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Introduction

Most neurodegenerative diseases involve specific subsets of neurons. In the case of
Parkinson’s disease (PD), a common neurodegenerative disorder characterized
behaviorally by resting tremor, rigidity, akinesia/bradykinesia and postural instability),
these are mainly, though not exclusively, the dopaminergic neurons in the substantia
nigra pars compacta (SNpc) (Fahn and Przedborski, 2000). However, we do not know the
etiology of this disorder. What we do know, aside from the death of the dopaminergic
neurons in the SNpc, is 1) that PD affects mainly those individuals over 50 years of age
(Fahn and Przedborski, 2000); 2) that there is a greater loss of dopaminergic terminals in
the striatum than the loss of dopaminergic neurons in the SNpc (Fahn and Przedborski,
2000); 3) that there is an inflammatory component to PD that may be the cause of its
progressive nature (McGeer et al, 1988; Banati et al, 1998); 4) that there is an up-
regulation of certain cytokines in the SNpc (Mogi et al, 2000; Mogi et al, 1996; Mogi et
al, 1994) and 5) that the superoxide radical and nitric oxide have been implicated in PD
(DiMauro, 1993; Hunot et al, 1996). The central hypothesis that encompasses what we
know is that following the initiation of the disease, a cascade of deleterious events
leading to oxidative injury, macromolecule damage and evoked inflammation all conspire
to produce mitochondrial dysfunction and energy failure which ends in the death of the
dopaminergic neuron. In order to investigate the mechanisms that are involved in the
death of the dopamine neuron in the SNpc, we used MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), a neurotoxin that replicates, thus far, in humans (Langston et al,
1999), in non-human primates (Snow et al, 2000) and in other mammals such as mice
(Jackson-Lewis et al, 1995), most of the hallmarks of PD. Like in PD, MPTP causes a
greater loss of dopaminergic terminals in the striatum than of dopaminergic neurons in
the SNpc (Moratalla et al, 1992). Also noted, is that MPTP causes a greater loss of
dopaminergic neurons in the SNpc than in the ventral tegmental area of the brain
(Muthane et al, 1994). Furthermore, as in PD, MPTP causes a selective defect in
mitochondrial electron transport chain trafficking such that there is a blockage at the
complex 1 site of the mitochondrial electron transport chain (Gluck et al, 1994) which
suggests an overproduction of free radicals.

Aside from the severe loss of dopaminergic neurons in the SNpc, PD exhibits a marked
gliosis in this area of the brain. Astrocytes and microglia, the two main components of
the glial response are both up-regulated (Langston et al, 1999), however, the magnitude
of their responses is quite different. The astrocytic response, both in number and in
immunoreactivity, is, in general, 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). Moreover, activated microglia are found in
close proximity to the remaining dopaminergic neurons (McGeer et al, 1988), around
which they sometimes cluster to produce what resembles neurophagia. This same
situation has been noted in the three autopsied brains that were recovered from those
individuals who self-administered MPTP (Langston et al, 1999). Microglial activation
and neurophagia are indicative of an active ongoing process of cell death which is
consistent with the progressive nature of PD. Yet, data from PD and from the few
individuals who injested MPTP do not provide us with information about the temporal




relationship between SNpc dopaminergic neuron death and microglial activation. To this
end, we have used the MPTP mouse model of PD to glean information about and to sort
out the process of gliosis as it relates to the time course of microglial and astrocytic
activation in SNpc dopaminergic neuron death. We have found the while microglia are
up-regulated early on in the MPTP neurotoxic process and reaches maximum before the
peak of dopamine neuron death in the SNpc, astrocytes, mildly activated early on, are
further up-regulated and remain up-regulated for an lengthy period of time following
MPTP administration (Liberatore et al, 1999). Thus, it is reasonable to think that glia
participate in the death of the dopaminergic neurons in the SNpc both in PD and in the
MPTP mouse model of 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, the neurons (Kreutzberg, 1996). In the normal brain,
microglial cells are in a resting state in which they are barely visible and very few, if any,
ramified processes are detected. In contrast, in a pathological situation, microglia quickly
proliferate, become hypertrophic, increase in size to resemble “spiders” and produce a
number of marker molecules that are either pro- or anti-inflammatory in nature. Thus,
microglial cells are a double-edged sword type of cell, producing such proinflammatory
compounds as the superoxide radical, nitric oxide (NO), prostaglandin E, (PGEy),
excitatory amino acids, and proinflammaroty cytokines such as interleukin-1-beta (IL-1-
B), or such anti-inflammatory compounds as interleukin-4 (IL-4) and transforming
growth factor-beta-1 (TGF- B1) (Banati et al, 1993; Gehmann et al, 1995; Hopkins and
Rothwell, 1995). Since activated microglia have been found in PD and in the MPTP
mouse model of PD, and microglia can produce such damaging molecules as mentioned
above, attempts to block their activation seem reasonable. Using minocycline, a second
generation tetracycline antibiotic, we demonstrated that this antibiotic can block
microglial activation which in turn, decreases SNpc dopamine neuron death (Wu et al,
2002). This effect is apparently independent of its antibiotic activity. Thus, it is important
to elucidate the mechanism of microglial activation in PD and in the MPTP mouse model
of PD as well as 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.

