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Administration of N-methyl-4-phenyl-1,2,3,6-tetrahydropyr-
idine (MPTP) to mammals causes damage to the nigrostriatal
dopaminergic pathway similar to that observed in Parkin-
son’s disease. It has been suggested that the mechanism
by which MPTP kills dopamine (DA) neurons involves an
energy crisis due to the inhibition of mitochondrial complex
l. In addition, superoxide radicals (0,~), generated subse-
quent to the blockade of mitochondrial complex |, may also
be involved in MPTP-induced neurotoxicity. Superoxide dis-
mutase (SOD)is a scavenger enzyme that protects cells from
the hazard of O, radicals. To evaluate further the role of
O,- radical in MPTP-induced toxicity, we tested the effects
of MPTP in transgenic mice with increased SOD activity. In
nontransgenic littermates with normal SOD activity, MPTP
injection causes a marked reduction in striatal levels of DA
and its metabolites as well as in striatal and nigral *H-DA
uptake; these findings are consistent with a loss in dopa-
minergic neurons. In contrast, in transgenic mice with in-
creased SOD activity, MPTP injection does not cause any
significant changes either in levels of DA and metabolites
or in *H-DA uptake. We show that this lack of toxicity is not
due to a lower delivery of MPTP to the brain following its
intraperitoneal injection, to reduced brain biotransformation
of MPTP to N-methyl-4-phenylpyridinium ion (MPP+), to di-
minished striatal mitochondrial monoamine oxidase B activ-
ity, to decreased synaptosomal uptake of MPP-, to lower
potency of MPP~ to inhibit the complex | of the mitochondrial
electron transport chain, or to faster brain elimination of
MPP+. These results suggest that increased SOD activity is,
most likely, the protective factor that confers resistance to
transgenic mice against MPTP-induced neurotoxicity. Thus,
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this study provides further evidence that some of the del-
eterious effects of MPTP may be mediated by O, radicals.
The similarity between the MPTP model and Parkinson’s dis-
ease further raises the possibility that oxy-radicals may play
a significant role in the etiology of this neurodegenerative
disorder.

N-methyl-4-phenyl, 1,2,3,6-tetrahydropyridine (MPTP) is a by-
product of the chemical synthesis of the meperidine analog
1-methyl-4-propionoxypyridine, which has potent heroinlike ef-
fects (Langston et al., 1983). In human and nonhuman primates,
MPTP produces an irreversible and severe Parkinsonian-like
syndrome (Davis et al., 1979; Burns et al., 1983; Langston et
al., 1983). In addition, its administration to humans, monkeys,
and mice causes changes in the nigrostriatal dopaminergic path-
way that are reminiscent of those observed in Parkinson’s dis-
ease (reviewed in Langston and Irwin, 1986; Kopin and Markey,
1988). These include a marked reduction in the levels of striatal
dopamine (DA) and of its metabolites dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA) (Burns et al., 1983;
Heikkila et al., 1984a; Sundstrom et al., 1987). There are also
significant decreases in tyrosine hydroxylase activity (Mayer et
al., 1986; Sundstrom et al., 1987), in *H-DA uptake (Heikkila
etal., 1984a), and in *H-mazindol binding (Javitch et al., 1985b)
in the striatum, all of which indicate a loss of dopaminergic
nerve terminals. Moreover, histochemical analyses of the brains
of MPTP-treated animals have revealed a marked ioss of dop-
aminergic cell bodies within the substantia nigra pars compacta
(Burns et al., 1983; Heikkila et al., 1984a; Langston et al., 1984a).

Thus far, the actual mechanism by which MPTP destroys
dopaminergic neurons has remained uncertain. The toxic effects
of MPTP depend on its biotransformation to N-methyl-4-phe-

nylpyridinium (MPP+) by the enzyme monoamine oxidase B
(MAO-B) (Heikkila et al., 1984b). Since MAO-B is found pre-
dominantly in astrocytes and serotonergic neurons (Levitt et al.,
1982; Westlund et al., 1985), it has been proposed that MPP+
is generated within these cells, released, and then taken up by
dopaminergic neurons (Javitch et al., 1985a). Once inside do-
paminergic neurons, MPP~ is actively concentrated within the
mitochondria (Ramsey and Singer, 1986), where it inhibits com-
plex I of the mitochondrial respiratory chain (Vays et al., 1986;

Mizuno et al., 1987; Nicklas et al., 1987). This action is thought



to be responsible for its toxic effects (Vays et al., 1986; Mizuno
et al., 1987; Nicklas et al., 1987). Nevertheless, a number of
studies have also suggested a possible role for oxygen-based free
radicals in this toxic process (Cohen, 1984; Corsini et al., 1985;
Johannessen et al., 1986; Poirier and Barbeau, 1985; Rossetti
et al., 1988; Yurek et al., 1989). For instance, production of
superoxide (O,~) radicals has been documented during the in
vitro biotransformation of MPTP (Poirier and Barbeau, 1985;
Rossetti et al., 1988). Moreover, pretreatment with diethyl di-
thiocarbamate, which inhibits superoxide dismutase (SOD), a
scavenger enzyme involved in the protection of cells against O,~
radicals (Fridovich, 1986), enhances MPTP-induced toxicity in
mice (Corsini et al., 1985; Yurek et al., 1989). More recently,
MPP+ has actually been shown to increase the production of
O, radicals in mitochondrial preparations (Hasegawa et al.,
1990). Therefore, in order to evaluate further the possible in-
volvement of O, radicals in MPTP-induced toxicity, the effects
of this compound were studied iz vivo in transgenic mice with
increased SOD activity (Epstein et al., 1987).

Materials and Methods

Transgenic mice. Mice of strain HS/SF-218 (C57-B1/6] x SJL/J from
C.J.E.’s laboratory) carrying the human copper/zinc-SOD (Cu/Zn-SOD)
gene were used (Epstein et al., 1987). The genome of these transpanic
animals carries several copies of the human Cu/Zn-SOD gene, presum-
ably in tandem array. The founder mice have been bred to produce
transgenic offspring expressing the human Cu/Zn-SOD gene. Transgenic
animals were identified by Northern blot analysis for the presence of
human Cu/Zn-SOD gene in red cell extracts as previously described
(Epstein et al., 1987). Detection of human Cu/Zn-SOD enzymatic ac-
tivity in brain tissues using nondenaturating gel electrophoresis followed
by nitroblue tetrazolium staining was performed in a single SOD-trans-
genic mouse and its nontransgenic littermate. The gel was scanned on
a Computing Densitometer (Molecular Dynamics, Sunnyvale, CA) and
quantitated using ImageQuant version 3.0. Cu/Zn-SOD activity in brain
tissue homogenates was measured in the caudate-putamen of SOD-
transgenic mice (n = 3) and in their nontransgenic littermates (n = 3)
according to the method previously described (Przedborski et al., 1991).

MPTP administration. White female (25-30 gm) SOD-transgenic mice
HS/SF-218 (n = 10) and their nontransgenic littermates (» = 10) re-
ceived three injections of 30 mg/kg MPTP-HCI intraperitoneally in 0.2
ml of saline at 24 hr intervals. Control SOD-transgenic (# = 10) and
nontransgenic mice (n = 10) received vehicle only. Five and twenty-
one days after the last injection, five mice per group were decapitated,
and their brains were used to determine biochemical and morphological
changes in the dopaminergic system. Animal care was in accordance
with institutional guidelines. This protocol of MPTP administration,
based on our preliminary experiments on nontransgenic mice, caused
approximately a 60% reduction in striatal DA levels with less than a
15% death rate.

