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Introduction 

The cause of Parkinson's disease (PD) is not known but the pattern of 

neurodegeneration found in PD can be replicated in some animal species, including primates 

and mice, by the systemic administration of the neurotoxin 1-methyl-4-phenyl-tetrahydropyridine 

(MPTP).  MPTP inhibits mitochondrial oxidative phosphorylation and causes oxidative injury 

leading to cell death. Neurons that degenerate in PD develop characteristic inclusions called 

Lewy bodies that are composed of aggregates of a synaptic protein, alpha synuclein. The 

purpose of this study is to determine how MPTP affects cytoskeletal and synaptic proteins and 

to study the relationship between oxidative damage and the formation of synuclein aggregates 

within neurons. Two important studies showed that overexpression of mutant forms of 

synuclein associated with familial PD can lead to aggregate formation in both transgenic mice 

(1) and fruit flies (2). 

Body 

In the approved Statement of Work we proposed to complete two series of experiments 

in the three-year funding period. The purpose of the first series of experiments is to define 

changes in the distribution and morphology of alpha synuclein immunoreactivity produced by 

systemic treatment of MPTP in mice. Both the time course of these changes and their 

relationship to synaptic (synaptophysin) and neurofilament proteins (NF-M) are being studied. 

The second series of experiments focuses on defining the spatial and temporal relationship 

between synuclein aggregation and oxidative injury at the cellular level. Patterns of cell death 

and apoptosis associated with MPTP toxicity are to be determined and related to the changes 

in synuclein and oxidative damage. Changes in the regional and cellular distribution of 

oxidative markers (3-nitrotyrosine, 8-hydroxydeoxyguanosine (80HDG),and malondialdehyde 

(MDA)), DNA fragmentation (in situ end labeling, ISEL), and stress response (ubiquitin) with 
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respect to synuclein in the substantia nigra and striatum of mice treated with MPTP are being 

examined. Last year we published a preliminary study showing that synuclein aggregation is 

produced in the primate brain after MPTP administration (see manuscript in appendix). We 

have completed a study on 72 adult male C57BL mice treated with intraperitoneal MPTP 

followed by sacrifice after a 7-10 day survival period. 

Two different MPTP toxicity models have been tested. Histological results are 

summarized below and in the color photographs attached as appendix materials. For the 

"acute" model 88 day old mice were given a single IP injection of 20 mg/kg MPTP every 2 hours 

until symptoms appeared. Animals were given five injections of MPTP on day one and four 

injections on day two, a total of 9 injections of MPTP. Control mice were given an equivalent 

volume of PBS according to the same schedule. The mice were perfused with 

paraformaldehyde 11 days after the last injection at a final age of 100 days. Serial sections of 

the brains were cut @ 50um into 8 wells. With this acute regimen, the mice were mildly 

symptomatic after the first day of five injections. It was not until the second day, at the time of 

the 8th injection that they were very symptomatic. For the "chronic" model, 88-day-old mice were 

given daily IP injections of 30 mg/kg MPTP. Control mice were given an equivalent volume of 

PBS at the same time (12PM daily). This regimen continued for 10 days. The mice were 

perfused 11 days after the last injection at the age of 108 days.  Serial sections of their brains 

were also cut @ 50um into 8 wells. With this chronic regimen mice show little or no 

symptomatology for the first three days. On the fourth day, one hour after the injection, they 

became lethargic for 90 to 120 minutes. This behavioral response recurred daily after each 

injection.  By the sixth day, the animals developed quickened respirations and hyperactivity 

immediately after the injection that lasted 15-20 min. This pattern of behavior also continued 

until the final injection. 
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Histological results presented below are also illustrated in color photographs in the 

appendix (figures 1-3). The extent of MPTP-induced neurodegeneration is defined 

Immunocytochemically using a monoclonal antibody against the dopamine transporter (DAT). 

