell LI, Arnold L, Flowers tD, Wa eg G, IMille EStocker R (1996) Presence
IMPG in the IMPTP model is our' immlunohiistochemical demon- of hypochlorite-modified proteins in human atherosclerotic lesions.
stration of 1-{CI-mrodified protein in the ventral midbrain of J Clin Invest 97:1535-15414.
intoxicated mice (Fig. 5A-C). Aside fromn this oxidative effect, Heinecke 1W, Hsu FF, Crowley JR, Hazen St, Lcecuwenibuegh C, Mueller UM,\

MIPG can be secreted anid bind CD I lb/CDI8 integrins to the cell Rasmussen IF, Turk .1 (19991 Detecting oxidative modification of bi-
surface (Lau et al., 20)05). In the case of necutrophils, ligation of oroolecules with isotope dilution mass spectrometry: scnsitive and quan-

titative assays for oxidized amino acids in proteins and tissues. IMeth
CD II b/CD 18 by MPG stimulates signaling pathways implicated Enzy'nol 300:124-1,14.
in the activation of these cells (Lau et al., 2005). Because brains 1-trkrnham M, Little IVt), Bankiewicz K, Yang SC, NMarkey SP, Johannessen
microglia do express CD I Ilb/CD 18 integrins and seem to partic- IN (1991) Selective retention ofMPP+ within tlsenmnroaminergic sys-
ipate in the neurodegenerative process in the IMPTP model and in temns of the primate brain following MPTP adminsistration: anl in vivo
PD, this cytokine-like effect ofIMPG may represent an additional autoradiographic study. NeUroscience 40:133-158.

mechanismn by which dopa minergic neurons arc affected by this 1-unot S, Boissikre F, Faucheux BI, lBrugg H, Mossatt- Prigent A, Agid Y, Hirsch
enzyme. EC '(1996) Nitric oxide synthase arid nesuronal Vulnerability in Parkin-

As raised previously (WU et al., 2003), a key issue is the selec- sosdiee.Nuscne72356.
K im ING , Mohney RP, Wilson B, ,leohn G H, Liu B, Hong IS 12000) Regional

tive damage to dopamninergic neurons observed during inflatn- difference in susceptibility to lipopolyaaccharide-indstced neurotoxicity
rrstion in IMPTP-trestted mice and humans suffering from PD. in the rat brain: role of microglia. I Neurosci 20:6309-63 16.
Many lines of evidence suggest that dopaminergic neurons are Lau D, Mo01llna H, Eiserich JP, Freeman BA, tDaiber A, Gehling UIM, Beurz-
particularly vulnerable to oxidative stress compared with the mer J, Rudolph V, Mlunzel Tr, Heiteer T, Meinertz T, Baldus S (2(105)
other cells in the brain (Dauer and Przedborski, 2003). Alterna- Mlyeloperoxidlase mediates neutrophil activatiron by association with
tively, it is likely that in the MPT1P model and in PD, the magni- CDI lb/CDI8 integrins. Proc Natil Acad Sci USA 102:431-436.

tude of the inflammatory response and resulting oxidative stress Liberatore G, Iackson-Lewis V, Vukosavic S, Mandir AS, Vila IM, McAuiliffe
W), Dawson \'L, Dawson TMV, Przedborski S (1999) lrsdcILiblc nitricis mild and only inflicts sublethasl lesions. Thus, inflammation- oxide synthase stimulaites dopaminergic nersrodegenerarioo in the MPTP

mediated oxidative stress would succeed in killing only neutrons model of Parkinason's disease. Nat M1ved 5:1403-1409.
already compromised, as dlopamninergic neurons probably are in Malle E, Hazel] L, Stocker R, Sattler W, Esterbauer H, Waeg G (1905) tat-
PD anid -after IMPIT injections. mutnologic detectiots anid measuremsent of Isypoclslorite-modified LDt.

with specific monooclonal antibodies. Arterioaeler Thronib Vase Bici
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