Determination of monoamine levels. Striatal levels of DA, HVA, DO-
PAC, and serotonin (5-HT) were determined by HPLC as previously
described (Jackson-Lewis et al., 1991). Briefly, left striata were dissected
out, weighed, and sonicated in 10 vol of 0.1 M perchloric acid containing
0.01 M NaHSO,, 0.001% ascorbic acid, and 1 ug/ml dihydroxybenzyl-
amine (Sigma) as internal standard, After centrifugation (12,000 x g,
10 min), the supernatants were filtered (0.45 um nylon filter; Schleicher
& Schuell) and 20 ul were injected onto a C18 reverse-phase column
(Phenomex). The mobile phase consisted of 0.15 M monochloroacetic
acid, 0.1 M NaOH, 0.6 mm EDTA, 0.2 mm sodium octylsulfate, and
9% methanol, final pH 2.9. Monoamines were detected by electrochem-
ical oxidation against a glassy carbon electrode (+0.77 V).

3H-DA and 3H-MPP* uptake assays. To assess MPTP-induced neu-
ronal loss, the uptake of 3 H-DA was measured in the caudate-putamen
complex and substantia nigra of MPTP- and saline-treated SOD-trans-
genic mice and nontransgenic littermates (n = 5 per group) according
to the method described by Javitch et al. (1985a). The tissues were
homogenized in 20 vol of 50 mm Tris-HC!, 120 mm NaCl, 5 mm KCl,
11 mm glucose, pH 7.4. For the assays, 25 ul of a fresh crude synap-
tosomal preparation was added to 475 ul of 0.015 uM 3H-DA [17.9 Ci/
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mmol; New England Nuclear (NEN). The reactions were carried out at
37°C. Nonspecific uptake was defined in the presence of 10 uM unlabeled
mazindol (Sandoz). The uptake was terminated after 8 min by the ad-
dition of 4 ml of ice-cold buffer and rapid filtration of the mixture
through glass-fiber filters (Schleider & Schuell no. 32). Filters were washed
with two consecutive 2 ml volumes of ice-cold buffer. Radioactivity
remaining on the filters was measured by liquid scintillation spectrom-
etry.

The uptake of SH-MPP+ (70 Ci/mmol; NEN) was measured according
to the same method (Javitch et al., 1985a). To define *H-MPP+ uptake
characteristics, caudate-putamen complexes were dissected out from
the brains of SOD-transgenic mice and of their nontransgenic littermates
(three mice per group), while for the regional distribution of *H-MPP+
uptake, frontal cerebral cortex, caudate—putamen complex, substantia
nigra, hippocampus, and cerebellum were dissected out from the brains
of four animals of both groups. The tissues were processed as described
above. For the assays, 25 ul of a fresh crude synaptosomal preparation
were added to 475 ul of different concentrations (0.006-0.9 um for
saturation and 0.015 um for regional distribution) of 3H-MPP+. Non-
specific uptake was also defined in the presence of 10 M unlabeled
mazindol. Preliminary experiments showed that striatal synaptosomal
SH-MPP+ accumulation was linear with time up to 6-8 min, after which
it began to plateau in both SOD-transgenic and in nontransgenic mice
(data not shown). In subsequent experiments, the uptake of *H-MPP+
was terminated after 8 min and the mixture was processed as described
for *H-DA uptake. The Michaelis constant (K,,) and the maximal ve-
locity (V,.) were calculated from saturation data using an iterative
curve-fitting program (ENZFITTER, Biosoft, UK).

Brain levels of MPTP and MPP+._ Levels of MPTP and MPP+ were
determined by the method of Markey et al. (1984). SOD-transgenic
mice (n = 3) and nontransgenic littermates (n = 3) received a single
intraperitoneal injection of 10 mg/kg MPTP-HCl and 10 uCi*H-MPTP
(72.6 Ci/mmol; NEN) in 0.2 ml of saline and were decapitated 10 min
after injection. Brains were quickly removed and homogenized in 5 vol
of distilled water to which was added the same volume of 100% ethanol.
Homogenates were centrifuged at 15,000 x g for 10 min at 4°C. Su-
pernatants were filtered (0.45 um nylon filter; Scheicher & Schuell), and
an aliquot of 100 ul was injected onto ah HPLC system with a C18
reverse-phase column (Phenomex). The mobile phase consisted of ace-
tonitrile/100 mm sodium acetate (60:40, v/v) containing 0.1% triethyl-
amine (final pH 5.6). The flow rate was 1 ml/min, and 35 eluate fractions
of 0.25 ml were collected and counted by liquid scintillation spectrom-
etry. Before and after sample analyses, the elution profiles of *H-MPTP
and *H-MPP* were determined. Selection of the 10 min time point was
based on Markey’s work (Markey et al., 1984) as well as on our own
preliminary experiments and provides good reproducibility as well as
high levels of MPTP and MPP-.

Enzymatic MAO-B assay. MAQO-B activity was assayed radiochem-
ically as described by Youdim (1975). Caudate-putamen complexes
were dissected out from the brain of SOD-transgenic mice (n = 3) and
their nontransgenic littermates (7 = 3) and were homogenized in 20 vol
of 0.01 M potassium phosphate buffer (K-PB), pH 7.8. For the assay,
90 ul of the fresh crude mitochondria preparation were added to 10 ul
of different concentrations (1-20 um) of the substrate “C-3-phenylethyl-
amine (50 mCi/mmol; NEN). The reaction was carried out at 30°C and
terminated after 15 min in a bath of iced water. To each reaction tube,
100 gl of 1 M HCl were added followed by 1 ml of the extraction mixture
(toluene-ethyl acetate, 1:1 v/v, saturated in water) (Fowler et al., 1979).
After centrifugation for 3 min at 4000 x g, 0.8 ml of the organic phase
was transferred and mixed with 10 m! of scintillation liquid (Econofluor,
NEN). Radioactivity was counted by scintillation spectrometry. For
each concentration, blanks were prepared in the same manner except
for the addition of 100 ul of 1 M HCI at the beginning of the reaction.
K,, and V_,, values were calculated as described above.

Assays of mitochondrial electron transport chain enzymes and MPP+
inhibition of complex 1. Purified brain mitochondria were prepared as
described by Clark and Nicklas (1970). Preliminary experiments showed
that contamination of the final mitochondrial fraction with either syn-
aptosomes (<2% of original homogenate) or myelin (<4% of original
homogenate) was low, based on the activities of lactate dehydrogenase
(Clark and Nicklas, 1970) and 2’,3'-cyclic nucleotide 3’-phosphodies-
terase (Sims and Carnegie, 1976). In addition, the mitochondrial frac-
tion showed more than an 11-fold greater ratio of succinate dehydro-
genase (King, 1967a) to lactate dehydrogenase then the original
homogenate. Fresh brain mitochondrial enzymes were prepared from
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(lanes 3 and 6) of a SOD-transgenic mouse and its nontransgenic littermate. In the nontransgenic mouse, only mouse Cu/Zn-SOD activity was
expressed. whereas in the SOD-transgenic animal there were mouse and human homodimers as well as human/mouse heterodimers. The ratios of

human homodimer and human/mouse heterodimer in the SOD-transgenic mouse 1o mouse homodimer in the nontransgenic littermate were 4.61

and 4.28, respectively.

