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Oxidative stress has been implicated in the etiology of Parkinson’s
disease (PD) and in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyri-
dine (MPTP) animal model of PD. It is known that under conditions
of oxidative stress, the transcription factor NF-E2-related factor
(Nrf2) binds to antioxidant response element (ARE) to induce
antioxidant and phase II detoxification enzymes. To investigate the
role of Nrf2 in the process of MPTP-induced toxicity, mice express-
ing the human placental alkaline phosphatase (hPAP) gene driven
by a promoter containing a core ARE sequence (ARE-hPAP) were
used. ARE-hPAP mice were injected (30 mg/kg) once per day for 5
days and killed 7 days after the last MPTP injection. In response to
this design, ARE-dependent gene expression was decreased in
striatum whereas it was increased in substantia nigra. The same
MPTP protocol was applied in Nrf2�/� and Nrf2�/� mice; Nrf2
deficiency increases MPTP sensitivity. Furthermore, we evaluated
the potential for astrocytic Nrf2 overexpression to protect from
MPTP toxicity. Transgenic mice with Nrf2 under control of the
astrocyte-specific promoter for the glial fribillary acidic protein
(GFAP-Nrf2) on both a Nrf2�/� and Nrf2�/� background were
administered MPTP. In the latter case, only the astrocytes ex-
pressed Nrf2. Independent of background, MPTP-mediated toxicity
was abolished in GFAP-Nrf2 mice. These striking results indicate
that Nrf2 expression restricted to astrocytes is sufficient to protect
against MPTP and astrocytic modulation of the Nrf2-ARE pathway
is a promising target for therapeutics aimed at reducing or pre-
venting neuronal death in PD.

antioxidant response element � human placental alkaline phosphatase

MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is a
mitochondrial complex I inhibitor that is known to damage

the nigrostriatal dopaminergic pathway as seen in Parkinson’s
disease (PD) (1, 2). PD is a progressive neurodegenerative
disease characterized by the selective loss of dopaminergic
neurons of the substantia nigra pars compacta. Dopaminergic
neuron loss results in reduced striatal dopamine (DA) and the
hallmark clinical features of PD (3). Most cases of PD are
considered sporadic with unknown cause, and the etiology of
sporadic PD is not fully understood. Increasing evidence suggests
that mitochondrial dysfunction, oxidative damage, excitotoxicity,
and inflammation are contributing factors (4–7).

Evidence for the existence of oxidative stress in PD is derived
from post mortem analysis of brain tissue of PD patients that
demonstrates increased levels of oxidized proteins, lipids, and
nucleic acids (8–13). One mechanism by which cells may combat
oxidative insult is through increased transcription of genes
containing the antioxidant response element (ARE). The ARE
is a cis-acting enhancer sequence that regulates many cytopro-
tective genes via the transcription factor NF-E2-related factor
(Nrf2) (Nrf2 regulation is reviewed in ref. 14). ARE-regulated
genes include heme oxygenase-1 (HO-1) (15), NAD(P)H:qui-
none oxidoreductase-1 (NQO1) (16, 17), and glutathione S-

transferases (18) as well as glutathione-synthesizing enzymes
glutamate-cysteine ligase catalytic subunit (GCLC) and gluta-
mate-cysteine ligase modifier subunit (GCLM) (19–21).

There is increasing evidence that the Nrf2-ARE pathway is
involved in neurodegenerative disease. The expression of ARE-
driven genes such as NQO1 and HO-1 is increased in post
mortem brain tissue from PD patients (22, 23). These changes
could be a neuroprotective response mediated by Nrf2 activa-
tion. Indeed, we have demonstrated that Nrf2-dependent tran-
scription can prevent reactive oxygen species-induced apoptosis
in neurons and astrocytes in vitro (24–28). In vivo studies show
that Nrf2 is protective against intrastriatal administration of the
complex II inhibitors malonate or 3-nitroproprionic acid (29,
30), 6-hydroxydopamine (31, 32), and rodent models of cerebral
ischemia (33–35). Recent work from our laboratory evaluated
Nrf2 overexpression in astrocytes in vivo by generating GFAP-
Nrf2 transgenic mice. These mice demonstrated significantly
delayed onset of pathology and extended lifespan in genetic
models of amyotrophic lateral sclerosis (36). Finally, in other
studies using the acute MPTP model, it was shown that Nrf2�/�

mice were more sensitive to MPTP (37). The work presented
here extends these observations and focuses on the underlying
mechanism of Nrf2-mediated neuroprotection in the subchronic
models of MPTP exposure. Three lines of genetically engineered
mice were used in these experiments: ARE-hPAP reporter mice
(38), Nrf2�/� mice (39), and GFAP-Nrf2 transgenic mice (36).
The goals of this investigation were to (i) examine how the
Nrf2-ARE pathway responds to MPTP exposure; (ii) determine
whether the lack of Nrf2 sensitized mice to MPTP; and (iii)
evaluate whether mice selectively overexpressing Nrf2 in astro-
cytes were resistant to MPTP toxicity.

Results
Nrf2-ARE Pathway Is Altered in the Subchronic MPTP Model. Before
examining Nrf2, we confirmed that the MPTP-dosing regimen
leads to expected markers of dopaminergic toxicity, including
decreases in tyrosine hydroxylase (TH) immunostaining in both
striatum (STR) and substantia nigra (SN) (Fig. 1 A and B) and
decreases in both TH and dopamine transporter (DAT) protein
levels in STR (Fig. 1C). Additionally, DA, dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA) were decreased by
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MPTP in STR (Fig. 1D). Increased GFAP immunostaining,
indicative of astrogliosis, was increased in STR and SN (Fig. 1 A
and B).

To study Nrf2-ARE pathway activation, ARE-hPAP reporter
mice were injected with 30 mg/kg MPTP subchronically. These
reporter mice have been used to monitor activation of the
Nrf2-ARE pathway in vivo (24, 29, 31, 32). Both histochemical
staining and hPAP activity (Fig. 2 A and B) showed that MPTP
treatment decreased Nrf2-ARE signaling in the STR but in-
creased it in the SN. To verify the fidelity of our reporter, we
measured expression levels of Nrf2, NQO1, HO-1, GCLC, and
GCLM as well as NQO1 enzymatic activity. In accordance with
the hPAP data, Nrf2 and NQO1 expression as well as NQO1
activity were decreased in STR after MPTP, whereas these
measures were increased in the SN (Fig. 2C).

Targeted Disruption of Nrf2 Causes Increased MPTP Toxicity in STR and
SN. To investigate whether Nrf2 is involved in limiting or
preventing MPTP-induced toxicity, MPTP (0, 10, 20, 30 mg/kg)

was administered to both Nrf2�/� and Nrf2�/� mice. TH
staining clearly showed that Nrf2�/� mice are more sensitive
than Nrf2�/� mice to MPTP (Fig. 3). These data were confirmed
with TH immunoblots and catecholamine analysis. Immunoblots
showed that a significantly greater fraction of TH was lost in the
Nrf2�/� mice at all doses of MPTP (Fig. 4A Right). Interestingly,
Nrf2�/� mice had a lower basal expression of TH (Fig. 4A Left,
vehicle-treated bars), which was reflected by reduced basal levels
of striatal DA (Fig. 4B), DOPAC (1.6 � 0.17 vs. 2.5 � 0.19), and
HVA (1.1 � 0.12 vs. 1.7 � 0.14) content. There was no significant
difference in DOPAC/DA (0.12 � 0.03 vs. 0.1 � 0.03) or
HVA/DA (0.08 � 0.03 vs. 0.07 � 0.02) ratios when comparing
Nrf2�/� with Nrf2�/� mice. Nrf2�/� mice exposed to MPTP
showed a more rapid dose-dependent decline in DA, DOPAC,
and HVA compared with Nrf2�/� mice. Using MPTP doses that
cause approximately equal damage (15 mg/kg in Nrf2�/�; 30
mg/kg in Nrf2�/� mice), we measured MPP� levels 15 min after
first and third MPTP injection. The amount of MPP� generated
was �50% lower in Nrf2�/� compared with Nrf2�/� mice (Fig.

