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was reported.1 In 1982 several young adults in northern
California mysteriously developed a profound parkinson-
ian syndrome after intravenous use of what was purported
to be ‘synthetic heroin’.2 Assay of the drugs identified 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) as
the probable toxin. This compound is a by-product in the
synthesis of 1-methyl-4-phenyl-4-propionoxypiperidine
(MPPP), a potent meperidine analog.3

Clinical findings of MPTP parkinsonism

MPTP patients displayed a characteristic clinical syndrome
with two stages:2 a phase of acute insult and symptom 
evolution, and a subsequent chronic phase. In acute stage,
all patients noted a burning sensation when the drug was
injected intravenously, a symptom they considered unique.
The immediate subjective effect included a heroin-like
euphoria, but was more dream like. Disorientation, tran-
sient shadowy visual illusions, hallucinations, and ‘blurring’
of vision were also noted in some patients.The initial motor
symptoms included intermittent jerking of the limbs,
increasing ‘slowness’, or both. Episodes of sudden jerking
of the extremities typically disappeared in a few days, to be
followed by slowing and stiffness, difficulty in speaking and
swallowing and, at times, a tremor. Progression of stiffness
and slowing continued over 1–3 weeks. In chronic stages,
these patients displayed virtually all the cardinal motor fea-
tures of Parkinson’s disease. Although clinical manifesta-
tions varied from patient to patient, this kind of variability
is also characteristic of Parkinson’s disease. Asymmetries,
particularly of tremor, were not unusual. Less common fea-
tures of Parkinson’s disease were also seen. Freezing, para-
doxical kinesia, dystonic posture of the feet, and kyphotic
posture are uncommon in the first few years of the idio-
pathic Parkinson’s disease, but these features were seen
unusually early in MPTP-intoxicated patients. In the pre-
treatment condition, all MPTP patients would have met the
criteria for Hoehn and Yahr’s disability stages IV and V,
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After the discovery of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), we acquired a good animal
model of Parkinson’s disease. The extraordinary recent
growth in knowledge using MPTP parkinsonism has
fostered increased understanding of Parkinson’s disease.
In the present paper, the discovery of MPTP and the
biochemical, pathological, and clinical findings of MPTP
parkinsonism are first reviewed briefly. Next, using MPTP
parkinsonism, unresolved issuses such as the apoptosis 
of MPTP, levodopa toxicity, and neuroprotective effects 
of monoamine oxidase inhibitors or dopamine agonists 
are discussed. Finally, environmental factors such as the
etiology of Parkinson’s disease are examined. Some genetic
factors that lead to familial Parkinson’s disease have
recently been reported, but most cases of Parkinson’s
disease are sporadic. Recent epidemiological evidence
emphasizes an etiological relation of 18th and 19th century
industrialization to Parkinson’s disease. Man-made toxins,
such as industrial chemicals and herbicides/pesticides,
have been suggested to increase the risk of developing
Parkinson’s disease. I would like to highlight the signifi-
cance of re-examination of environmental factors in the
etiology of Parkinson’s disease.
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DISCOVERY OF MPTP

In 1979, a single case of parkinsonism occurring after intra-
venous self-administration of an illicit narcotic analgesic
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which are usually seen after 9 and 14 years, respectively. On
the other hand, as in the more severely affected MPTP
parkinsonism, resting tremor was rarely found. Physicians
noted episodic extension of the head and neck (usually
seen in the postinfectious parkinsonism), axial rigidity
(seen more often in progressive supranuclear rigidity),
episodic diaphoresis or eyelid apraxia (seen in secondary
parkinsonism). The most extraordinary feature in the
patients may have been the absence of more widespread
CNS dysfunction. Among known exogenous toxins,
only MPTP appears to produce a pure and permanent
parkinsonian state.

