Bax ablation prevents dopaminergic
neurodegeneration in the 1-methyl4-phenyl-1,2,3,6-tetrahydropyridine
mouse model of Parkinson’s disease
Miquel Vila*, Vernice Jackson-Lewis*, Slobodanka Vukosavic*, Ruth Djaldetti*, Gabriel Liberatore*, Daniel Offen†,
Stanley J. Korsmeyer‡, and Serge Przedborski*§¶
Departments of *Neurology and §Pathology, Columbia University, New York, NY 10032; †Felsenstein Research Center, Petah-Tikva, Israel 69978; and
‡Howard Hughes Medical Institute, Departments of Pathology and Medicine, Dana–Farber Cancer Institute, Harvard Medical School, Boston, MA 02115
Contributed by Stanley J. Korsmeyer, December 29, 2000

P

arkinson’s disease (PD) is a common neurodegenerative
disorder whose cardinal clinical features include tremor,
slowness of movement, stiffness, and postural instability (1).
These disabling symptoms are primarily due to a profound deficit
in striatal dopamine content that results from the degeneration
of dopaminergic neurons in the substantia nigra pars compacta
(SNpc) and the consequent loss of their projecting nerve fibers
in the striatum (2, 3). Although several approved drugs do
alleviate PD symptoms, their chronic use often is associated with
debilitating side effects (4), and none seem to dampen the
progression of the disease. Moreover, the development of effective neuroprotective therapies is impeded by our limited
knowledge of the mechanism by which SNpc dopaminergic
neurons die in PD. Thus far, however, significant insights into the
pathogenesis of PD have been achieved by the use of the
neurotox in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), which replicates in humans and nonhuman primates a
severe and irreversible PD-like syndrome (5). In several mammalian species, MPTP reproduces most of the biochemical and
pathological hallmarks of PD, including the dramatic degeneration of dopaminergic neurons (5).
Mounting evidence indicates that highly regulated cell deathassociated molecular pathways could participate in the relentless
demise of neurons in degenerative diseases (6, 7), including PD
(8). In keeping with this, Bax (9) has emerged as a pro-cell death
driving force within the central decision point constituted by the
Bcl-2 family that modulates the activation of downstream effectors of cell death such as caspases (7). It is also clear that Bax is
required for the death of several types of neurons in the
peripheral and central nervous systems during both normal
development and pathological situations (10–18). In light of its
critical role within the programmed cell death machinery and its
importance in neuronal death, Bax appears as a particularly
appealing target for therapeutic interventions aimed at hampering neurodegeneration. Consistent with a potential pivotal role
for Bax in SNpc neuronal death, here we show that Bax is highly
www.pnas.org兾cgi兾doi兾10.1073兾pnas.051633998

expressed in the SNpc and that its ablation attenuates SNpc
developmental neuronal apoptosis. We demonstrate that there
is a dramatic up-regulation of Bax mRNA and protein in the
SNpc of adult mice after MPTP administration. These changes
parallel the time course of MPTP-induced dopaminergic neurodegeneration. We also show that mutant mice lacking Bax are
resistant to MPTP compared with their wild-type littermates,
thus indicating that Bax is a key factor in MPTP-induced SNpc
dopaminergic neurodegeneration.
Materials and Methods
Animals and Treatment. C57兾bl mice heterozygous for Bax were
mated to yield F1 offspring with Bax⫺/⫺, Bax⫹/⫺, and wild-type
genotypes. Tail DNA was prepared and screened for both the
normal and the mutant allele by using a single PCR. The normal
allele was amplified by using an exon 5 forward primer (0.64 M:
5⬘-TGATCAGAACCATCATG-3⬘) and an intron 5 reverse
primer (0.64 M: 5⬘-GTTGACCAGAGTGGCGTAGG-3⬘),
which together generated a 304-bp product. The mutant allele
was amplified with a neo兾pgk primer (0.16 M: 5⬘-CCGCTTCCATTGCTCAGCGG-3⬘) and the same intron 5 reverse primer,
which together generated a 507-bp product. Cycling parameters
were 1 min at 94°C, 55°C, and 72°C each for a total of 30–35
cycles. The primer ratio was adjusted to allow amplification of
both products simultaneously with preferential amplification of
the wild-type allele to assure correct genotyping of the Baxdeficient animals. All mice used in this study were treated
according to National Institutes of Health guidelines for Care
and Use of Laboratory Animals and with the approval of
Columbia University’s Institutional Animal Care and Use Committee. Eight-week-old male mice received one i.p. injection of
MPTP-HCl per day (30 mg兾kg per day of free base; Research
Biochemicals, Natick, MA) for 5 consecutive days and were
killed at 0, 2, 4, 7, 21, and 42 days after the last injection; control
mice received saline injections only. Both saline and MPTP
animals then were divided into two groups. The first group was
perfused and brains were used for immunohistochemistry,
whereas the second group of mice were killed, and brains were
quickly removed, dissected (midbrain, striatum, cerebellum, and
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1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) damages dopaminergic neurons in the substantia nigra pars compacta (SNpc)
as seen in Parkinson’s disease. Here, we show that the proapoptotic protein Bax is highly expressed in the SNpc and that its
ablation attenuates SNpc developmental neuronal apoptosis. In
adult mice, there is an up-regulation of Bax in the SNpc after MPTP
administration and a decrease in Bcl-2. These changes parallel
MPTP-induced dopaminergic neurodegeneration. We also show
that mutant mice lacking Bax are significantly more resistant to
MPTP than their wild-type littermates. This study demonstrates
that Bax plays a critical role in the MPTP neurotoxic process and
suggests that targeting Bax may provide protective benefit in the
treatment of Parkinson’s disease.