SOD-transgenic mice (# = 3) and nontransgenic littermates (» = 3) and
were assaycd in a final volume of 1 ml using a Shimadzu UV-160
recording spectrophotometer. Citrate synthase was assayed according
to the method of Srere (1969). The reaction mixture contained 0.1 mm
5-5'-dithio-bis(2-nitrobenzoic acid) (DTNB) in 1 m Tris-HCI (pH 8.1),
0.3 mm acetyl-CoA, 0.5 mm oxaloacetate in 0.1 M Tris-HCI (pH 8.1).
NADH-ubiquinone-1 reductase (NADH-Q reductase) was assayed ac-
cording to the method of Birch-Machin et al. (1989); the rotenone-
sensitive rate was taken to constitute complex I activity. The reaction
mixture contained 35 mm K-PB (pH 7.2), 5 mm MgCl,, 2 mM potassium
cyanide (KCN), 2.5 mg/ml defatted BSA, 2 pg/ml antimycin, 65 um
ubiquinone-1, and 0.13 mmM NADH. NADH cytochrome C reductase
activity was assayed according to the method of Hatefi and Rieske
(1967); the rotenone-sensitive rate was taken to be the activity of the
mitochondrial respiratory chain. Reaction mixture contained 0.2 mm
K-PB (pH 7.5), 25 mm NADH, 5 mm KCN, and 100 mm cytochrome
C. Succinate cytochrome C activity was assayed according to the method
of King (1967b). Reaction mixture contained 50 mm K-PB (pH 7.5), 3
mm succinate (pH 7.4), 0.5 mm KCN, and 0.1 mm cytochrome C.
Cytochrome C oxidase activity was assayed according to the method
described by Wharton and Tzagoloff (1967). The reaction mixture con-
tained 1 mm K-PB (pH 7.0) and 1% reduced cytochrome C. In all of
the assays, enzyme activities were determined at 30°C and the reaction
started with 20-40 gg mitochondrial protein. For the inhibition of
NADH-Q reductase activity (complex I) by MPP*, fresh mitochondria
were preincubated 10 min at 25°C with or without various concentra-
tions of MPP* before the assay was started (Ramsey and Singer, 1986;
Mizuno et al., 1987).

Brain elimination of MPP+. SOD-transgenic mice (n = 16) and their
nontransgenic littermates (n = 16) received a single intraperitoneal in-
jection of 30 mg/kg MPTP-HCI. Four SOD-transgenic and four non-
transgenic mice were killed 2, 4, 8, and 10 hr afier injection; these time
points were chosen based on previous studies showing that concentra-
tions of MPP+ in the mouse brain decline to undetectable concentrations
during this time period (Irwin et al., 1989). The brains were rapidly
removed, and the frontal cerebral cortex, the caudate-putamen complex,
and the ventral mesencephalon were dissected out on ice. Tissue samples
were sonicated in 5 vol of 5% trichloroacetic acid containing 5 ug/ml
4-phenylpyridine (Sigma) as internal standard. The homogenates were

centrifuged at 15,000 x g for 10 min at 4°C, and the concentrations of
MPTP, 1-methyl-4-phenyl-2, 3-dihydropyridinium (MPDP*), and MPP+
in the resulting supernatants were quantified by HPLC with UV detec-
tion, according to the method described by Shinkaet al. (1987). A cation-
exchange column (Altex Ultrasil-CX, 4.6 mm x 25 cm, 10 pm particle
size) was used with a mobile phase consisting of 0.1 M acctic acid and
0.075 M tricthylamine-HCI (pH 2.35, adjusted with formic acid) and
acetonitrile (90:10, v/v). The compounds were monitored at the follow-
ing wavelengths: MPTP, 245 nm; MPDP*, 345 nm; MPP*, 295 nm.
The flow rate was set at 1.5 ml/min. Quantification was made by com-
parison of peak height ratios in the samples with those of the standards
and corrections were made for recovery. The lower limits of detection
for column injection of standards (MPP*, MPDP*, and MPTP) were
found to be 3 ng. Retention times were as follows: MPTP, 2.6 min;
MPDP+, 6.8 min; MPP*, 6.8 min.

Protein concentration. For all the assays, protein concentration was
determined by the method of Lowry et al. (1951) using BSA as standard.

Statistics. All assays were carried out in duplicates. Differences be-
tween the SOD-transgenic mice and their nontransgenic littermates were
analyzed by a two-tailed Student’s { test. Differences between the MPTP-
injected and saline-injected SOD-transgenic mice and their nontrans-
genic littermates were analyzed by an one-way analysis of variance
(ANOVA), while a two-way ANOVA was used to test differences in
regional elimination of MPP+ between the two groups of mice; all AN-
OVAs were followed by a Scheffé post hoc test. In all cases, the null
hypothesis was rejected at the level 0.05. All values are expressed as
means + SEM.

Results

SOD enzymatic activity in the transgenic and nontransgenic
animals

The presence of human Cu/Zn-SOD enzymatic activity was
found in all the regions of the brain examined resulting from
the expression of human Cu/Zn-SOD transgene in mice (Fig.
1). In nontransgenic mice, only mouse Cu/Zn-SOD activity was
expressed (Fig. 1). In contrast, in SOD-transgenic mice HS/SF-



218, mouse homodimer as well as human Cu/Zn-SOD homo-
dimer and human/mouse heterodimer Cuw/Zn-SOD enzymatic
activities were detected (Fig. 1). Gel computerized analysis
showed substantially higher expression of human homodimer
and human/mouse heterodimer in SOD-transgenic HS/SF-218
mice compared to mouse homodimer in nontransgenic litter-
mates (Fig. 1). This finding is in good correlation with the high
amount of specific human Cu/Zn-SOD mRNA found in SOD-
transgenic HS/SF-218 mice (Epstein et al., 1987). In addition,
we found that Cu/Zn-SOD activity in the caudate-putamen of
SOD-transgenic HS/SF-218 mice (14.26 + 0.32 U/mg protein)
was 3.21 times higher than in their nontransgenic littermates
(4.33 £ 0.32 U/mg protein); the values are in good agreement
with the ones we previously measured in other brain regions of
these transgenic and nontransgenic mice (Przedborski et al.,
1991). Taken together, these data indicate that the increased
Cu/Zn-SOD activity measured in SOD-transgenic mice is re-
lated to the overexpression of the human Cu/Zn-SOD transgene.

Effects of MPTP on striatal levels of DA and metabolites

Five days after the last injections of MPTP, we observed marked
decreases in striatal DA levels in nontransgenic mice (4.73 =
1.28 ng/mg tissue) in comparison to saline-injected controls
(12.45 * 1.32 ng/mg tissue) (Fig. 24). The striatal content of
the two major A metabolites, DOPAC (MPTP, 0.58 + 0.11,
vs. saline, 1.26 = 0,10 ng/mg tissue) (Fig. 28) and HVA (MPTP,
0.57 = 0.10, vs. saline, 1.10 + 0.08 ng/mg tissue) (Fig. 2C)
were also decreased. In contrast, in SOD-transgenic mice, MPTP
administration did not cause any significant changes in striatal
DA (MPTP, 11.64 + 1.31, vs. saline, 12.98 £+ 1.16 ng/mg
tissue), DOPAC (MPTP, 1.04 + 0.10, vs. saline, 1.15 £ 0.09
ng/mg tissue), or HVA (MPTP, 0.99 + 0.09, vs. saline, 1.09 +
0.12 ng/mg tissue) levels (Fig. 24-C). MPTP did not cause any
significant changes in striatal 5-HT levels in any of the animals
studied (data not shown).

Three weeks after the last injections, striatal levels of DA,
DOPAC, and HVA were still markedly reduced in nontrans-
genic mice treated with MPTP (DA, 5.81 + 1.35 ng/mg tissue;
DOPAC, 0.67 + 0.14 ng/mg tissue; HVA, 0.76 + 0.12 ng/mg
tissue) compared to the saline-treated animals (DA, 11.94 +
1.18 ng/mg tissue; DOPAC, 1.11 £ 0.10 ng/mg tissue; HVA,
1.19 + 0.09 ng/mg tissue). Results 3 weeks after the last injec-
tions of MPTP were similar to those observed 5 d after the last
injections in that no significant reductions in DA or in its me-
tabolites were found in SOD-transgenic mice (DA, 11.23 + 1.10
ng/mg tissue; DOPAC, 1.03 + 0.15 ng/mg tissue; HVA, 1.21
+ 0.12 ng/mg tissue) in comparison to the saline-injected con-
trols (DA, 11.75 = 1.21 ng/mg tissue; DOPAC, 1.17 = 0.12
ng/mg tissue; HVA, 1.23 + 0.10 ng/mg tissue).