BIOCHEMICAL FINDINGS OF 
MPTP PARKINSONISM

MPTP is not the actual toxin but a protoxin. MPTP, the
lipophilic molecule, readily crosses the blood–brain
barrier4 and is rapidly converted by monoamine oxidase
type B (MAO-B) to 1-methyl-4-phenylpyridium (MPP�),
the true toxic metabolite, in glia cells.5 The dopamine 
transporter protein mediates the uptake of MPP� into 
the dopaminergic terminal,6 where it concentrates in 
the mitochondrial matrix, causing inhibition of NADH
CoQ1 reductase (Complex I) and depletion of adenosine
triphosphate,7 resulting ultimately in neuronal cell death.
MPP� also inhibits the activities of tyrosine hydroxylase
(TH), aromatic l-amino acid decarboxylase (dihydrox-
yphenylalanine decarboxylase) and monoamine oxidase.8

Acute exposure to MPTP selectively reduces the dopamine
content. In contrast, repeated MPTP doses also affect the
brain norepinephrine, and serotonin neurons.9 The bio-
chemical changes produced by MPTP are similar to the
changes in Parkinson’s disease.

PATHOLOGICAL FINDINGS OF 
MPTP PARKINSONISM

In Parkinson’s disease, the substantia nigra and locus
ceruleus show atrophy and marked loss of nerve cells, espe-
cially pigment-containing neurons, in association with 
the gliosis, presence of free melanin and melanophagia.
MPTP produces pathological changes in these pigmented
nuclei similar to those observed in Parkinson’s disease.10

Ultrastructurally, MPTP-treated monkeys show atrophic
nerve cells, which have a poor nuclear chromatin content
with increased folding of the nuclear envelope, and
decreases in the number of cytoplasmic organelles, such as
mitochondria, rough ER and ribosomes.11 Immunohis-
tochemical studies of MPTP-treated animals revealed a
marked loss of TH-immunoreactive cells in the substantia
nigra, locus ceruleus, hypothalamus, retina and cerebral
cortex similar to those observed in Parkinson’s disease.10

The accumulation of α-synuclein in Lewy body, Lewy 
neurite and glial cytoplasm are usually seen in Parkinson’s
disease,12,13 but these findings were uncommon in MPTP
parkinsonism. Eosinophilic inclusion bodies resembling
Lewy bodies have been seen in the substantia nigra of aged
primates exposed to MPTP.14 Ultrastructural examination
shows that the inclusions are filamentous, but not identical
with Lewy bodies. MPTP-induced parkinsonism bears a
greater resemblance to Parkinson’s disease when the toxin
is administered to aged animals; it does not, however, cause
cortical Lewy bodies or degeneration of cholinergic 
neurons, changes typically found in Parkinson’s disease.