Our long-term goal is the study of the pathogenesis of PD based on the oxidative stress
hypothesis of PD. Our recent findings of microglial activation during the most active
phase of neuronal degeneration in the MPTP mouse model of PD has led us to believe
that microglial activation is an integral part of the neurodegenerative process in PD. and
in the MPTP mouse model of PD. To this end, elucidating the mechanisms of microglial
activation will help us identify possible therapies which may improve the symptomology
of or to stop the progression of PD. Along these lines, using the oxidative stress theory of
PD, our research plan may help us to define a primary role for inflammation in the
neurotoxic process following MPTP administration which, in all likelihood, may be the
same situation for PD. 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 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 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 MPTP-treated mice
that are deficient in NADPH oxidase We will assess neuroprotection and microglial
activation as in Specific Aim I. Since both microglial NADPH oxidase and dopamine
neurons stimulate superoxide radical during MPTP toxicity, in Specific Aim III, we
propose to assess the dose and time-dependent neuroprotective effect of M40401, a
superoxide disputase mimetic, in the SNpc of MPTP-treated mice. Another component of
the inflammatory response in PD is the up-regulation of the COX-2 enzyme which is one
of the enzymes in the synthesis of prostaglandin E; (PGE,), thus, Specific Aim IV
proposes to examine the contribution of prostaglandin PGE, to the MPTP neurotoxic
process by assessing the roles of the PGE;-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 plan to
use COX-1 and COX-2 knockout mice for these studies. The planned specific aims
should provide valuable information about the mechanisms involved in the inflammatory
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 is the administrative arm of the Parkinson’s Disease Research Program. It provides
the centralized scientific leadership necessary for this program to succeed. The members of
Core A continue to review findings and discuss them in light of the proposed program of
research.

Core B.

Core B is the centralized MPTP facility which is located on the 19" floor of the College of
Physicians and Surgeons here at Columbia University. Its role is to support the research
activities of all three projects. Four specific aims constitute the work of Core B all based on
supplying the needed MPTP-treated mice for this program project Mice are received and
housed by animal care technicians, then placed outside of the MPTP Facility. Core B is
informed of their arrival and a member of the Core B staff puts the housed mice into the
MPTP room. The delivery is logged in and the animals are left to acclimate for one week
prior to any injection schedule. Experiments for the tissues necessary for the Program
Project are discussed, worked out and scheduled with Dr. V. Jackson-Lewis. 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. Research fellows here at Columbia are trained on how
to handle MPTP samples by Dr. Jackson-Lewis. 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 (ref) and to be trained in the handling of MPTP samples by Jackson-Lewis.
This year, a number of individuals from institutions such as Woods Hole, have visited our
facility to see how an MPTP facility should operate. Also, inspection by AALAC and the
university’s Institutional Animal Care and Use Committee found no deficiencies in this
facility. In fact, has used our facility several times to demonstrate how an independent
facility should operate.

Specific Aim L.

In Vivo Experiments.

The work using minocycline as a neuroprotective agent in the MPTP mouse model of PD
is complete. We have noted that during the MPTP-induced inflammatory response in the
SNpc of mice, microglia exhibit immunostaining which indicates the presence of the
inducible form of nitric oxide synthase (iINOS). In these experiments, we have
demonstrated that minocycline, a second generation tetracycline antibiotic, reduces the
up-regulation of inducible nitric oxide synthase and increases the number of surviving
dopaminergic neurons in the SNpc. Our results have been published in the Journal of
Neuroscience 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. See attached manuscript 1. In future studies, we plan to use minocyline in
combination with a SOD mimetic (M40401) to ascertain the effects of blocking both the
overproduction of the superoxide radical and the induction of NO in the MPTP mouse
model of PD. :

Cell Culture Experiments for Specific Aim I.