Effects of MPTP on striatal and nigral *H-DA uptake

Five days after the last injections of MPTP, we observed marked
decreases in striatal uptake of H-DA in nontransgenic mice
(0.023 + 0.003 nmol/gm tissue per min) in comparison to sa-
line-injected controls (0.054 = 0.004 nmol/gm tissue per min)
(Fig. 34). A significant reduction in the uptake of *H-DA was
also found in the substantia nigra (pars compacta plus reticulata)
of MPTP-injected nontransgenic mice (0.022 + 0.001 nmol/
gm tissue/min) in comparison to saline-injected controls (0.030
+ 0.002 nmol/gm tissue/min) (Fig. 3B). In contrast, in SOD-
transgenic mice, MPTP did not induce any significant changes
in *H-DA uptake in either the striatum (MPTP, 0.046 + 0.004,
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Figure 2. The effects of MPTP on the content of DA (4), DOPAC (B),
and HVA (C) in the striatum of SOD-transgenic mice and their non-
transgenic littermates S d after the last injections. MPTP causes signif-
icant decreases in DA, DOPAC, and HVA in nontransgenic mice. It
does not affect significantly these levels in SOD-transgenic mice. Values
represent means + SEM of five animals per group. Differences between
MPTP-treated nontransgenic mice and all other groups: **, p < 0.01;
*** p < 0.001 (Scheffé post hoc test).

vs. saline, 0.052 = 0.004 nmol/gm tissue/min) (Fig. 34) or the
substantia nigra (MPTP, 0.028 =+ 0.002, vs. saline, 0.031 +
0.002 nmol/gm tissue/min) (Fig. 3B).

Brain levels of MPTP

In order to evaluate whether entry of MPTP into the brain was
abnormal in SOD-transgenic mice, brain MPTP levels were
measured 10 min after a single intraperitoneal injection of this
compound. These experiments showed that the brain levels of
MPTP were not significantly different in SOD-transgenic mice
(3.05 £ 0.66 ug/gm tissue; n = 3) in comparison to their non-
transgenic littermates (3.19 £ 0.43 ug/gm tissue; n = 3).
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Figure 3. The effects of MPTP on the uptake of >H-DA in the striatum
and the substantia nigra (pars compacta and reticulata) of SOD-trans-
genic mice and their nontransgenic littermates 5 d after the last injec-
tions. MPTP causes significant decreases in *H-DA uptake in the stria-
tum (4) and the substantia nigra (pars compacta and reticulata) (B) of
nontransgenic mice but does not affect significantly this uptake in SOD-
transgenic mice. Values represent means + SEM of five animals per
group. Differences between MPTP-treated nontransgenic mice and all
other groups: **, p < 0.01; ***, p < 0.001 (Scheff¢ post hoc test).

Brain formation of MPP+ and MAO-B activity

In order to determine if there were differences in the biotrans-
formation of MPTP to MPP+ in brain between the SOD-trans-
genic mice and their nontransgenic littermates, we compared
the levels of MPP+ formed after intraperitoneal injection of
MPTP. No significant differences were observed in the levels of
MPP+ produced in the brains of SOD-transgenic mice (2.65 +
0.54 ug/em tissue; n = 3) in comparison to their noniransgenic
littermates (2.52 + 0.32 ug/gm tissue; n = 3) using the same
experimental protocol and time point described above for MPTP
levels determination.

We also measured MAO-B activity in the brains of these two
groups of animals. Again, the enzymatic assay showed no sig-
nificant differences in striatal MAO-B activity between the two
groups of mice (Fig. 4). Analysis of the data of the oxidation of
8-phenylethylamine showed ¥, values of 0.69 =+ 0.13 nmol/
mg protein/min and K,, values of 5.78 + 0.15 um in SOD-
transgenic mice. In nontransgenic mice, the values were 0.62 +
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Figure 4. Striatal MAO-B activity in SOD-transgenic mice and their
nontransgenic littermates. Lineweaver-Burk plot shows no significant
differences in oxidation of 8-phenylethylamine by striatal mitochondrial
MAO-B enzyme preparation between SOD-transgenic mice and their
nontransgenic littermates (¥, SOD-transgenic, 0.69 = 0.13, vs. non-
transgenic, 0.62 + 0.09 nmol/mg protein/min; K,,: SOD-transgenic,
5.78 = 0.15, vs. nontransgenic, 5.57 + 0.34 um). Values represent the
means + SEM of three mice per group and were tested for difference
by two-tailed Student’s ¢ test.

0.09 nmol/mg protein/min and 5.57 + 0.34 um for V,,, and
K, respectively.

Uptake of MPP~+ by brain synaptosomes

We have previously shown similar binding characteristics (i.e.,
B._.. and K) and distribution of *H-mazindol-labeled DA up-
take sites in the brains of SOD-transgenic mice and their non-
transgenic littermates (Cadet et al., 1990). Since impaired uptake
of 5-HT in platelets of SOD-transgenic mice has been reported
(Schickler et al., 1989), we tested the possibility that the uptake
of MPP* might be abnormal even in the absence of any alter-
ation in brain *H-mazindol binding (Cadet et al., 1990) or *H-
DA uptake (present study). This experiment showed that *H-
MPP+ accumulation in striatal synaptosomes of SOD-transgenic
mice and their nontransgenic littermates was saturable without
any significant differences in uptake characteristics (V,,,: SOD-
transgenic, 0.72 + 0.20, vs. nontransgenic, 0.65 = 0.24 nmol/
gm tissue/min; K,: SOD-transgenic, 220.0 + 42.0, vs. non-
transgenic, 210.0 £ 40.0 nm) between the two groups (Fig. 54).

In addition, the regional study of [*H]-MPP+ uptake showed
no significant differences in the amount of MPP* accumulated
in SOD-transgenic compared to nontransgenic mice (Fig. 5B).
Maximal MPP+ uptake values were observed in the caudate—
putamen complex (Fig. 5B). In contrast, substantia nigra (reticu-
lata plus compacta) accumulated 1.7 times less MPP+ than cau-
date-putamen (Fig. 5B). Other brain regions examined accu-
mulated between 4 and 11 times less MPP+ compared to the
caudate-putamen (Fig. 5B). In a parallel experiment, we mea-
sured the uptake of *SH-DA and found good correlations between
the amount of DA and MPP~+ taken up after 8 min by the
different brain regions examined (data not shown). However,
no specific uptake of 3 H-DA was measured in the cerebellum,
contrasting with its rather high uptake of *H-MPP+ (see Fig.
5B). This latter observation is consistent with the recent study
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Figure 5. Striatal uptake of MPP* in SOD-transgenic mice and their
nontransgenic littermates. 4, Saturation studies did not show any sig-
nificant differences in *H-MPP+ uptake by striatal synaptosomes be-
tween SOD-transgenic mice and their nontransgenic littermates (V...
SOD-transgenic, 0.72 + 0.20, vs. nontransgenic, 0.65 = 0.24 nmol/gm
tissue/min; X,,: SOD-transgenic, 220 + 42, vs. nontransgenic, 210 +
40 nm). B, Brain regional studies of *H-MPP+ uptake did not reveal any
significant differences between the two groups of mice. Maximal values
were found in the caudate-putamen (CPu), followed by the substantia
nigra (SN) (reticulata plus compacta) and the cerebellum (Cer); the
lowest values were measured in the frontal cerebral cortex (FCx) and
the hippocampus (Hip). Values represent the means + SEM of three or
four mice per group and were tested for differences by two-tailed Stu-
dent’s ¢ test or ANOVA followed by a Sheffé post hoc test.

of Marini et al. (1989), who provided evidence that cerebellar
uptake of MPP+ occurs mainly through glutamate uptake sites.