APOPTOSIS AND MPTP

Apoptosis, or programmed cell death, is a form of death in
which genetic programs intrinsic to the cell act to bring
about its destruction and is distinguished from cell death
that is due to the noxious effect of harsh environmental fac-
tors in which the cell is passively destroyed.15 In recent
years, many researchers have paid attention to apoptosis.
MPP� has been reported to induce apoptosis in cultured
mesencephalic16 and cerebellar granule cells.17 In in vivo
studies, there has been little agreement as to whether or not
the administration of MPTP induces apoptosis in the sub-
stantia nigra (SN).18 Apoptotic cell death is identified by
ultrastructural characteristics,19 in situ labeling of DNA
free 3� ends,20 and nucleosomal DNA ladders.21 Using the
TUNEL method20 and modified ligation-mediated poly-
merase chain reaction (LMPCR),22 MPTP parkinsonism
was investigated. After treatment with MPTP, atrophic
neurons with pyknotic nuclei and darkly stained shrunken
cytoplasm in the substantia nigra of mice appeared on Days
1 and 2. Neuronal loss with astrocytic and microglial prolif-
eration was observed on Days 4 and 5. Microglial prolifera-
tion was decreased on Day 6 or later, but neuronal loss and
astrocytosis continued. Electron microscopically, some
neurons displayed electron-dense balls in the nucleus with-
out dramatic changes of cytoplasmic organelles (ER and
mitochondria) on Day 2 (Fig. 1a). An apoptotic body was
phagocytosed by astrocyte on Day 3 (Fig. 1b). TUNEL-
labeled cells were not observed in the substantia nigra of
controls and the Day 2 mice. On Day 3, TUNEL-labeled
nuclei appeared suddenly and massively in the whole sub-
stantia nigra pars compacta (SNc) (from lateral to medial
areas).The number of TUNEL-labeled nuclei was maximal
on Day 4. (Fig. 1c) The number of nuclei with DNA frag-
mentation decreased gradually since Day 5. On Days 6, 7, 9,
and 12, a few TUNEL-labeled nuclei were observed only in
the medial portion of the SNc. The relative amounts of
nucleosomal DNA ladders revealed by LMPCR directly
correlated with the number of TUNEL-positive nuclei in
the substantia nigra. Not detected in the control mice,
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nucleosomal DNA ladders of MPTP-treated mice
appeared weakly in the midbrain from Day 1 and gradually
increased to a maximum on Day 4. After Day 5, the
amounts of nucleosomal ladders decreased with the 
passage of time (Fig. 1d). These results make it clear that
MPTP induces apoptotic neuronal death in vivo. In addi-
tion to these findings, the continuous sections, immunos-
tained with anti-bcl-2 and anti-bax antibodies, showed an
increase in the number of bcl-2-negative (Fig. 1e) and bax-
positive (Fig. 1f) cells in substantia nigra on Day 3. Active
caspase 3-immunoreactive cells were also seen in the sub-
stantia nigra on Day 3, the number being maximal on Day 5
and disappearing thereafter. The decreased ratio of 
bcl-2/bax forms pores in the mitochondrial membrane and
releases cytochrome c from the mitochondria to the cyto-
plasm.23 Cytochrome c induces activation of caspase 3.
Activated caspase 3 results in endonuclease activation
directly or indirectly.24,25 MPTP is reported to induce depo-
larization of the membrane, dopamine release, and excita-
tory amino acid release26 and to also disturb calcium home-
ostasis.27 These effects influence each other and enhance
the production of oxidative stress. The depletion of ATP
through mitochondrial dysfunction also generates free 
radicals.28 Oxidative stress leads to damage of proteins,

lipids, and DNA, and then results in cellular dysfunctions.
Thus, it is emphasized that MPTP would induce cell death
with a complex interplay among mitochondrial dysfunc-
tion, oxidative stress, energy failure, excitotoxicity, and acti-
vated apoptotic pathway.

TOXICITY OF LEVODOPA

The treatment of Parkinson’s disease can be divided into
three major conceptual categories: symptomatic, preventa-
tive, and restorative. Levodopa combined with the decar-
boxylase inhibitor carbidopa is unquestionably the best
symptomatic treatment. The controversy focuses on the
issue of whether levodopa actually damages dopaminergic
neurons and hastens their death. The resolution of this
dilemma lies in determination of whether the neurons
damaged by the disease are also damaged by levodopa.
There is no doubt that levodopa is a very potent toxin in
vitro29,30 and that it can cause neuronal cell death by both
necrosis and apoptosis.31–33 But most in vivo studies using
long-term administration of large levodopa doses to nor-
mal animals did not demonstrate damage to nigrostriatal
neurons.34,35 Recently, some in vivo studies reported that
levodopa does not influence the dopaminergic neurons
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Fig. 1 Electron microscopically (a) some neurons displayed electron-dense balls in the nucleus without dramatic changes of
cytoplasmic organelles on MPTP-administration Day 2. (b) There was an apoptotic body phagocytosed by astrocyte on Day 3. (c)
Many TUNEL-labeled nuclei appeared in the whole substantia nigra on Day 4 (�80, TUNEL method). (d) Not detected in the
control mice, nucleosomal DNA ladders of MPTP-treated mice appeared weakly in the midbrain from Day 1 and gradually
increased to a maximum on Day 4. After Day 5, the amounts of nucleosomal ladders had decreased with the passage of time. The
continuous sections showed an increase in the number of bcl-2-negative (e, �200, C-2; SANTA CRUZ, Santa Cruz, CA, USA) and
bax-positive (f, �200, B-9; SANTA CRUZ) cells in the substantia nigra on Day 3.



damaged by MPTP.36 But, this remains controversial. Using
MPTP-treated mice as a model of Parkinson’s disease,
the dose-effect relation and the time-dependent effect
between levodopa and dopaminergic neurons was evalu-
ated. There was a significant inverse correlation between
the numbers of dopaminergic neurons and the dose (or
duration) of levodopa administered (Fig. 2a,b).