Fig. 1. Characterization of the subchronic MPTP mouse model of PD. (A and B) Immunohistochemistry for TH and immunofluorescence for GFAP are shown
in STR (A) and SN (B). (C) Representative Western blots of TH and DAT proteins). Bar graphs show quantitative data for TH and DAT signals that are normalized
to �-actin signal (n � 8–10 per group). (D) Bar graphs show HPLC measurements of DA and metabolites, DOPAC and HVA, after vehicle or MPTP (30 mg/kg per
day) treatment (n � 8–10 per group). (Scale bar, 50 �m.) *, P � 0.05 compared with the vehicle-treated group.

Fig. 2. Subchronic MPTP treatment alters the Nrf2-ARE pathway. ARE-hPAP reporter mice were given MPTP, and mice were killed 7 days after the last MPTP
dose. (A and B) Histochemical staining and hPAP activity assay were performed on the STR (A) and SN (B). (C) Quantitative PCR analyses of Nrf2, NQO1, HO-1,
GCLC, and GCLM in STR and SN after vehicle or 30 mg/kg MPTP treatment. (D) NQO1 activity in the STR and the SN after vehicle or MPTP treatments (all data
comprise groups totaling 8–10 animals). (Scale bar, 50 �m.) *, P � 0.05 compared with the vehicle-treated group.
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4C), indicating that Nrf2 does not alter MPP� formation.
Similarly, MAOB activity was not different between the Nrf2�/�

and Nrf2�/� mice (Fig. 4C). Based on these results, we conclude
that loss of Nrf2 potentiates MPTP toxicity without changing
MPTP metabolism, and less MPP� causes equal or greater
toxicity in the Nrf2�/� mice. To understand this differential
sensitivity in greater mechanistic detail, the expression profile of
Nrf2-dependent genes in Nrf2�/� and Nrf2�/� brains was eval-
uated after MPTP treatment [supporting information (SI) Fig.
S1]. Interestingly, no significant basal difference in NQO1,
HO-1, GCLC, and GCLM expression existed between Nrf2�/�

and Nrf2�/� mice. After MPTP treatment, NQO1, HO-1,
GCLC, and GCLM genes were all significantly decreased in STR
of Nrf2�/� mice (Fig. S1 A). In contrast, NQO1 was the only gene
reduced in the STR of Nrf2�/� mice (Fig. S1 A). In the SN of
Nrf2�/� mice, all genes decreased similarly to STR (Fig. S1B).

The exact opposite was seen in the SN of the Nrf2�/� mice,
where the expression of all genes was increased after MPTP
treatment (Fig. S1B). NQO1 activity confirmed these quantita-
tive PCR (qPCR) results (Fig. S1C). In both the STR and SN,
increasing MPTP dosage leads to more severe gliosis in Nrf2�/�

and Nrf2�/� mice (Fig. S2). These immunohistochemical data
were confirmed by quantification of GFAP and Iba-1 expression
using qPCR. There was a greater increase of GFAP (astrogliosis)
and Iba-1 (microglial activation) mRNA levels in both STR and
SN of Nrf2�/� mice after MPTP administration (Fig. S3).