We have moved into our renovated laboratories with its own cell culture facility and are
now in the process of establishing the microglial/neuronal cultures necessary for the
proposed project and the conditions in which to keep them viable. These
microglial/neuronal cultures will be used to sort out the contribution of activated
microglia to the MPTP neurotoxic process.

Specific Aim II.

Recent studies using post mortem samples from the brains of individuals who had injected
street preparations of a synthetic heroin contaminated with MPTP demonstrated microglial
activation which suggests that inflammation may be a part of the neurodegenerative process
(ref). Consistent with this is the fact that experimental models of PD including the MPTP
model show a significant microglial activation (Czlonkowska et al, 1996; Liberatore et al,
1999) which suggests that inflammatory factors either initiate or modulate SNpc DA
neuronal death (Gao et al, 2002; Wu et al, 2002). Among the inflammatory mediators
capable of promoting DA neurodegeneration are microglial-derived reactive oxygen species
(ROS) which probably contribute to the oxidative stress that is reportedly part of the
oxidative stress hypothesis of PD (Babior, 1999). A significant source of ROS during
inflammation is NADPH oxidase. This multimeric enzyme is composed of 4 subunits



(GP*"™ ™ pashors PP and p*™'*) and is inactive in resting microglia because p‘7""™,

p*7Ph and p*P" are all present in the cytosol as a complex and are separated from the
transmembrane proteins, GP°"™* and p“P"™* (Babior, 1999). When microglia become
activated, p*’™™ is phosphorylated and the entire complex translocates to the plasma
membrane where it assembles with GP*'P™™™ and p?* to form the NADPH oxidase
complex. which is now capable of reducing oxygen to the superoxide radical (Babior, 1999).
The superoxide radical, in turn, gives rise to secondary reactive oxygen species (Babior,
1999) We have completed Specific Aim II of the proposed studies and have published our
results in a manuscript entitted NADPH oxidase mediates oxidative stress in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson’s disease which has
been published in the Proceedings of the National Academy of Science. See attached
manuscript 2. At this point, we are trying to further characterize the GP®' knockout mice.

Specific Aim III

In Specific Aim III of Project 1, we evaluated the contribution of the superoxide radical to
the demise of dopaminergic neurons in the SNpc of mice after MPTP challenges.
Superoxide, the product of the one electron reduction of oxygen by NADPH oxidase and
other flavoproteins is thought to play a central role in the injury of neurons after MPTP
administration. It is now well appreciated that, under normal circumstances, the biological
reactivity of the superoxide radical is kept under the control of superoxide dismutase (SOD)
enzymes. These enzymes include the mitochondrial located manganese (Mn) enzyme and
the copper/zinc (Cu/Zn) enzyme present in the cytosol or extracellular spaces. Uncontrolled
overproduction of superoxide, as it suggested to occur after MPTP administration and
subsequent inflammation, that overwhelms the antioxidant defenses could create a
significant oxidative burden. Super oxide, by oxidizing iron-sulfur clusters or after
conversion to hydrogen peroxide and peroxynitrite, could significantly injure
macromolecules and eventually lead to neuron death. The central tenant of this third specific
aim was to evaluate the employment of a superoxide dismutase mimetic (SODm), M40401,
and its inactive SODm congeners M40404 and M404035. M40401 is a stable, low
molecular weight, manganese-containing, non-peptidic molecule possessing the function
and catalytic rate of native superoxide dismutase enzymes but with the advantage of being a
much smaller molecule (MW 483 versus MW 30,000 for the mimetic and native enzyme,
respectively) and being able to penetrate the blood brain barrier. Furthermore, M40401 is
stable in vivo, penetrates cells readily, has wide tissue distribution in rats and mice, and is
excreted intact with no detectable dissociation in urine and feces.