The acute effects of levodopa on the corpus striatum
and the substantia nigra of MPTP-treated mice using
TUNEL and LMPCR was further studied. Levodopa was
injected at 1 month after MPTP treatment. Nucleosomal
DNA ladders existed in the DNA extracted from the 
corpus striatum and substantia nigra at Days 4 and 5 after
levodopa treatment (Fig. 2c). A few TUNEL-labeled cells
were also observed in the corpus striatum and substantia
nigra on the same days (Fig. 2d–g). Neither DNA ladders
nor TUNEL-labeled cells existed in the control mice treat-
ed with normal saline after MPTP or treated with L-DOPA
after normal saline. These results suggest that levodopa
influences the dopaminergic neurons damaged by MPTP.
Levodopa auto-oxidation37 within the neurons generates
free radicals, which are toxic and thus may contribute to the
death of dopaminergic neurons.

NEUROPROTECTIVE EFFECT OF
MONOAMINE OXIDASE INHIBITORS 

AND DOPAMINE ANTAGONISTS

Neuroprotection can be defined as an intervention that
slows or halts the progression of neuronal degeneration.38

Most patients respond well to current symptomatic treat-
ment early in the course of the disease, but disability
increases with progression of Parkinson’s disease and with
the emergence of adverse reactions to drug therapies.
Although our understanding of the pathogenetic mecha-
nism of Parkinson’s disease is not complete, there are many
data concerning neuronal degeneration such as free radical
and oxidant stress, excitotoxicity, calcium cytotoxicity,
mitochondrial dysfunction, trophic factor deficiency, and
inflammatory process. Agents that interfere with these
processes offer an opportunity to develop a therapeutic
intervention that blocks cell death.The protective agents of
the dopaminergic neurons from levodopa toxicity were
studied (Fig. 3). First, the effects of monoamine oxidase
inhibitors (MAO-I) with/without levodopa on the neurons
damaged by MPTP were evaluated, because MAO-B
inhibitors prevent the conversion of a protoxin to a toxin39

and catalyze the oxidative metabolism of dopamine.40

MPTP-intoxicated mice were divided four groups: normal
saline-treated control group, levodopa-treated group,
MAO-I-treated group, and MAO-I with levodopa-treated
group. Deprenyl, Ro16-6491, and lazabemide were used as
MAO-I. In the groups of MAO-I with levodopa, the num-
bers of total cells and TH-positive cells were significantly
preserved compared with the levodopa group. MAO-I have
anti-oxidant effects, dopamine uptake inhibitor and
dopamine releaser, which are varied among them. These
results, however, showed the same effect on the dopaminer-
gic neurons damaged by MPTP. MAO-I were suggested to
protect the neurons from the toxicity of levodopa.
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Fig. 2 (a) In the substantia nigra of
MPTP-treated mice (30 mg/kg, 3 times
per day for 2 days), the number of
dopaminergic neurons decreased by
increasing the amounts of levodopa
(15–60 mg/kg). There was a significant
inverse correlation between the num-
bers of dopaminergic neurons and the
dose of levodopa administered. �,
Total cells, �, tyrosine hydroxylase
(TH) cells. (b) There was a significant
inverse correlation between the num-
bers of dopaminergic neurons and the
duration of levodopa administered
(0–50 days). �, Total cells, �, tyrosine
hydroxylase (TH) cells. (c) At Days 4
and 5 after levodopa administration,
nucleosomal DNA ladders existed in
the DNA extracted from the corpus
striatum and substantia nigra of
MPTP-treated mice. And a few
TUNEL-labeled cells were also ob-
served in the corpus striatum (d, Day
4; e, Day 5) and substantia nigra (f,
Day 4; g, Day 5). (TUNEL method,
�200)