In our hands this is a very reliable method to define dopaminergic neurons and their 

projections. The illustrations below show a low power view of control, acute MPTP- and chronic 

MPTP-induced changes in DAT immunoreactivity in the striatum and the substantia nigra. 
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In the normal mouse striatum, DAT immunoreactivity is uniformly distributed (left, above). 

The substantia nigra (middle frame) is defined by a dense collection of DAT positive neurons. A 

higher power view of neurons in the caudal nigra (right, above) shows the extensive 

arborization of individual dendrites and axons in the control animals. 

This picture is in striking contrast to the pattern of immunoreactivity in MPTP treated 

animals: 
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In the acute MPTP treated animal, there is a clear reduction in the intensity of 

immunoreactivity in the striatum (left, above). This depletion is more severe in the caudal and 

dorsal aspects of the striatum. The ventral striatum is less affected. There is also depletion of 



neurons in the substantia nigra, especially in the middle third of the nigra (A8 field) with relative 

sparing of the medial ventral tegmental area (A10) (middle frame). Higher power examination 

of individual DAT positive neurons shows dendritic and axonal pruning and fragmentation and 

distortion of immunoreactive processes (right, above). 

Similar changes are seen in the chronic MPTP model but they are generally somewhat 

less severe: 
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The depletion of striatal DAT terminals is evident with relative sparing of the ventral striatum 

(left, above). This is accompanied by a depletion of DAT neurons in the nigra (middle, above) 

that is somewhat less severe than in the acute MPTP model. Similar morphological changes 

also affect dendritic and axonal processes (right, above). 

The extent of the lesion produced by MPTP varies from animal to animal. This is 

illustrated by the quantitative analysis of DAT neurons that we performed in a series of animals 

(see graph below, original color copy in appendix). We counted all DAT immunoreactive 

neurons in a series of 300 micron spaced step-sections of the midbrain. The mean reduction 

in DAT positive neurons was approximately 15% in the acute model and 13% in the chronic 

model but the variability of lesion extent, as shown by the large standard error bars, results in a 

lack of statistically significantly difference when an analysis of variance is performed (p>0.05). 

Further cell counts will be performed on a larger series of lesioned animals and quantitative 

analysis of branching patterns and fragmentation with be performed. 



DAT   Immunopositive  Cells   In  The   Substantia  Nigra 
of  MPTP  Treated  Mice 
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The lesions induced by MPTP are also evident in cresyl violet stained sections of the 

substantia nigra (below).  In the normal nigra neurons are clearly visible (left, below). Neuronal 

depletion and glial increase is seen in both the acute MPTP (middle, below) and chronic MPTP 

(right, below) models. 
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Glial fibrillary acidic protein (GFAP) immunocytochemistry (above) discloses astrocytes in brain 

tissue. In the normal substantia nigra (left, above) there are some astrocytes in the cerebral 

peduncle (lower part of frame). In the acute (middle, above) and chronic (right, above) MPTP 

lesioned nigra the number and intensity of GFAP-positive astrocytes is clearly increased. 

In the following series of photographs, changes in the immunocytochemical localization 

of relevant biomarkers in the substantia nigra of representative animals lesioned with the acute 

and the chronic MPTP protocol are depicted. 

Calbindin is a calcium binding protein enriched in a subset of neurons in the substantia 

nigra. In the normal substantia nigra immunoreactive neurons are defined (left, below). In both 

the acute and chronic MPTP lesioned animals there is striking depletion of calbindin 

immunoreactivity (below, middle and right panels). 
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Alpha synuclein immunoreactivity in the substantia nigra of the normal mouse is 

punctate and resembles synapses (left above). The loss of calbindin and DAT immunoreactive 

neurons is associated with increased synuclein immunoreactivity in both the acute (middle, 

above) and chronic (right above) MPTP models. Quantitative analysis of this increased 

immunoreactivity is being performed. 