cortex), snap-frozen on dry ice, and stored at ⫺80°C for Western
blot, immunoprecipitation, and reverse transcriptase–PCR analysis. MPTP use and safety precautions were as described (19).
Immunohistochemistry and Double Immunofluorescence. Immuno-

histochemistry was performed as described by Vila et al. (20)
with a polyclonal antibody to Bax (1:500; polyclonal; PharMingen). Immunostained sections then were counterstained with
thionin. To examine the colocalization of Bax with tyrosine
hydroxylase (TH), a double immunofluorescence technique was
performed by using the same polyclonal anti-Bax antibody (1:200
dilution) and a monoclonal antibody to TH (1:200 dilution;
Boheringer Mannheim). Sections were examined on green, red,
and double (green ⫹ red) filters by using confocal microscopy.

Striatal Lesions with Quinolinic Acid (QA). After Metofane inhalation, mouse pups aged postnatal day seven of either sex received
an intrastriatal injection of 0.5 l of a 480 nmol solution of QA
dissolved in PBS at pH 7.4 as described (21). One day after the
QA injection, animals were perfused and brains were processed
for morphological analysis.
Immunoblots and Immunoprecipitation. For Western blot analysis,
total tissue proteins were isolated in 50 mM Tris䡠HCl, pH
7.0兾150 mM NaCl兾5 mM EDTA兾1% SDS兾1% Nonidet P-40兾
protease inhibitors (Mini mixture; Roche Diagnostics, Indianapolis, IN). Incubation with primary antibody was performed
overnight at 4°C with monoclonal antibodies to Bax (1:1,500
dilution; Santa Cruz Biotechnology) or Bcl-2 (1:500 dilution,
Transduction Laboratories, Lexington, KY) and, as an internal
control, a monoclonal antibody to ␤-actin (1:5,000, Sigma). Films
were quantified by using the National Institutes of Health IMAGE
analysis system. For immunoprecipitation, frozen samples from
saline-injected mice and MPTP-intoxicated animals (at day 4
after the last MPTP injection) were homogenized in 10 vol
(wt兾vol) of 10 mM Hepes (pH 7.20) containing 0.25% Nonidet
P-40, 142.5 mM KCl, 5 mM MgCl2, 1 mM EGTA, and one tablet
of protease inhibitor mixture. Then, 250 g of protein was
incubated (overnight, 4°C) with 3 g of a polyclonal antibody to
Bcl-2 (N-19, Santa Cruz Biotechnology) and further processed
for immunoprecipitation and immunoblotting as described by
Ara et al. (22). Here, blots were immunostained with either a
monoclonal antibody to Bax (1:1,500 dilution; Santa Cruz Biotechnology) or a monoclonal antibody to Bcl-2 (1:1,000 dilution;
Transduction Laboratories).
RNA Extraction and Reverse Transcriptase–PCR. Total RNA was

extracted from midbrain, striatal, and cerebellar samples from
saline and chronic MPTP-treated animals and used for reverse
transcriptase–PCR analysis as described by Vila et al. (20). The
Bax primer sequences were 5⬘-CTGAGCTGACCT TGGAGC-3⬘ (forward) and 5⬘-GACTCCAGCCACAAAGATG-3⬘
(reverse). As an internal control, ␤-actin cDNA was coamplified
by using primer sequences 5⬘-CTTTGATGTCACGCACGATTTC-3⬘ (forward) and 5⬘-GGGCCGCTCTA GGCACCAA-3⬘ (reverse). Each PCR cycle consisted of denaturation at
94°C for 5 min, annealing at 55°C for 1 min, and extension at 72°C
for 1.5 min, followed by a final 10-min extension at 72°C. PCR
amplification was carried out for 30 cycles for Bax and 22 cycles
for ␤-actin by using a Perkin–Elmer GeneAmp 9700 Thermal
Cycler.
Stereology and Quantification of Apoptotic Neurons. The total