The typical MPTP administration, mice (n= 6-8 per group and per condition) receiveing four
intraperitoneal (i.p.) injections of MPTP-HCL, 20 mg/kg free base, in saline at 2 hour
intervals was used. For M40401, M40404 and M40435 treatments, mice received a single
subcutaneous (s.c.) injection of either compound dissolved in water (pH adjusted to7.5 with
0.2M NaHCOs; in varying doses (1.875 to 15mg/kg) 30 min prior to the first MPTP
injection, then once daily for four additional days. Control mice received i.p. saline/s.c.
water (pH 7.5) only. Mice (n =4-7 per group; saline-water, M40401-saline, water-MPTP
and M40401-MPTP) were sacrificed at selected time points and their brains were used for
morphological and biochemical studies. All procedures were in accordance with the



National Institute of Health guidelines for the use of live animals and were approved by the
Institutional Animal Care and Use Committee of Columbia University. MPTP handling and
safety measures were in accordance with our published procedures.

SUMMARY OF RESULTS:

Administration of M40401 attenuated dopamine neuron death in the substantia nigra pars
compacta (SNpc) of MPTP-treated mice. The two M40401 inactive analogs, M40404 and
M40435, at doses equal to those of M40401, were not effective in protecting SNpc
dopaminergic neurons from the toxic insult by MPTP. Treatment with M40401 significantly
reduced the levels of superoxide dependent oxidation of hydroethidine, as well as the levels
of proteins modified by reactive carbonyls and tyrosine nitration in the striatum of MPTP-
treated mice. Protein carbonylation and tyrosine nitration are well-recognized biomarkers of
oxidative modification of proteins. M40401 also reduces the microglial response to MPTP in
the SNpc of mice. This finding is consistent with the previously reported pro-inflammatory
role of superoxide. The preliminary data gathered thus far provide support for the central
role of superoxide in the injury associated with the administration of MPTP. Removal of
superoxide by the use of a cell preamble mimetic protected from neuron death and
attenuated the increases in protein oxidative medications and inflammation. These provide
sound and direct evidence for the suspected role of superoxide-driven oxidative pathways in
parkisonian neurodegeneration. A manuscript of the work performed in Specific Aim III
is now in preparation.

Specific Aim IV.

The inflammatory response in the brain following injury is thought to contribute to the
neurodegenerative process typical of PD and Alzheimer’s disease.. Microglial activation and
proinflammatory and cytokine up-regulation (Gonzales-Scarano et al, 1999; Vila et al, 2001)
are all part of the inflammatory response. Since we are investigating the contribution of
inflammation to the neurodegenerative process, it is necessary to examine the components
which contribute to this process. Two such components are the cyclooxygenase (COX)
enzymes, COX-1 and COX-2. The COX enzymes convert arachidonic acid to prostaglandin
PGH,, the precurser of the prostaglandin PGE, and several other prostanoids (O’Banion,
1999). In a earlier publication in the Proceedings of the National Academy of Science
entitled Cyclooxygenase-2 is instrumental in Parkinson’s disease neurodegeneration, we
demonstrated that COX-2 rather than COX-1 is up-regulated in SNpc dopaminergic neurons
in PD and in the MPTP mouse model of PD. We also noted that this COX-2 up-regulation
following MPTP administration and in PD brains occurs through a Jun kinase (JNK)/c-Jun-
dependent mechanism Furthermore, we also show that COX-2 inhibition and ablation in the
MPTP mouse model of PD prevents the formation of dopamine-o-quinone and attenuates
dopaminergic neuron death in the SNpc of treated mice. The inhibition of COX-2 was
identified as a possible therapeutic target for drug therapy in PD. See attached manuscript
3. In continuing our studies on COX-2, we investigated whether COX-2 is also involved in
apoptotic cell death in SNpc dopaminergic neurons as apoptosis is the poposed form of cell
death in PD. Thus, following the chronic administration of MPTP (30 mg/kg i .p., daily x 5
days) to COX-2 deficient mice and their non-knockout littermates, we noted that ablation of
COX-2 attenuated significantly, the number of apoptotic cells seen in te SNpc of MPTP-
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treated mice. At 21 days after the cessation of MPTP treatment, the number of surviving
SNpc dopaminergic neurons were 75% of the saline-treated mice in the COX-2 deficient
mice These findings indicate that COX-2 may play a role in the activation of the apoptotic
molecular machinery that leads to apoptotic DA neuron death in the MPTP mouse model of
PD. This work was presented in abstract form at the Society for Neuroscience Meetings in
October 2004. See attached abstract 4. We will continue studies of this observation and are
breeding more COX-1 and COX-2 mice to determine the role of PGE; in the production of
apoptosis in the SNpc of MPTP-treated mice and of PD brains..