Striatum Is Protected from MPTP Toxicity in GFAP-Nrf2 Transgenic
Mice. Because mice lacking Nrf2 were more sensitive to MPTP,
we investigated whether overexpression of Nrf2 would confer
resistance to MPTP. GFAP-Nrf2(�) and GFAP-Nrf2(�) lit-
termates were treated with 30 mg/kg MPTP. TH immunostain-
ing and immunoblots showed that GFAP-Nrf2(�) mice were
completely protected from STR TH loss (Fig. 5 A and B). and
Immunostaining showed that the extent of astrogliosis (GFAP)
and microglial activation (Iba-1) were also dramatically attenu-
ated in the GFAP-Nrf2(�) mice (Fig. 5A and Fig. S4). These
data were confirmed by qPCR of GFAP [GFAP-Nrf2(�) mice:
vehicle �0.45 � 0.04 �M, MPTP �0.98 � 0.03 �M; GFAP-
Nrf2(�) mice: vehicle �0.42 � 0.04 �M, MPTP �0.47 � 0.09
�M] and Iba-1 [GFAP-Nrf2(�) mice: vehicle �0.04 � 0.005
�M, MPTP �0.07 � 0.006 �M; GFAP-Nrf2(�) mice: vehicle
�0.03 � 0.005 �M, MPTP �0.03 � 0.003 �M] in STR. There
was a statistically significant increase in GFAP and Iba-1 in
GFAP-Nrf2(�) mice after MPTP that was significantly reduced
(GFAP) or eliminated (Iba-1) in the GFAP-Nrf2(�) mice.
Similarly, there was no decrease striatial DA, DOPAC, or HVA
levels in the GFAP-Nrf2(�) mice (Fig. 5C). Finally, evaluation
of MPP� levels and MAOB activity in GFAP-Nrf2(�) vs.
GFAP-Nrf2(�) mice demonstrated that the observed effects
were not caused by differences in MPTP metabolism (Fig. 5D).
Examination of Nrf2-dependent gene expression revealed that,
in contrast to the decrease or no change observed in STR of
GFAP-Nrf2(�) mice, all genes were increased by 2- or 3-fold in
both the STR of GFAP-Nrf2(�) mice after MPTP treatment
(Fig. S5A). Increased Nrf2-driven gene expression in SN by
MPTP was greatly enhanced in the GFAP-Nrf2(�) mice (Fig.
S5B). Altered NQO1 expression was validated by measuring
NQO1 activity (Fig. S5C).

Fig. 3. Immunohistochemical staining for TH in Nrf2�/� and Nrf2�/� mice in
response to MPTP. (A and B) TH staining of the STR (A) and SN (B) from Nrf2�/�

and Nrf2�/� mice in response to four different doses of MPTP (0, 10, 20, or 30
mg/kg) administered once a day for 5 days. (Scale bar, 50 �m.)

Fig. 4. Neurochemical analysis of Nrf2�/� and Nrf2�/� mice in response to MPTP. MPTP was administered to mice at four different doses (0, 10, 20, or 30 mg/kg).
(A) (Left) Representative Western blots for striatal TH protein and �-actin signals. Bar graph shows quantification of TH normalized to �-actin. (Right) Bar graph
shows the same data normalized to the vehicle-treated group of the same genotype (n � 8–10 per group). HPLC was used to quantify basal levels of DA, serotonin
(5-HT), and norepinephrine (NE) in Nrf2�/� and Nrf2�/� mice (B) (Upper Left) The amount of DA, DOPAC, and HVA was measured in Nrf2�/� and Nrf2�/� mice
in response to the different MPTP doses. Data are normalized to vehicle treatment of the same genotype (n � 8–10 per group) *, P � 0.05 compared with the
same dose of Nrf2�/� mice; #, P � 0.05 compared with vehicle-treated Nrf2�/� mice; �, P � 0.05 compared with vehicle-treated Nrf2�/� mice. (C) The levels of
MPP� (Upper) and MAOB activity (Lower) were measured 15 min after the first and third MPTP administration on days 1 and 3 of this subchronic protocol. Nrf2�/�

mice were treated with 30 mg/kg MPTP, whereas Nrf2�/� mice were treated with 15 mg/kg (n � 8–10 per group). *, P � 0.05 compared with the same dose of
Nrf2�/� mice.
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GFAP-Nrf2 Protects Against MPTP in an Nrf2�/� Background. The
critical importance of astrocytic expression of Nrf2 in neuro-
protection of MPTP toxicity was further demonstrated through
the use of GFAP-Nrf2(�)/Nrf2�/� mice. These mice and cor-
responding littermate controls were challenged with the sub-
chronic MPTP schedule using 30 mg/kg per day. This dose was
extremely toxic to the Nrf2�/�, mice leading to 80�90% reduc-
tions in TH, DA, and DA metabolites (Fig. 4). Both immuno-

histochemical and immunoblot analysis of TH levels showed that
the GFAP-Nrf2 transgene completely protected from MPTP-
induced loss of striatal TH on an Nrf2�/� background (Fig. 6 A
and B). Moreover, GFAP-Nrf2(�)/Nrf2�/� mice had less as-
trogliosis and microglial activation than GFAP-Nrf2(�)/
Nrf2�/� mice after MPTP treatment (Fig. 6A and Fig. S6).
Catecholamine analysis also demonstrated dramatic Nrf2-
mediated protection from MPTP in the GFAP-Nrf2(�)/