Inhibition of the mitochondrial resniratorv chain by MPP*
We tested the possibility that the activities of the different com-

plexes of the mitochondrial electron transport chain might be
different between SOD-transgenic mice and their nontransgenic
littermates. We found no such differences (Table 1). We also
tested the possibility that MPP* would be less effective in in-
hibiting complex I activity of SOD-transgenic mice. These ex-
periments did not reveal any significant differences in the mag-
nitude of complex I inhibition caused by different concentrations
(1 uM to 10 mm) of MPP~ used in mitochondrial preparations
obtained from SOD-transgenic mice and their nontransgenic
littermates (Fig. 6).
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Figure 6. MPP* inhibition of complex I activity NADH-Q reductase)
in SOD-transgenic (SOD-Tg) mice and their nontransgenic (Non-Tg)
littermates. No significant differences in the magnitudes of inhibition
are observed between the two groups of mice for the different concen-
trations of MPP* used. Values represent the means + SEM of three
mice per group and are expressed as percentage of control (complex I
activity in absence of MPP+; see Table 1 for actual values). Values were
tested for differences by two-tailed Student’s 7 test.

Brain elimination of MPP+

It has been proposed that the rate of elimination of MPP+ from
the brain might account for the degree of susceptibility to MPTP-
induced toxicity among species (Markey et al., 1984; Irwin et
al., 1989). Thus, we quantified regional brain MPP* concentra-
tions at different time points in SOD-transgenic mice and their
nontransgenic littermates.

For all the time points examined, MPTP and MPDP* levels
were below detectable limits; this is in accordance with previous
observations (Giovanni et al., 1991). In contrast, MPP+ levels
were easily detected in all brain regions studied in both SOD-
transgenic mice and their nontransgenic littermates. Over the
10 hr experiment, there were no significant differences in MPP+
content between SOD-transgenic mice and their nontransgenic
littermates in either the caudate-putamen, the ventral mesen-
cephalon, or the frontal cerebral cortex (Table 2). In addition,
regression analyses revealed that the data from these studies fit

Table 1. Enzymatic activities of the mitochondrial electron chain
transport in SOD-transgenic mice and their nontransgenic littermates

Non- SOD-
transgenic transgenic
Citrate synthase 1.20 £ 0.24 149 +0.22
Succinate dehydrogenase 0.11+£001 0.11+001
NADH-Q reductase
(complex I) 0.42 £ 0.06 0.43 +0.06
NADH-cytochrome C reductase
(complex I-III) 1.23 £0.09 1.13 £0.12
Succinate-cytochrome C reductase
(complex II-11I) 0.39 £ 0.02 0.37 £ 0.03
Cytochrome C oxidase
(complex 1V) 3.18 £ 0.13 3.20 £0.31

Values are nmol/mg protein/min and represent the means + SEM of three mice
per group. Data were tested for differences by two-tailed Student’s ¢ test.



1664 Przedborski et al. « Resistance to MPTP in SOD-Transgenic Mice

8.0
'§ O CPuy, Non-transgenic
8 60 ® CPu, SOD-transgenic
- O VM, Non-transgenic
g B VM, SOD-transgenic
) . A FCx, Non-transgenic
= 497 A FCx, SOD-transgenic
®
>
®°
* 2.0 1]
o
o
=

0.0 +——v-r———

0 2 4 6 8 10 12

Time (hour)

Figure 7. Kinetics of MPP+ elimination of caudate-putamen (CPu),
ventral mesencephalon (VM), and frontal cortex (FCx) of SOD-trans-
genic mice and their nontransgenic littermates. No significant differences
were found between the two groups of animals for any of the brain
regions examined. However, caudate—putamen has significantly lower
(r < 0.001) half-life than ventral mesencephalon and frontal cortex.

an exponential function in all three brain regions (Fig, 7). MPP*
half-life values obtained from the caudate-putamen (SOD-trans-
genic, 2.60 = 0.04 hr; nontransgenic, 2.30 + 0.06 hr) were
significantly lower than those obtained from ventral mesen-
cephalon (SOD-transgenic, 3.10 £ 0.12 hr; nontransgenic, 3.00
#+ 0.09 hr) and frontal cortex (SOD-transgenic, 3.00 + 0.09 hr,
nontransgenic, 2.90 + 0.07 hr).

Discussion

Qur results indicate that the dopaminergic nigrostriatal pathway
of SOD-transgenic mice, with 3.21 times higher striatal Cu/Zn-
SOD activity, is resistant to MPTP-induced toxicity. In contrast,
their nontransgenic littermates, which have Cu/Zn-SOD activity
within the normal range (Epstein et al., 1987), show biochemical
and morphological indices consistent with injury to the dopa-
minergic system after similar MPTP administration. The pos-
sible role of O, radicals in MPTP-induced toxicity and the
manner by which increased SOD activity might have attenuated
the effects of this toxin are here discussed.

After systemic administration, MPTP rapidly enters the CNS
(Markey et al., 1984; Langston et al., 1984b), where it is con-
verted to MPP+ by the enzyme MAO-B (Heikkila et al., 1984b;
Markey et al., 1984). MPP+ is thought to be the active neuro-

toxin since MAO-B inhibitors prevent MPTP-induced toxicity
in the brain (Heikkila et al., 1984b). Subsequent to MPP* pro-
duction in the brain, it accumulates in dopaminergic neurons
through the specific reuptake mechanism for DA (Javitch et al.,
1985b). The specificity of MPP+ for the DA uptake sites was
demonstrated by the finding that DA uptake blockers provide
protection against MPTP-induced toxicity (Javitch et al., 1985b).
Once inside the dopaminergic neurons, MPP+ is concentrated
within mitochondria (Ramsey and Singer, 1986), where it in-
hibits complex I of the electron transport chain (Vays et al.,
1986; Mizuno et al., 1987; Nicklas et al., 1987). Alteration at
any of these steps significantly attenuates MPTP-induced tox-
icity (see Kopin, 1987, for review). Increased SOD activity in
transfected cells causes significant changes in the characteristics
of the cell membrane as a consequence of increased lipid per-
oxidation (Elroy-Stein et al., 1986). Because MPTP is a very
lipophilic compound, changes in the properties of the cell mem-
brane of transgenic mice could have led to disturbances in its
entry into the CNS (Langston et al., 1984b; Markey et al., 1984)
or into astrocytes and serotonergic neurons (Levitt et al., 1982;
Westlund et al., 1985) on which it depends for its metabolism
(Kopin, 1987). There were, however, no differences in the brain
levels of MPTP or MPP+ after intraperitoneal administration
of MPTP to SOD-transgenic mice and their nontransgenic lit-
termates. There were also no changes in striatal MAO-B activity
or impaired MPP* uptake into brain synaptosomes between the
two groups of animals. As mentioned above, inhibition of
MAO-B and blocking of MPP+ uptake provide protection against
MPTP-induced neurotoxicity (Heikkila et al., 1984b; Javitch et
al., 1985a). Moreover, complex I of the electron transport chain
of both SOD-transgenic mice and their nontransgenic litter-
mates exhibited the same sensitivity to inhibition by MPP+,
Finally, we found no evidence for a different rate of brain elim-
ination of MPP* between SOD-transgenic mice and nontrans-
genic littermates. Therefore, when taken together, these exper-
iments, which assessed the different steps in the neurotoxic
pathway of MPTP, indicate that SOD-transgenic mice metab-
olize MPTP in the same fashion as their littermates. The binding
of MPP+ to neuromelanin (ID’Amato et al., 1986) has been re-
lated to the vulnerability of primate nigrostriatal neurons to
MPTP (Burns et al., 1983). Thus, a lower amount of neuro-
melanin in SOD-transgenic mice nigrostriatal neurons might be
relevant to their resistance to MPTP. However, to the best of
our knowledge, neuromelanin has never been described in mouse
nigrostriatal neurons (Marsden, 1983), even under electron mi-
croscopy (Reinhard and Gerhard, 1983). Thus, it is unlikely
that the neuromelanin hypothesis might account for the differ-