Reportable Outcomes for 2003-2004

1). Core B. The MPTP Facility is operating smoothly. This year, a number of individuals
from institutions such as Woods Hole, have visited our facility to see how an MPTP facility
should operate. Also, inspection by AALAC and the university’s Institutional Animal Care
and Use Committee found no deficiencies in this facility. In fact, our facility has been used
several times by Columbia University to demonstrate how a satellite facility should operate.
2) Specific Aim III: M40401, a SOD mimetic significantly attenuated MPTP-induced SNpc
dopaminergic neuron death as evidenced by an increase in the nymber of surviving neurons
and reduced the presence of activated microglia, protein carbonyl and 3-nitrotyrosine. This
effect was due to a decrease in the production of the superoxide radical as evidenced by the
decrease in hydroethidium fluorescence in the SNpc of MPTP-M40401 treated mice.
M40404 and M40435, two inactive isomers of M40401 were ineffective against the
damaging effects of MPTP.

3) Specific Aim IV: As a follow-up to our findings in COX-2 deficient mice using our acute
schedule of MPTP, we administered chronic MPTP to COX-2 deficient mice and their
normal littermates. Findings were presented at the Society for Neuroscience Meeting in
November of 2004. We found that the ablation of COX-2 significantly decreased the number
of apoptotic cells in the SNpc of mice treated to a chronic schedule of MPTP. These results
indicate that COX-2 may have a role in the activation of the apoptotic machinery and may be
a good target for therapeutic intervention in the treatment of PD.

Conclusion

PD is now thought to include an inflammatory component and it is this component that we
and others think may be contributing to the progressive nature of the disease. This contention
is strengthened by the fact that Langston and colleagues (Langston et al, 1999) found an
active ongoing inflammation in post mortem tissues from the brains of individuals who had
injected street preparations of a synthetic heroin contaminated with MPTP and who exhibited
a parkinsonian syndrome. MPTP is selective in its effects in that it kills mainly dopaminergic
neurons in the SNpc of the brain in a time-dependent manner that resembles end-stage PD
Jackson-Lewis et al, 1995). This makes MPTP an ideal tool with which to study
dopaminergic neuron death in the SNpc and to delineate the cellular and molecular
mechanisms involved in this process. In earlier studies, we noted that MPTP increased
superoxide radical (Przedborski et al, 1992) and nitric oxide (NO) (Liberatore et al, 1999)
production. Both compounds are indeed part of the oxidative stress hypothesis of PD
(Przedborski and Jackson-Lewis, 2000) and have been found to be present in postmortem
tissues from PD brains as well. Thus, we thought it important to determine the sources of
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these compounds and to devise therapeutic strategies to lessen their effect in PD and in the
MPTP mouse model of PD.

We noted that ramified microglia, barely detectable in the resting state in the normal SNpc,
became activated 24 hours after acute MPTP administration and that these cells were the
source of the NO due to the presence of inducible nitric oxide synthase (iNOS) up-regulated
during the activation of microglia (Liberatore, 1999). Also, microglial activation parallels
dopaminergic neuron death in the SNpc of MPTP-treated mice (Liberatore et al, 1999). Our
first thought in this project was to block the observed microglial activation to see if we could
attenuate the MPTP-evoked SNpc neuron death. To do this, we used minocycline, a second
generation tetracycline antibiotic to ascertain a neuroprotective effect, if any in this model.
Administration of minocycline to MPTP-treated mice attenuated significantly SNpc
dopaminergic neuron death and dramatically reduced the MPTP-induced microglial
activation (Wu et al, 2002). Blockade of the up-regulation of iNOS is the mechanism by
which minocycline attenuated SNpc dopaminergic neuron death because this compound
reduced the amount of NO available for reaction with the superoxide radical. Although this
attenuation of neuron death in the SNpc of MPTP-treated mice was independent of
minocycline’s antibiotic property, the fact that inflammation is a part of infection and that
NO plays a role in the infectious process, attests to the reasonableness of this approach. NO
is a molecule that can be produced at one site and travel up to 300 microns to another site to
interact with any number of other molecules (Radi et al, 2002). In our model, we believe that
NO reacts with the superoxide radical to produce peroxynitrite which is the real culprit
according to the oxidative stress hypothesis of PD. The decrease in microglial activation
while significant with minocycline is not total which led us to believe that other factors are
involved in the MPTP-induced inflammatory response.