Fig. 5. Effect of astrocyte-specific Nrf2 overexpression on MPTP toxicity. (A) (Left) Immunohistochemical staining for TH in the STR of GFAP-Nrf2(�) and
GFAP-Nrf2(�) mice. (Right) Staining for GFAP (green) and Iba-1 (red) in the STR of GFAP-Nrf2(�) and GFAP-Nrf2(�) mice is shown. Fig. S4 is an enlarged picture
of 5A. (B) (Upper) Representative Western blots for TH in the STR of GFAP-Nrf2(�) and GFAP-Nrf2(�) mice. TH signal was normalized to �-actin to account for
variations in protein loading. (Lower) Bar graph shows quantification of the TH Western blots (n � 8 –10 per group). (C) The amount of DA, DOPAC, and
HVA in the STR of GFAP-Nrf2(�) and GFAP-Nrf2(�) mice after vehicle or 30 mg/kg MPTP treatment was determined (n � 8 –10 per group). (D) The levels
of MPP� (Upper) and MAOB activity (Lower) were measured in the STR of GFAP-Nrf2(�) and GFAP-Nrf2(�) mice 15 min after MPTP administration (30
mg/kg) on days 1 and 3 of this subchronic protocol (n � 8 –10 per group). (Scale bar, 50 �m.) *, P � 0.05 compared with the corresponding vehicle-treated
group.

Fig. 6. Effect of astrocyte-specific Nrf2 overexpression on MPTP toxicity in a Nrf2�/� background. (A) (Left) Immunohistochemical staining for TH in the STR
of GFAP-Nrf2(�)/Nrf2�/� and GFAP-Nrf2(�)/Nrf2�/� mice after vehicle or 30 mg/kg MPTP treatment. (Right) Staining for GFAP (green) and Iba-1 protein (red)
in the STR of GFAP-Nrf2(�)/Nrf2�/� and GFAP-Nrf2(�)/Nrf2�/� mice after vehicle or MPTP treatment. Fig. S6 is an enlargement of A. (B) (Upper) Representative
Western blots of TH and �-actin. (Lower) TH signal was normalized to �-actin signal for protein loading control, and the bar shows quantification of the TH
Western blots (n � 8–10). (C) The amount of DA, DOPAC, and HVA in the STR of GFAP-Nrf2(�)/Nrf2�/� and GFAP-Nrf2(�)/Nrf2�/� mice after vehicle or MPTP
treatment (n � 8–10). (Scale bar, 50 �m.) *, P � 0.05 compared with the corresponding vehicle-treated group).
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Nrf2�/� mice. A 90% reduction in DA and DA metabolite levels
was entirely reversed in mice where Nrf2 was only overexpressed
in the astrocytes (Fig. 6C). To probe the potential mechanism of
astrocytic Nrf2-mediated protection, gene expression profiles of
selected Nrf2-dependent genes were generated. GFAP-
Nrf2(�)/Nrf2�/� mice exhibited increased basal transcription of
these genes in STR and SN (Fig. S7 A and B). MPTP treatment
decreased all genes in the STR and SN of GFAP-Nrf2(�)/
Nrf2�/� mice; however, these genes were increased in GFAP-
Nrf2(�)/Nrf2�/� mice (Fig. S7 A and B). MPTP also decreased
NQO1 activity in STR and SN of GFAP-Nrf2(�)/Nrf2�/� but
increased it in GFAP-Nrf2(�)/Nrf2�/� mice (Fig. S7C).