Table 2. Brain levels of MPP* in SOD-transgenic mice and their nontransgenic littermates

Time Nontransgenic SOD-transgenic

(hr) CPu VM FCx CPu VM FCx
2 4.65 £ 0.04 2.52 +0.05 1.94 + 0.02 4,30 £ 0.11 2.63 = 0.09 1.78 = 0.02
4 1.86 + 0.09 1.24 £ 0.02 0.73 + 0.04 2.05 £ 0.05 1.15 £ 0.03 0.86 £ 0.08
8 1.05+0.06 0.72+0.03 0.50 +£0.01 1.02 £0.02 079 £0.02 0.52 +0.02
10 0.66 £ 0.05 0.57 £0.02 0.37 £ 0.02 0.68 +0.05 0.57 £0.02 0.37 = 0.02

CPu, caudate-putamen complex; VM, ventral mesencephalon; FCx, frontal cerebral cortex. Values are ng/mg tissue and
represent means = SEM of four mice per group at each time point. Data were tested for differences by two-way ANOVA
followed by Scheffé post hoc test. There were no significant differences between SOD-transgenic and nontransgenic
animals in any of the three brain regions examined at all time points. In contrast, concentrations of MPP+ were significantly
different between the three brain regions (p < 0.01, ANOVA) at every time point in both groups of mice.



ence in MPTP sensitivity found between SOD-transgenic and
nontransgenic mice.

In relation to the mechanism of MPTP-induced toxicity, we
have thus far found only one significant difference between the
two groups of mice, namely, the level of Cu/Zn-SOD. Therefore,
the most parsimonious explanation is to assume that the high
Cuw/Zn-SOD activity measured in the SOD-transgenic mice is,
most likely, the factor involved in the resistance of these animals
to MPTP-induced neurotoxicity. This interpretation is consis-
tent with the recent demonstration that mouse clonal cell lines
that were transfected with the human Cu/Zn-SOD gene and that
expressed 3.6 times higher Cu/Zn-SOD activity were resistant
to the toxic effects of paraquat (Elroy-Stein et al., 1986). The
herbicide paraquat increases the production of O, radicals by
a process involving redox cycling (Hassan and Fridovich, 1979).
Structural similarity between MPP* and paraquat had earlier
raised the possibility that MPTP-induced toxicity might be due
to a similar process (Di Monte et al., 1986b, and reviewed in
Langston and Irwin, 1986). In addition, like paraquat, when
administered systematically, MPP* causes severe toxic damage
in the lung and increases plasma levels of glutathione disulfide,
an indication of oxidative stress (Johannessen et al., 1986).
However, neither MPTP nor MPP+ undergoes redox cycling
(Sayre et al., 1986). On the other hand, because MPP+ impairs
mitochondrial respiration by inhibiting complex I of the electron
transport chain (Vays et al., 1986; Mizuno et al., 1987; Nicklas
etal., 1987), it was concluded that MPP* must induce nigrostria-
tal cell death by depleting the cellular levels of ATP through its
inhibition of complex 1. This suggestion is supported by the
observations that MPP+ does produce rapid ATP depletion in
isolated hepatocytes (Di Monte et al., 1986a; Sayre et al., 1986)
and in mouse brain synaptosomes (Schotcher et al., 1990). These
findings do not, however, indicate that the depletion of ATP is
the final pathway or the sole manner via which MPP~ kills cells.
Indeed, inhibition of complex I by MPP+ has also been shown
to be associated with the production of O, radicals in vitro
(Hasegawa et al., 1990). In addition, rotenone, a potent inhibitor
of the mitochondrial respiration that blocks complex T at the
same site as MPP* does (Ramsey et al., 1987), also increases
the production of O, radicals (Takeshige and Minakami, 1979)
and causes similar striatal DA depletion to MPP* when in-
jected stereotaxically into the median forebrain bundle in rat
(Heikkila et al., 1985). Thus, O, radicals generated in this fash-
ion can be cytotoxic by themselves and/or participate with hy-
drogen peroxide (H,O,) in the iron-catalyzed Haber—Weiss re-
action to yield the highly reactive hydroxyl radical (-OH), which
is known to cause lipid peroxidation, enzyme denaturation,
damage to cell membrane, and subsequent cell death (Freeman
and Crapo, 1982). Therefore, the lack of significant MPTP-
induced neurotoxicity observed in SOD-transgenic mice sug-
gests that the high level of SOD present in these animals may
have dismutated any excess of O, radicals generated in the
nigrostriatal dopaminergic pathway as a consequence of MPTP
administration. However, as for the correlation between human
Cu/Zn-SOD overexpression in transfected mouse cells and their
resistance to paraquat (Elroy-Stein et al., 1986), it should be
emphasized that although SOD-transgenic mice HS/SF-218 were
protected against a total dose of 90 mg/kg MPTP, higher MPTP
dosages could exceed, in all likelihood, the protection provided
by a 3.21-fold increase in Cu/Zn-SOD activity, resulting in a
certain degree of toxicity in the dopaminergic pathway of these
animals.
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The present findings with MPTP may possibly be of relevance
to the understanding of the pathogenesis of Parkinson disease.
For instance, abnormalities in mitochondrial complex I in the
substantia nigra of Parkinsonian patients have been recently
identified (Mizuno et al., 1989; Schapira et al., 1990). Other
observers have reported changes in lipid peroxidation (Dexter
et al., 1989) and iron content (Dexter et al., 1987) and abnor-
malities in free radical scavenging systems (Ambani et al., 1975;
Kish et al., 1986; Marttila et al., 1988; Saggu et al., 1989) in
these patients. Although the primary or secondary nature of
these changes is not clear, it is possible to draw some mechanistic
comparisons between Parkinson’s disease and the MPTP model.
For example, if abnormalities of nigral complex I are primary,
these changes could lead to an excess production of oxygen-
based radicals and associated nigral cell death. Alternatively, if
the production of endogenous oxygen radicals is primary, then
these substances could also affect the mitochondrial genomes
(Richteretal., 1988; Bandy and Davison, 1990) with subsequent
production of deletionlike abnormalities in subpopulations of
nigral mitochondria. This idea is consistent with recent dem-
onstrations of gene deletion in the basal ganglia of some Par-
kinsonian patients (Tkebe et al., 1990). It is of interest that
common deletions found in some neurodegenerative diseases
often encompass sequences that code for various subunits of
mitochondrial complex I (Schon et al., 1989; Nakase et al.,
1990). In any case, these two scenarios would result in a dele-
terious cascade of events against which the brain scavenging
system and the mitochondrial poor genetic repair mechanisms
(Richter et al., 1988; Bandy and Davison, 1990) cannot protect.

References

Ambani LM, Van Woert MH, Murphy S (1975) Brain peroxidase and
catalase in Parkinson’s disease. Arch Neurol 32:114-118.

Bandy B, Davison AJ (1990) Mitochondrial mutations may increase
oxidative stress: implications for carcinogenesis and aging? Free Rad-
ical Biol Med 8:523-539.

Birch-Machin MA, Shepherd MI, Watmough NJ, Sherratt HS, Barlett
K, Darley-Usmar VM, Milligan DW, Welch RJ, Aynsley-Green A,
Turnbull DM (1989) Fatal lactic acidosis in infancy with a defect
of complex 111 of the respiratory chain. Pediatr Res 25:553-559.

Burns RS, Chiueh CC, Markey SP, Ebert MH, Jacobowitz DM, Kopin
IJ (1983) A primate model of Parkinsonism: selective destruction
of dopaminergic neurons in the pars compacta of substantia nigra by
N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine. Proc Natl Acad Sci
USA 80:4546-4550.