Similar changes are seen with ubiquitin immunocytochemistry (below). A few ubiquitin 

positive cellular profiles are seen in the control substantia nigra (below, left). In the acute and 

chronic MPTP lesions (below, middle and right panels respectively) there is a clear increase in 

the number of ubiquitin positive profiles. 
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In contrast to the striking changes seen with alpha synuclein and ubiquitin staining, the 

staining pattern of synaptophysin, a synaptic protein, and neurofilament (medium chain), a 

marker of cell bodies and dendrites, changes minimally (below). 

Synaptophysin immunoreactivity (control, left; acute MPTP, middle; chronic MPTP, right): 
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Neurofilament (in control, left below, and acute MPTP model, right below) 
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Markers of oxidative damage, such as 8-hydroxydeoxyguanosine, a marker of DNA 

oxidation, are increased in neurons in the substantia nigra of MPTP-treated animals (below). 
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Key Research Accomplishments: 

1) Acute and chronic MPTP treatment, which cause nigral dopaminergic neurons to 

degenerate, are associated with the displacement of alpha synuclein from its normal 
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synaptic location into neuronal cell bodies. Neuronal degeneration is evident with DAT 

and calbindin immunocytochemistry and glial reaction is evident with GFAP 

immunocytochemistry. 

2) The redistribution of synuclein is associated with increased ubiquitin immunoreactivity and 

increased levels of oxidative markers in the substantia nigra. 

3) The redistribution of synuclein does not appear to be associated with changes in distribution 

of synaptophysin or neurofilament proteins. 

Reportable Outcomes 

1) A paper has been published (see appendix) 

2) A database of histological materials has been developed and a large number of specimens 

have been catalogued that will be available for future research. 

3) An abstract reporting the preliminary observations on MPTP treated mice described above is 

being submitted in January 2001 for presentation at the American Association of 

Neuropathologists in June 2001. Data will also be reported at the DoD-sponsored workshop in 

Maryland in March 2001 

3) As data analysis progresses, further abstracts and manuscripts will be published. 

Conclusions 

MPTP treated mice develop alpha synuclein and ubiquitin immunoreactive aggregates in 

neurons that are degenerating in the substantia nigra 7-10 days after MPTP administration in 

both the acute and chronic MPTP models. Lesions are more extensive in the acute model. 

Degenerating neurons are identified using dopamine transporter and calbindin 

immunocytochemistry and glial reaction is identified with glial acidic fibrillary protein. 

Synaptophysin and neurofilament immunoreactivity are not strikingly altered. The 

neurodegenerative process is associated with increased levels of oxidative markers for DNA 
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protein and lipids as indicated by immunocytochemistry for 8-hydroxydeoxyguanosine, 3- 

nitrotyrosine and malondialdehyde respectively. Our observations validate the MPTP model of 

PD by demonstrating that MPTP causes synuclein aggregation in degenerating neurons even 

though classical Lewy bodies are not produced. We will now be able to determine how 

synuclein aggregation evolves over time and how it relates to the process of cell death. 

Therapeutic strategies targeted at interfering with the process of synuclein aggregation that we 

have demonstrated may lead to novel therapeutic approaches to the treatment of PD. 
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Appendices 

Journal article (Kowall NW, Hantraye P, Brouillet E, Beal MF, McKee AC and Ferrante RJ. MPTP 

induces alpha-synuclein aggregation in the substantia nigra of baboons. Neuroreport 

2000;11(1):211-213. 

Color Photographs (3) 

Graph showing quantitation of dopamine transporter positive neurons in control and MPTP 

treated mice. 
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I -Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neuro- 
toxicity reproduces many of the features of Parkinson's disease 
(PD). a-Synuclein has been identified as a prominent compo- 
nent of the Lewy body (LB), the pathological hallmark of PD. 
MPTP-treated primates have been reported to develop intra- 
neuronal inclusions but not true Lewy bodies. We admin- 
istered MPTP to baboons and used a monoclonal (a-synuclein 
antibody to define the relationship between neuronal degen- 

Key words: Baboon; MPTP; Synuclein; Substantia nigra 

eration and (a-synuclein immunoreactivity in the substantia 
nigra. MPTP-induced neuronal degeneration was associated 
with the redistribution of a-synuclein from its normal synaptic 
location to aggregates in degenerating neuronal cell bodies, a- 
Synuclein aggregation induced by MPTP models the early stages 
of Lewy body formation and may be a fundamental step in the 
evolution of neuronal degeneration in PD. NeuroReport 11:1-3 
© 2000 Lippincott Williams & Wilkins. 