Discussion
Based on these data, we can conclude that Nrf2-mediated
neuronal protection against MPTP is caused by astrocytic Nrf2
activation. Previous evidence shows that Nrf2�/� mice are more
sensitive to 6-hydroxydopamine and acute MPTP exposure (31,
32, 37). The current study extends these observations by using a
subchronic MPTP model and focuses on how Nrf2 may be
protective. It also appears that Nrf2�/� mice have lower basal
levels of DA than the Nrf2�/� mice. This contradicts work of
Pacchioni et al. (40), who showed no basal difference between
Nrf2�/� and Nrf2�/� mice. This discrepancy may in part be
caused by genetic background differences. Pacchioni and col-
leagues used mice maintained on a C57BL6/129sv background
derived from heterozygous mating pairs. In the current study,
Nrf2�/� lines are continually back-crossed with C57BL6/SJL F1
wild-type mice, which is advantageous for genetic stability of the
colony (41). Regardless, the lower DA levels in the Nrf2�/� mice
presented here correlate with lower STR levels of TH protein
content compared with Nrf2�/� mice (Fig. 4). Hence, we
speculate that because of insufficient striatal antioxidant de-
fenses, Nrf2�/� mice compensate by decreasing DA levels to
lower oxidative stress.

The opposing changes in hPAP activity and Nrf2-mediated
gene expression between the STR and SN (Fig. 2) are very
interesting. The possible explanation could be that DA terminals
are more sensitive to MPTP, and the differential response
between STR and SN is related to DA release and striatal
innervation of dopaminergic neurons. The Nrf2-ARE pathway
can be activated under conditions of oxidative stress. It is known
that autooxidation of DA leads to the production of DA
(semi)quinones that are easily converted into aminochrome.
Aminochrome readily generates superoxide anion (42). There-
fore, if MPTP decreases DA release by denervation, striatal
tissue would not be subject to oxidative DA byproducts. Dener-
vation may thereby lead to the observed reduction in Nrf2-
mediated gene expression. In contrast, dopaminergic neurons in
the SN do not receive DA input, but they produce DA. In this
case, intracellular DA could potentially generate an oxidative
environment (43). The loss of TH staining with concomitant
Nrf2 activation in SN may represent an orchestrated attempt to
reduce oxidative stress within the neuron. TH loss would reduce
the level of DA produced in dopaminergic neurons, whereas
Nrf2 activation in surrounding astrocytes may protect the neu-
rons. The neurons themselves could also activate Nrf2 in re-
sponse to insult. However, our data showing GFAP-Nrf2 pro-
tection on an Nrf2�/� background strongly suggest that the
Nrf2-mediated dopaminergic neuroprotection is astrocyte-
dependent. Because metabolism of MPTP is not different in the
GFAP-Nrf2 mice, alternative explanations outside of the in-
creased resistance of dopaminergic neurons could be a greater
ability of the astrocyte to detoxify MPP� and/or reduced trans-
port of MPP� out of the astrocyte. Experiments are under way
to look more closely at the astrocyte–neuron communication
and the possible role for Nrf2 in dopaminergic neurons contrib-
uting to the protective response.

Inflammation is clearly part of the physiological response to
MPTP as indicated by microglial activation; this has been
strongly linked to PD. Microglia become persistently activated
and maintain elevated production of both cytokines and reactive
oxygen species in PD (44). Evidence from post mortem PD brain
tissue suggests that this activation of microglia is associated with
increased neuronal death (45). A few reports suggest that Nrf2
activation may attenuate microglial activation (36, 46). The lack
of Nrf2 leads to an enhanced microglial response in hippocam-
pus after administration of kainic acid (46). In addition, atten-
uated microglial activation was observed in mouse models of
amyotrophic lateral sclerosis by when crossed with the GFAP-
Nrf2 mice (36). The data generated herein clearly show an
inverse correlation between Nrf2 and microglial activation, thus
supporting the concept of Nrf2-mediated attenuation of neu-
roinflammation. The dramatic suppression of microglial activa-
tion by astrocytic Nrf2 also strongly suggests that neuroinflam-
mation is secondary to astrocyte dysfunction and that sustained
Nrf2 levels or increased Nrf2 activity in the astrocyte can prevent
this secondary event.