Next, I evaluated the effects of dopamine agonists
with/without on the neurons damaged by MPTP because
dopamine antagonists reduce need for levodopa dose
requirement,41 decrease dopamine synthsis by stimulation
of autoreceptors,42 have anti-oxidant effects,43–45 and inhibit
excitotoxicity induced by subthalamic nucleus.46,47 Bromo-
criptine, pergolide, and talipexole were used as dopamine
agonist. In the groups of dopamine agonist with levodopa,
the numbers of total cells and TH positive cells are also
significantly preserved comparing with the levodopa group.
Dopamine agonists have the anti-oxidant effects, which
would inhibit the lipid peroxidation resulting from 
neuronal damage. Dopamine agonists are suggested to pro-
tect the neurons from the toxicity of levodopa. It is con-
cluded that MAO inhibitors and/or dopamine agonists
should be added to levodopa treatment in order to protect
the neurons in Parkinson’s disease.48

NEUROTOXINS STRUCTURALLY 
SIMILAR TO MPTP

The discovery of MPTP has led to extensive studies on the
involvement of exogenous MPTP-like substances. 1,2,3,4-
tetrahydroisoquinoline (TIQ) derivatives,49 identified 

in many foods (banana, milk etc.) and the brain of
Parkinson’s disease,50 have been assumed to be substances
closely involved in parkinsonism. Being structurally similar
to MPTP, TIQ produces parkinsonism by inhibiting 
mitochondrial respiration and the activity of TH, but 
does not induce neuronal loss in the substantia nigra.51

The methylation of isoquinoline is known to strengthen 
the inhibition of mitochondria. 2-Methyltransferase 
identified in human brain transforms TIQ into 2-
methyl-1,2,3,4-tetrahydroisoquinoline (2MTIQ).52 2-
Methylisoquinolinium ion is produced from 2MTIQ by
MAO-B in astrocytes and transported into dopaminergic
neurons by the dopamine uptake system.53 Thus, the effects
of 2MTIQ on the dopaminergic cells in the substantia nigra
and locus ceruleus were evaluated. There was a significant
inverse correlation between the dose of 2MTIQ and the
numbers of dopaminergic cells (Fig. 4). Electron micro-
scopically, surviving neurons showed mainly alterations of
post synapse and shrunken neuronal perikarya, electron-
dense dendrites and accumulated degenerating materials,
such as distended mitochondria, lysosomes and Golgi
apparatus. These findings suggest that 2MTIQ may be 
a candidate endogenous or environmental factor that
induces parkinsonism.54
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Fig. 3 In each group of C57BL/6 J
mice, levodopa, monoamine oxidase
inhibitor (MAO-I) (deprenyl, Ro16-
6491, or lazabemide), levodopa �
MAO-I, dopamine agonist (bromo-
criptine, pergolide, or talipexole), and
levodopa � dopamine agonist were
administered after the treatment of
MPTP (30 mg/kg, 3 times per day for 2
days). The mean numbers of tyrosine
hydroxylase (TH)-immunoreactive
cells/0.0625 mm2 in the substantia
nigra of the levodopa group were
significantly decreased in comparison
with the MPTP group. In the groups of
levodopa � MAO-I and levodopa �
dopamine agonist, the numbers of TH
cells were significantly preserved com-
pared with the levodopa group. (a) �,
Control; , MPTP; �, levodopa;

, deprenyl; , levodopa � deprenyl;
, Ro16-6491; , levodopa � Ro16-

6491; , lazabemide; , levodopa �
lazabemide. (b) �, Control; , MPTP;
�, levodopa; , bromocriptine; ,
levodopa � bromocriptine; , per-
golide; , levodopa � pergolide; ,
talipexole; , levodopa � talipexole.