INTRODUCTION 
a-Synuclein is a 143 amirto acid protein localized to axons 
and synapses in the normal human brain [1]. The impor- 
tant role of a-synuclein in the pathogenesis of PD has been 
recently discovered. a-Synuclein mutations cause familial 
PD (A53T and A30P) [2,3] and a-synuclein is a major 
constituent of the LB, the pathological hallmark of idio- 
pathic PD [1,4]. In human and non-human primates, 1- 
methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) pro- 
duces clinical, biochemical and neuropathological changes 
similar to those found in idiopathic Parkinson's disease [5]. 
Aged primates exposed to MPTP develop intraneuronal 
inclusions similar, but not identical, to Lewy bodies [6]. In 
the present study we examined the distribution of a- 
synuclein in baboons (Papio anubis) treated with MPTP to 
determine whether neurodegeneration produced by MPTP 
is associated with redistribution and aggregation of a- 
synuclein as seen in humans with idiopathic PD. 

MATERIALS AND METHODS 
Tissue sections from six male P. anubis were used in these 
experiments. The three baboons in the treatment group 

received one or two i.m. injections of 0.4mg/kg MPTP 
(MPTP-HCI, Sigma) daily at 11:00 h (and 18.00 h) for 6 days 
followed by an injection of 0.27mg/kg at ll:00h on day 7. 
Ten days after the first injection the three treated animals 
and three untreated controls were placed under chemical 
restraint (ketamine 10mg/kg) and euthanized by an over- 
dose of sodium pentobarbital (120mg/kg). Fresh whole 
brains were hemisected by a midline sagittal cut. One 
hemisphere and brain stem half was flash frozen for 
neurochemical studies, while the other half was immersion 
fixed overnight in cold (4°C) 4% paraformaldehyde/ly- 
sine/sodium m-periodate solution for histopathological 
evaluation. The brain stem and cerebellum were separated 
by a midbrain cut at the level of the mammary bodies. The 
tissue specimens were cryoprotected in 15% glycerol solu- 
tion made in 0.1 M phosphate buffer. The brainstem was 
sectioned coronally at 50 urn and subsequently stained for 
routine cell identification using cresyl violet and immuno- 
cytochemically for tyrosine hydroxylase (TH) activity (TH 
antisera; 1:1000 dilution; Protos Biotechnology, New York, 
NY) and a-synuclein staining using a well-characterized a- 
synuclein monoclonal antibody (H3C), which recognizes 

0959-4965 © Lippincott Williams & Wilkins Vol II No I 17 January 2000        I 

Article number = 9210 
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the C-terminus of a-synuclein [7] (1:1000 dilution, courtesy 
of Dr David Clayton). The immunocytochemical methods 
used have previously been reported [8]. All animals used 
in these procedures were in strict compliance with the NIH 
Guide for the Care and Use of Laboratory Animals and 
were approved by all local Animal Care Committees.   . 

RESULTS 
Nissl-stained sections of the substantia nigra from MPTP- 
treated animals showed marked neuronal loss and gliosis, 
as reported previously (Fig. 1A,B) [8,9]. Neuronal degen- 
eration was most severe in the central A9 region of the 
substantia nigra with less involvement of medial (A10) and 
lateral (A8) regions. The pattern of loss of tyrosine hydro- 
xylase positive neurons was essentially identical to that 
seen in Nissl stained sections. 