In conclusion, we have shown that astrocytic Nrf2 is neuro-
protective against MPTP neurotoxicity in mice. The result is of
considerable interest in regard to understanding the mechanisms
of astrocyte-mediated protection against neurodegeneration.
The data strongly support the concept that astrocytic Nrf2
modulation holds great potential for the neuroprotective or
therapeutic strategies to treat PD.

Materials and Methods
Animals. ARE-hPAP transgenic mice were created by using 51 bp of the rat
NQO1 promoter upstream of a heat-stable reporter construct (38). Nrf2�/�

mice were generated by replacing the basic leucine zipper domain with the
lacZ reporter construct as described in ref. 47. GFAP-Nrf2 transgenic mice with
Nrf2 expression under the control of the GFAP promoter were developed as
described in ref. 36. All mice used for experiments were bred with C57BL6/SJL
mice for at least six generations (Jackson Laboratory) (see SI Materials and
Methods for details).

Subchronic MPTP Administration. Mice (age 8–12 weeks, 8–10 per group)
received i.p. injections of vehicle or MPTP at indicated doses (free base in PBS;
Sigma) once daily for 5 consecutive days. Seven days after the last injection, all
mice were killed with CO2.

TH Immunohistochemistry. Frozen sections (20 �m) were pretreated with 0.3%
H2O2 in PBS and incubated with PBS containing 10% normal goat serum for 30
min at room temperature. Sections were then incubated with rabbit poly-
clonal anti-TH antibody (1:1,000; Chemicon) overnight at 4 °C. Next, the
sections were incubated with an avidin–biotin–horseradish peroxidase com-
plex (Vector Laboratories) according to the manufacturer’s instructions. The
sections were stained with a DAB kit (Vector Laboratories), dehydrated, and
cleared with xylenes before coverslipping.

Immunoblotting Analysis. Tissue was sonicated in 1% SDS buffer, and protein
was determined by the BCA assay kit (Pierce). Equal amounts of protein
(20–40 �g) were probed by typical Western protocols (see SI Materials and
Methods for details).

Isolation of Total RNA and Quantitative PCR. Isolation of total RNA was
performed by using TRIzol according to the manufacturer’s instructions (In-
vitrogen). Quality and quantity of total RNA were measured by using the
Agilent 2100 Bioanalyzer. Reverse transcriptase reactions were run on 1 �g of
total mRNA by using the reverse transcription system (Promega). Quantitative
PCR was performed by using a Light Cycler 480 (Roche) and the SYBR Green I
Master (Roche) according to the manufacturer’s instructions. Primers for Iba-1
were 5�-GGATTTGCAGGGAGGAAAAG-3� and 5�-TGGGATCATCGAGGAATTG-
3�, and other primers sequences have been described (36).

ARE-hPAP Histochemistry and Activity. Histochemistry for the hPAP reporter
and activity of the hPAP reporter were performed as described in ref. 38.
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NQO1 Activity. Activity of NQO1 was measured in tissue homogenate as
described in ref. 48.

Immunofluorescence Staining. Standard immunohistochemical techniques
were performed on slides prepared from frozen tissue. Images were captured
by using a Zeiss photomicroscope and analyzed by using Axiovision software
(see SI Materials and Methods for details).

MAOB Activity Measurement. Striatal tissue was homogenized in 50 mM Tris, 5
mM EDTA (pH 7.4). Protein concentration was determined by the BCA assay
(Pierce). Samples (100 �L) were used in the Amplex red monoamine oxidase
assay kit (Molecular Probes) according to the manufacturer’s instructions.

HPLC Determination of Striatal DA and Metabolites. Mouse striatal tissue was
dissected, weighed, and homogenized in perchloric (0.3 N) acid for the
HPLC/ED analysis (see SI Materials and Methods for details).

HPLC Determination of Striatal MPP� Levels. Striatal tissue was dissected 15 min
after the first and third MPTP injections and stored at �80 °C before being
analyzed for MPP� content by HPLC-UV. The UV detector was set at 295 nm for
MPP� detection as described in ref. 49.

Statistical Analysis. All of the data were represented as mean � SEM and
analyzed by one-way ANOVA followed by unpaired t test analysis by using
with the Prism program (GraphPad); P � 0.05 was considered significant.
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