Cadet JL, Przedborski S, Kostic V, Jackson-Lewis V, Carslon E, Epstein
CJ (1990) Quantitative autoradiographic distribution of
[*H]mazindol-labeled dopamine uptake sites in the brains of super-
oxide dismutase transgenic mice. Brain Res Bull 25:187-192,

Clark JB, Nicklas W] (1970) The metabolism of rat brain mitochon-
dria. Preparation and characterization. J Biol Chem 245:4724-4731.

Cohen G (1984) Oxy-radical toxicity in catecholamine neurons. Neu-
rotoxicology 5:77-82.

Corsini GU, Zuddas A, Bonoccelli U, Schinelli S, Kopin IJ (1985)
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) neurotoxicity
in mice is enhanced by pretreatment with diethyldithiocarbamate.
Eur J Pharmacol 119:127-128.

D’Amato RJ, Lipman ZP, Snyder SH (1986) Selectivity of the Par-
kinsonian neurotoxin MPTP: toxic metabolite MPP+ binds to neu-
romelanin. Science 231:987-989.

Davis GC, Williams AC, Markey SP, Ebert MH, Caine ED, Reichert
CM, Kopin IJ (1979) Chronic Parkinsonism secondary to intra-
venous injection of meperidine analogs. Psychiatry Res 1:249-254,

Dexter DT, Wells FR, Agid F, Agid Y, Lees A, Jenner P, Marsden CD
(1987) Increase nigral iron content in post-mortem Parkinsonian
brain. Lancet ii:219-220.

Dexter DT, Carter CJ, Wells FR, Javoy-Agid F, Agid Y, Lees A, Jenner



1666 Przedborski et al. « Resistance to MPTP in SOD-Transgenic Mice

P, Marsden CD (1989) Basal lipid peroxidation in substantia nigra
is increased in Parkinson’s disease. ] Neurochem 52:381-389.

Di Monte D, Jewell SA, Ekstrom G, Sandy MS, Smith MT (1986a)
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 1-meth-
yl-4-phenylpyridinium (MPP*) cause rapid ATP depletion in isolated
hepatocytes. Biochem Biophys Res Commun 137:310-315.

Di Monte D, Sandy MS, Ekstrom G, Smith MT (1986b) Comparative
studies on the mechanisms of paraquat and 1-methyl-4-phenylpyri-
dine (MPP+) cytotoxicity. Biochem Biophys Res Commun 137:303-
309.

Elroy-Stein O, Bernstein E, Groner Y (1986) Overproduction of hu-
man Cu/Zn-superoxide dismutase in transfected cells: extenuation of
paraquat-mediated cytotoxicity and enhancement of lipid peroxida-
tion. EMBO J 5:615-622.

Epstein CJ, Avraham KB, Lovett M, Smith S, Elroy-Stein O, Rotman
G, Bry C, Groner Y (1987) Transgenic mice with increased Cu/Zn-
superoxide dismutase activity: animal model of dosage effects in Down
syndrome. Proc Natl Acad Sci USA 84:8044-8048.

Fowler JC, Ekstedt B, Egashira T, Kinemuchi H, Oreland L (1979)
The interaction between human platelet monoamine oxidase, its
monoamine substrates and oxygen. Biochem Pharmacol 28:3063—
3068.

Freeman BA, Crapo JD (1982) Biology of disease. Free radicals and
tissue injury. Lab Invest 47:412-426.

Fridovich I (1986) Superoxide dismutases. In: Advances in enzy-
mology, Vol 58 (Meister A, ed), pp 61-97. New York: Wiley.

Giovanni A, Sieber B-A, Heikkila RE, Sonsalla PK (1991) Correlation
between the neostriatal content of the 1-methyl-4-phenylpyridinium
species and dopaminergic neurotoxicity following 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine administration to several strains of mice.
J Pharmacol Exp Ther 257:691-697.

Hasegawa E, Takeshige K, Oishi T, Murai Y, Minakami S (1990)
1-Methyl-4-phenylpyridinium (MPP*) induces NADH-dependent
superoxide formation and enhances NADH-dependent lipid perox-
idation in bovine heart submitochondrial particles. Biochem Biophys
Res Commun 170:1049-1055.

Hassan M, Fridovich I (1979) Intracellular production of superoxide
radicals and of hydrogen peroxide by redox active compounds. Arch
Biochem Biophys 196:385-395.

Hatefi Y, Rieske JC (1967) Preparaton and properties of DPNH-
coenzyme Q (complex I of the respiratory chain). Methods Enzymol
10:235-239.

Heikkila RE, Hess A, Duvoisin RC (1984a) Dopaminergic neurotox-
icity of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in mice. Sci-
ence 224:1451-1453.

Heikkila RE, Manzino L, Cabbat FS, Duvoisin RC (1984b) Protection
against the dopaminergic neurotoxicity of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine by monoamine oxidase inhibitors. Nature 311:
467-469.

Heikkila RE, Nicklas WJ, Vays I, Duvoisin RC (1985) Dopaminergic
toxicity of rotenone and the MPTP ion after their stereotaxic admin-
istration to rats: implication for the mechanism of MPTP toxicity.
Neurosci Lett 62:389-394.

Ikebe S, Tanaka M, Ohno K, Sato W, Hattori K, Kondo K, Mizuno Y,
Ozana T (1990) Increase of deletion mitochondrial DNA in the
striatum in Parkinson’s disease and senescence. Biochem Biophys
Res Commun 170:1044-1048.

Irwin I, DeLanney LE, Di Monte D, Langston JW (1989) The biodis-
position of MPP* in mouse brain. Neurosci Lett 101:83-88.

Jackson-Lewis V, Przedborski S, Kostic V, Suber F, Fahn S, Cadet JL
(1991) Partial attenuation of chronic fluphenazine-induced changes
in regional monoamine metabolism by p-alpha-tocopherol in rat brain.
Brain Res Bull 26:251-258.

Javitch JA, D’Amato RJ, Strittmatter SM, Snyder SH (1985a) Par-
kinsonism-inducing neurotoxin, N-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine: uptake of the metabolite N-methyl-4-phenylpyridinium
by dopamine neurons explain selective toxicity. Proc Natl Acad Sci
USA 82:2173-2177.

Javitch JA, Strittmatter SM, Snyder SH (1985b) Differential visual-
ization of dopamine and norepinephrine uptake sites in rat brain using
[*H]mazindol autoradiography. J Neurosci 5:1513-1521.

Johanncsscn JN, Adams JD, Schuller HM, Bacon JP, Markey SP (1986)
1-Methyl-4-phenylpyridine (MPP+) induces oxidative stress in the
rodent. Life Sci 38:743-749.

King TE (1967a) Preparation of succinate-cytochrome c reductase and

the cytochrome b-c, particle, and reconstitution of succinate-cyto-
chrome c¢ reductase. Methods Enzymol 10:216-225.

King TE (1967b) Preparations of succinate dehydrogenase and recon-
stitution of succinate oxidase. Methods Enzymol 10:322-331,

Kish SJ, Morito CL, Hornykiewicz O (1986) Brain glutathione per-
oxidase in neurodegenerative disorders. Neurochem Pathol 4:23-28.

Kopin IJ (1987) MPTP: an industrial chemical and contaminant of
illicit narcotics stimulates a new era in research on Parkinson’s dis-
ease. Environ Health Perspect 75:45-51.

Kopin IJ, Markey SP (1988) MPTP toxicity: implication for research
in Parkinson’s disease. Annu Rev Neurosci 11:81-96.

Langston JW, Irwin I (1986) MPTP: current concepts and controver-
sies. Clin Neuropharmacol 9:485-507.

Langston JW, Ballard P, Irwin I (1983) Chronic Parkinsonism in
humans due to a product of meperidine-analog synthesis. Science
219:979-980.