In control animals, a-synuclein immunoreactivity was 
confined to fine punctae throughout all regions (A8-10) of 
the substantia nigra (Fig. 1C). In MPTP-rreated animals, 
synuclein immunoreactivity was depleted in the most 
severely affected (middle third) region of the substantia 
nigra, where no neurons remained. In regions with neuro- 
nal degeneration and pyknosis, there was a striking redis- 
tribution of asynuclein from synaptic profiles into 
neuronal cell bodies and dendrites (Fig. ID). Fine immu- 
noreactive granular intraneuronal accumulations and lar- 
ger aggregates were prominent in many neuronal somata. 

DISCUSSION 
MPTP causes a-synuclein aggregation in degenerating 
neurons of the primate substantia nigra. The redistribution 
of synuclein from its normal synaptic and axonal location 
to cell bodies and dendrites associated with MPTP toxicity 
is very similar to the redistribution of a-synuclein found in 
idiopathic PD and dementia with Lewy bodies [1,4] (perso- 
nal observations). The impact of a-synuclein redistribution 
on neuronal function is unclear. a-Synuclein aggregates 
have been reported to induce apoptotic cell death in 
human neuroblastoma cell lines [10]. Expression of a- 
synuclein in songbirds is related to song learning [7], 
suggesting that it may play a role in neuronal plasticity 
potentially involving pre-synaptic vesicle function [11], but 
its normal function in the human brain is unknown. 

How MPTP toxicity leads to a-synuclein aggregation is 
not known. Oxidative mechanisms may be involved be- 
cause the active metabolite of MPTP, MPP+, inhibits the 
electron transport chain initiating a vicious cycle of oxida- 
tive damage that causes cellular injury and death [12]. 
Oxidizing conditions favor self-aggregation of the micro- 
tubule protein tau to form neurofibrillary tangles in Alzhei- 
mer's disease [13]. Oxidative injury is associated with the 
development of neuronal inclusions in transgenic mice 
expressing human Superoxide dismutase-1 with the G93A 
mutation. These mice show evidence of increased oxidative 
injury [14] and develop Lewy-like bodies in degenerating 
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Fig. I. a-Synuclein immunoreactivity in MPTP treated monkeys. General cell stains (A.B) show that systemic MPTP treatment causes marked 
neuronal loss within the middle third of the substantia nigra pars compacta (SNC) of baboons (B) compared with untreated controls (A) (cresyl violet 
stain). (a-Synuclein immunoreactivity was distributed in fine terminal-like structures within the SNC of untreated animals (C). Punctate staining was 
reduced and deposits of a-synuclein immunoreactivity were prominent in the SNC of animals treated with MPTP (D, arrowhead). CP: cerebral 
peduncle. 
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motor neurons [15]. Patients with amyotrophic lateral 
sclerosis (ALS), who show evidence of oxidative injury 
postmortem [16], also develop Lewy body-like intraneur- 
onal inclusions. Oxidative injury is very prominent in PD 
brain [17] and in MPTP-treated primates [9]. In vitro stud- 
ies suggest that oxidative stress can also induce a-synu- 
clein aggregation in vitro [18]. Oxidative injury induced by 
MPTP toxicity could therefore cause a-synuclein aggrega- 
tion in our experimental animals. Transglutaminase, a 
cross-linking enzyme involved with signal transduction 
and apoptosis, catalyses the formation of the covalent 
synuclein polymers in vitro [19]. This enzyme also cross- 
links tau [20], beta amyloid [21] and mutant huntingtin 
[22], and may contribute to inclusion formation in Alzhei- 
mer's and Huntington's disease. There is also evidence that 
synuclein mutations associated with PD accelerate synu- 
clein aggregation [23-25]. Whatever the mechanisms in- 
volved, our results support the notion that a-synuclein 
aggregation is the initial event leading to Lewy body 
formation. 

CONCLUSION 
MPTP neurotoxicity causes the redistribution and aggrega- 
tion of a-synuclein within degenerating neurons of the 
primate substantia nigra. This may reflect the initial stages 
in the formation of Lewy bodies, the pathological hallmark 
of idiopathic PD in humans. Therapies that successfully 
prevent this process in the MPTP animal model may 
suppress Lewy body formation and cell death in patients 
with PD. 
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Figure 3 
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