A NEW TURN FROM MPTP

After the discovery of MPTP, we acquired a good animal
model of Parkinson’s disease.And the extraordinary recent
growth in knowledge using MPTP parkinsonism has fos-
tered increased understanding of the Parkinson’s disease.
But there remain many problems about the etiology and
pathogenesis. MPTP, a synthetic substance, does not exist
widely in the natural world. Although the manuscripts of
Leonardo da Vinci55,56 and of Ayurvedic medical text of
1000 BC57 suggest that Parkinson’s disease much predates
James Parkinson who described the disorder in his Essay
on the Shaking Palsy (1817),58 recent epidemiological evi-
dence emphasizes an etiological relation of 18th and 19th
century industrialization to Parkinson’s disease. Man-made
toxins, such as industrial chemicals and herbicides/pesti-
cides, have been suggested to increase the risk of develop-
ing Parkinson’s disease.59 Rotenone, commonly used as an
insecticide, is a high-affinity, specific inhibitor of mitochon-
drial complex I. Chronic administration of lipophilic
rotenone was reported to cause highly selective nigrostri-
atal dopaminergic degeneration with fibrillar cytoplasmic
inclusion containing ubiquitin and α-synuclein. The effects
of rotenone (4 mg/kg per day for 5–120 days) on C57BL/6 J

mice were investigated. Rotenone produced a moder-
ate loss of TH-immunoreactive cells and neurites in 
the striatum (Fig. 5a–f) and substantia nigra (Fig. 5g–l).
Ultrastructurally, rotenone-treated mice showed atrophic
nerve cells, which had a poor nuclear chromatin content
with increased folding of the nuclear envelope, and
decreased numbers of cytoplasmic organelles, such as mito-
chondria, rough ER and ribosomes. Accumulations of
ubiquitin (Fig. 5m–n) or α-synuclein (Fig. 5o–q) existed 
in the neurites and cytoplasm, but not inclusions. These
pathological findings were localized in the substantia 
nigra of rotenone-treated mice. Thus, rotenone would be a
candidate environmental factor that induces Parkinson’s
disease.

The etiology of Parkinson’s disease is diverse and com-
plex. Some genetic factors have recently been reported that
lead to familial Parkinson’s disease, but most cases of
Parkinson’s disease are sporadic. Although the number 
of papers about MPTP has been decreasing compared 
with the amount of papers written around the time of its
discovery, I would like to highlight the significance of 
re-examining environmental factors in the etiology of
Parkinson’s disease.
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Fig. 4 2-Methyl-1,2,3,4-tetrahydroi-
soquinoline (2MTIQ) was admini-
stered chronically to C57BL/6 J mice
(2–64 mg/kg per day for 120 days).
The mean numbers of tyrosine
hydroxylase-immunoreactive cells/
0.0625 mm2 showed a significant
inverse correlation with the dose of
2MTIQ administered in the substantia
nigra and the locus ceruleus. �,
2MTIQ 64 mg/kg; , 2MTIQ 32 mg/
kg; , 2MTIQ 16 mg/kg; , 2MTIQ 
8 mg/kg; , 2MTIQ 4 mg/kg; ,
2MTIQ 2 mg/kg; �, control.

Fig. 5 Rotenone (4 mg/kg per day) was administered to C57BL/6 J mice for 5–120 days.The density of tyrosine hydroxylase (TH)-
immunoreactive fibers in the striatum (a, Day 5; b, Day 7; c, Day 10; d, Day 30; e, Day 100; f, Day 120; TH immunohistochemistry,
�4) and the number of TH cells in the substantia nigra (g, Day 5; h, Day 7; i, Day 10; j, Day 30; k, Day 100; l, Day 120;
TH immunohistochemistry, �100) showed an inverse correlation with the duration of rotenone administered. There existed
accumulations of ubiquitin (m–n, ubiquitin immunohistochemistry; DAKO, Glostrup, Denmark, �200) or α-synuclein (o–q, α-
synuclein immunohistochemistry; SANTA CRUZ, Santa Cruz, CA, USA �200) in the neurites and cytoplasm.
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