Langston JW, Forno LS, Rebert CS, Irwin I (1984a) Selective nigral
toxicity after systemic administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) in squirrel monkey. Brain Res 292:390-
394,

Langston JW, Irwin I, Langston EB, Forno LS (1984b) 1-Methyl-4-
phenylpyridinium (MPP+): identification of a metabolite of MPTP,
a toxin selective to the substantia nigra. Neurosci Lett 48:87-92.

Levitt P, Pintar JE, Breakefield XO (1982) Immunocytochemical dem-
onstration of monoamine oxidase B in brain astrocytes and seroto-
nergic neurons. Proc Natl Acad Sci USA 79:6385-6389.

Lowry OH, Rosenbrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the folin phenol reagent. J Biol Chem 193:265~
275.

Marini AM, Schwartz JP, Kopin IJ (1989) The neurotoxicity of
1-methyi-4-phenylpyridinium in cultured cerebellar granule cells. J
Neurosci 9:3665-3672.

Markey SP, Johannessen JN, Chiueh CC, Burns RS, Herkenham MA
(1984) Intraneuronal generation of a pyridinium metabolite may
cause drug-induced Parkinsonism. Nature 311:464-467.

Marsden, CD (1983) Neuromelanin and Parkinson’s disease. J Neur
Transm [Suppl] 19:121-141.

Marttila RJ, Kaprio J, Koskenvuo M, Rinne UK (1988) Parkinson’s
disease in a nationwide twin cohort. Neurology 38:1217-1219.

Mayer RA, Walters AS, Heikkila RE (1986) 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) administration to C57-black mice leads
to parallel decrement in nigrostriatal dopamine content and tyrosine
hydroxylase activity. Eur J Pharmacol 120:375-377.

Mizuno Y, Sone N, Saitoh T (1987) Effects of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine and 1-methyl-4-phenylpyridinium ion on
activities of the enzymes in the electron transport system in mouse
brain. J Neurochem 48:1787-1793.

Mizuno Y, Ohta S, Tanaka M, Takamiya S, Suzuki K, Sato T, Oya H,
Ozana T, Kagawa Y (1989) Deficiencies in complex I subunits of
the respiratory chain in Parkinson’s disease. Biochem Biophys Res
Commun 163:1450-1455.

Nakase H, Moraes CT, Rizzuto R, Lombes A, DiMauro S, Schon E
(1990) Transcription and translation of deleted mitochondrial ge-
nomes in Kearns-Sayre syndrome: implication for pathogenesis. Am
J Hum Genet 46:418-427.

Nicklas WJ, Yougster SK, Kindt MV, Heikkila RE (1987) MPTP,
MPP+ and mitochondrial function. Life Sci 40:721-729.

Poirier J, Barbeau A (1985) A catalyst function for MPTP in super-
oxide formation. Biochem Biophys Res Commun 131:4573-4574.
Przedborski S, Kostic V, Jackson-Lewis V, Carslon E, Epstein CJ, Cadet
JL (1991) Quantitative autoradiographic distribution of [*'H}-MPTP
binding in the brains of superoxide dismutase transgenic mice. Brain

Res Bull 26:987-991.

Ramsey RR, Singer T (1986) Energy-dependent uptake of N-methyl-
4-phenylpyridinium, the neurotoxic metabolite of 1-methyl-4-phen-
yl-1,2,3,6-tetrahydropyridine, by mitochondria. J Biol Chem 261:
7585-7587.

Ramsey RR, Kowa AT, Johnson MK, Salach J1, Singer TP (1987) The
inhibition site of MPP+, the neurotoxic bioactivation product of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine is near the Q-binding
site of NADH dehydrogenase. Arch Biochem Biophys 259:645-649,

Reinhard V, Gerhard L (1983) Influence of age on the morphology of
the neuromelanic complex under ontogenetic and philogenetic as-
pects. In: Brain aging: neuropathology and neuropharmacology, Vol
21 (Navarro C, Sarcander HI, eds), pp 97-113. New York: Raven.



Richter C, Park JW, Ames BN (1988) Normal oxidative damage to
mitochondrial and nuclear DNA is extensive. Proc Natl Acad Sci
USA 85:6465-6467.

Rossetti ZL, Sotgiu A, Sharp DE, Hadjiconstantinou M, NeffM (1988)
1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and free rad-
icals in vitro. Biochem Pharmacol 37:4573-4574.

Saggu H, Cooksey J, Dexter D, Wells FR, Lees A, Jenner P, Marsden
CD (1989) A selective increase in particulate superoxide dismutase
activity in Parkinsonian substantia nigra. J Neurochem 53:692-697.

Sayre LM, Arora PK, Feke SC, Urbach FL (1986) Mechanism of
induction of Parkinson’s disease by 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP). Chemical and electrochemical characteriza-
tion of a geminal-dimethyl-blocked analogue of a postulated toxic
metabolite. ] Am Chem Soc 108:2464-2466.

Schapira AHV, Cooper JM, Dexter D, Clark JB, Jenner P, Marsden
CD (1990) Mitochondrial complex I deficiency in Parkinson’s dis-
ease. ] Neurochem 54:823-827.

Schickler M, Knobler H, Avraham KB, Elroy-Stein O, Groner Y (1989)
Diminished serotonin uptake in platelets of transgenic mice with
increased Cu/Zn-superoxide dismutase activity. EMBO J 8:1385-
1392.

Schon E, Rizzuto R, Moraes CT, Nakase H, Zeviani M, DiMauro S
(1989) A direct repeat is a hotspot for large-scale deletion of human
mitochondrial DNA., Science 224:346-349,

Schotcher KP, Irwin I, DeLanney LE, Langston JW, Di Monte D (1990)
Effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and 1-meth-
yl-4-phenylpyridinium ion on ATP levels of mouse brain synapto-
somes. ] Neurochem 54:1295-1301.

Shinka TA, Castagnoli N Jr, Wu EY, Hoag MKP, Trevor AJ (1987)
{"ation-exchangg high-performance liquid chromatography assay for

The Journal of Neuroscience, May 1992, 12(5) 1667

the nigrostriatal toxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine and its monoamine oxidase B generated metabolites in brain
tissues. J Chromatogr 398:279-287.

Sims NR, Carnegie PR (1976) A rapid assay for 2’,3'-cyclic nucleotide
3'-phosphohydrolase. J Neurochem 27:769-772.

Srere PA (1969) Citrate synthase. Methods Enzymol 13:3-11.

Sundstrom E, Stromberg I, Tsustumi T, Olson L, Jonsson G (1987)
Studies on the effect of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) on the central catecholamine neurons in C57 BL/6 mice.
Comparison with three other strains of mice. Brain Res 405:26-38.

Takeshige K, Minakami S (1979) NADH- and NADPH-dependent
formation of superoxide anions by bovine heart submitochondrial
particles and NADH-ubiquinone reductase preparation. Biochem J
180:129-135.

Vays I, Heikkila RE, Nicklas W] (1986) Studies on the neurotoxicity
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine: inhibition of NAD-
linked substrate oxidation by its metabolite, 1-methyl-4-phenylpyr-
idinium. J Neurochem 46:1501-1507.

Westlund KN, Denney RM, Kochersperger LM, Rose RM, Abell CW
(1985) Distinct monoamine oxidase A and B populations in primate
brain. Science 230:181~183.

Wharton DC, Tzagoloff A (1967) Cytochrome oxidase from beef heart
mitochondria. Methods Enzymol 10:245-250.

Youdim MBH (1975) Assay and purification of brain monoamine
oxidase. In: Research methods in neurochemistry, Vol 3 (Marks N,
Rodnight R, eds), pp 167-208. New York: Plenum.

Yurek DM, Deutch AY, Roth RH, Sladek JR Jr (1989) Morphological,
neurochemical, and behavioral characterizations associated with the
combined treatment of diethyl dithiocarbamate and 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine in mice. Brain Res 497:250-259,