Since we had noted early on that there was a significant increase in the production of the
superoxide radical following MPTP administration (Przedborski et al, 1992), we needed to
identify the sources of the superoxide radical production. As demonstrated earlier (Radi et al,
2002;), within the dopaminergic neuron, mitochondria are a source of the superoxide radical.
Blockade of the complex I site of the mitochondrial transport chain (METC) by MPP+ (1-
methyl-4-phenylpyridinium) the active metabolite of MPTP kicks the superoxide radical out
into the cytosol of the dopaminergic neuron. Another source of the superoxide radical are the
microglia through the up-regulation of NADPH oxidase. This multimeric enzyme, composed
of 4 subunits (GP*""™*, pyyioxs p*7P"% and p*%"") is inactive in resting microglia because
p?7Phox p67PhoX and p%P"% are all present in the cytosol of microglia as a complex and are
separated from the transmembrane proteins, GP’'™"™ and p**"* (Babior, 1999). When
microglia become activated, p47ph°" is phosphorylated and the entire complex translocates to
the plasma membrane where it assembles with GP*™"™* and p?""™ to form the NADPH
oxidase complex. which is now capable of reducing oxygen to the superoxide radical. We
used both RT-PCR and immunostaining techniques to demonstrate that the NADPH oxidase
complex is not only up-regulated in the SNpc of MPTP-treated mice but peaks at 24-48 hours
after MPTP administration. The same tissue sections were then subjected to MAC-1
immunostaining which documented that the cells that exhibited the up-regulation of NADPH
oxidase none other than activated microglia. Noticed was the fact that the up-regulation of
NADPH oxidase paralleled the up-regulation of the iNOS enzyme and that the source of the
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NADPH oxidase was none other that the activated microglia (Wu et al, 2003). Interestingly,
the up-regulation of NADPH oxidase was also found in post-mortem tissues from PD brains
which fits with our oxidative stress theory of PD (Wu et al,2003). Furthermore, to clarify that
MPTP stimulates the generation of the superoxide radical in the SNpc of the treated mice, we
used hydroethidium histochemistry and found that 24-48 hours after MPTP administration,
there is a significant presence of the superoxide radical in the SNpc of these mice (Wu et al,
2003). Thus, with the sources of the superoxide radical and NO in close proximity with each
other, it is befitting to think that these two compounds conspire to injure the dopaminergic
neuron in the SNpc following MPTP administration by interacting to produce peroxynitrite,
the strong oxidant suggested to cause the death of the dopamine neuron in the MPTP mouse
model of PD and in PD itself (Vila and Przedborski, 2003).

Blocking or reducing the presence of the superoxide radical should reduce damage to the
dopaminergic neuron in the SNpc and in the MPTP mouse model of PD in relation to the
oxidative hypothesis of PD. In the course of metabolism within the DA neuron, the
superoxide radical can be produced in several different ways. First of all, DA itself is
metabolized by monoamine oxidase (MAO) (Burke et al, 2004), an outer mitochondrial
membrane enzyme, which results in a two-electron reduction of oxygen and the production
of both the superoxide and the hydroxyl radical In PD, as a result of the loss of the DA
neurons, the remaining DA neurons become hyperactive and tend to exhibit increased DA
turnover which results in increased ROS production (Przedborski and Jackson-Lewis, 2000).
Furthermore, presumably, since L-DOPA therapy increases brain levels of DA. DA can auto-
oxidize to increase the ROS load in the brain which includes the superoxide radical (Fahn
and Cohen, 1992; Graham, 1978). Also, NADPH oxidase (Wu et al, 2003) and cyclo-
oxygenase-2 (COX-2) (Teismann et al, 2003) both inducible enzymes in pathological
situations such as PD, generate the superoxide radical. Finally, reduction of complex I of the
mitochondrial electron transport chain results in leakage of the superoxide radical (Nicklas et
al, 1985) into the cytosol of the neuron. These scenarios represent at least three oxidative
stress situations (mitochondrial, cytosolic and inflammatory) in which the superoxide radical
is produced. The first line of defense against the superoxide radical are the SOD enzymes.
Two of the three SOD enzymes are of concern to PD, the copper-zinc (CuZnSOD; SOD1)
form found in extremely high amounts in substantia nigra (SNpc) DA neurons and shown to
be unchanged in striatum and in SNpc in PD brains ((Przedborski and Jackson-Lewis, 2000)
and the manganese (MnSOD; SOD?2) form found in mitochondria within the neuron, known
to be inducible in response to ROS production and shown to be increased in both striatum
and SNpc in PD brains (Przedborski and Jackson-Lewis, 2000). In this respect, because it is
inducible, MnSOD is thought to be neuroprotective as mice lacking this enzyme have a very
short lifespan and have mitochondria that do not function properly (Melov et al, 2001).
Furthermore, the SNpc of mice overexpressing MnSOD is protected against MPTP-induced
degeneration (Klivenyi et al, 1998). Thus, while both isoforms of SOD are necessary for the
cell to survive, MnSOD seems to be the more important of the two.

Recently, using molecular modeling systems studies, a stable and active class of SOD
mimetics which catalyze the dismutation of the superoxide radical with rates similar to that
of native MnSOD has been synthesized. These low molecular weight non-peptidyl
compounds, which lack catalase activity, distribute widely in the body, keep their chemical
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identity and can be recovered intact in the urine and feces (Salvemini et al, 1999). The
parent compound, M40403, does not react with NO, H202 or OONO and has been shown to
counteract edema, inhibit neutriphil infiltration and the release of such proinflammatory
cytokines as TNF-a and IL1-B (Salvemini, 1999). A related compound, M40401, which
possesses a catalytic rate constant at least equal to or greater than that of the native SOD
enzymes, showed a significant protective effect against the neuropathological and
ultrastructural changes effected by bilateral occlusion of the common carotid artery and
ischaemia-reperfusion injury in the brain (Cuzzocrea et al, 2001). Both situations generate
significant amounts of the superoxide radical thus they throw the brain into an oxidative
stress situation, as does MPTP (Przedborski et al, 1992). In the MPTP mouse model of PD,
M40401 not only attenuated dopamine neuron death in the SNpc of MPTP-treated mice, but
also suppressed superoxide radical formation here by reducing the microglial response to
MPTP. In our NADPH studies, we infused Cu/ZnSOD into the striatum to block some of the
damaging effects of MPTP. Since SOD is a bulky molecule, it does not cross membranes,
thus the protective effect of the Cu/ZnSOD was extracellular and partial in nature as it
probably targeted only the superoxide radical produced by the induction of NADPH oxidase.
The neuroprotective effect of M40401 on the SNpc dopaminergic neuron tended to be more
dramatic as this compound does cross membranes (Salvemini, 1999). Thus, while targeting
primarily the superoxide radical produced within mitochondria, it is likely that its effects of
M40401 are both intracellular and extracellular because M40401 also reduced the MPTP-
induced microglial response which decreased the availability of the superoxide radical for
interaction with NO in and around microglia and may have prevented the release of other
damaging compounds such as pro-inflammatory cytokines.

In furthering our investigation of the inflammatory process in the MPTP mouse model as it
relates to PD, and to simulate a model more akin to PD, we examined the cell death response
to a chronic regimen of MPTP in COX-2 knockout mice. Data from our acute model
(Teismann et al, 2003) documented that COX-2 enzyme activity and protein levels are
significantly higher in MPTP-treated mice than in control mice. In this model, robust COX-2
immunostaining was also noted in both the human and the mouse brain situations and
appeared to be confined to the cytosol of dopaminergic neurons (Teismann et al., 2003).
Furthermore, inhibition of the COX-2 response to acute MPTP prevented the rise in protein
cysteinyldopamine which was shown to occur in mice following the administration of
MPTP and no COX-2 inhibitor (Teismann et al, 2003). In the chronic MPTP mouse model,
we show that apoptosis, the suggested form of cell death in PD, was significantly less in
COX-2 knockout mice than in their non-engineered littermates. This demonstration is better
related to PD and suggests that the COX-2 enzyme may play a role in the activation of the
molecular pathways instrumental in producing the apoptotic form of cell death. Whether this
chronic MPTP model will give the same results as the acute MPTP model remains to be
tested.

In conclusion, these studies have demonstrated that at least two components of the central
nervous system contribu