number of TH-positive SNpc neurons was counted in the
different groups of animals at 21 days after the last MPTP or
saline injection by using the optical fractionator method as
described by Liberatore et al. (23). This unbiased method of cell
counting is not affected by either the volume of reference (SNpc)
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or the size of the counted elements (neurons). Immunostaining
was performed with a polyclonal antibody to TH (1:1,000;
Calbiochem), and sections were counterstained with thionin.
Quantification of the number of apoptotic neurons in the SNpc
of MPTP- and saline-injected mice was assessed as described
(21). Morphological criteria to identify apoptotic figures included shrinkage of cellular body, chromatin condensation, and
the presence of distinct, round, well-defined chromatin clumps,
demonstrated by thionin staining (21).
Measurement of Striatal Dopamine, 3,4-Dihydroxyphenylacetic Acid,
and Homovanillic Acid Levels. HPLC with electrochemical detec-

tion was used to measure striatal levels of dopamine, 3,4dihydroxyphenylacetic acid, and homovanillic acid by using a
method that has been described by Przedborski et al. (24), with
minor modifications of the mobile phase. At 21 days after the last
MPTP injection, animals were killed and striata were dissected
out and processed for HPLC measurement. The modified mobile
phase consisted of 0.15 M monochloroacetic acid, pH 3.0, 200
mg兾liter sodium octyl sulfate, 0.1 mM EDTA, 4% acetonitrile,
and 2.5% tetrahydrofuran.
Measurement of Striatal MPPⴙ Levels. HPLC with UV detection

(wavelength, 295 nm) was used to measure striatal MPP⫹ levels
as described by Przedborski et al. (24). Groups of Bax⫹/⫺,
Bax⫺/⫺, and wild-type littermates were killed at 90 and 180 min
after one i.p. injection of 30 mg兾kg MPTP, and the striata were
dissected and processed for HPLC.
Statistical Analysis. All values are expressed as the mean ⫾ SEM

with time, treatment, or genotype as the independent factors.
When ANOVA showed significant differences, pair-wise comparisons between means were tested by Newman-Keuls post hoc
testing. In all analysis, the null hypothesis was rejected at the 0.05
level.
Results

High Expression of Bax in SNpc Dopaminergic Neurons. Relevant to

the potential role of Bax in PD neurodegeneration, we found that
virtually all neurons of the SNpc exhibit conspicuous levels of
Bax protein, as evidenced by immunohistochemistry (Fig. 1a).
SNpc neurons are primarily dopaminergic and secondarily
GABAergic (25). Thus, to confirm that dopaminergic neurons
do contain Bax protein, we performed double immunohistochemistry for TH, the rate-limiting enzyme in dopamine synthesis, and Bax. Examination by confocal microscopy demonstrated that all TH-positive neurons expressed Bax (Fig. 1 b and
c) and, as expected given the ubiquitous expression of Bax in the
brain, that Bax was expressed by both TH-positive and THnegative neurons. Most Bax-positive SNpc dopaminergic neurons showed a prominent punctate immunoreactivity superimposed onto a diffuse cytoplasmic immunostaining (Fig. 1d),
which is consistent with the known subcellular distribution of
Bax in both mitochondria and cytosol (9, 26).
Bax Modulates Developmental Cell Death in the SNpc. During development, neurons in the SNpc undergo an intense naturally
occurring cell death process (21, 27). Dying neurons exhibit the
morphological characteristics of apoptosis and their numbers are
modulated by the size of striatum (21, 27), the brain structure in
which SNpc neuron projections form synapses. Indeed, 24 h after
unilateral destruction of the striatum with a local injection of the
excitotoxin QA at postnatal day seven, wild-type pups showed
four times more apoptotic neurons in the SNpc ipsilateral to the
lesion compared with the contralateral side (Fig. 2). Agematched mutant pups heterozygous (Bax⫹/⫺) or homozygous
(Bax⫺/⫺) for the Bax null mutation showed a gene dosageVila et al.

Fig. 1. Bax expression in SNpc dopaminergic neurons of adult mice. (a) Bax is highly expressed in SNpc neurons, as assessed by immunohistochemistry; sections
are counterstained with thionin. (a⬘) High magnification of Bax-immunostained neurons in the SNpc. (b and c) Double immunofluorescence with antibodies to
Bax and TH confirms that Bax (in green) is expressed in dopaminergic neurons (in red). (d) Confocal microscopy analysis of Bax-positive dopaminergic neurons
(Bax ⫹ TH immunostaining) shows a robust punctate immunoreactivity superimposed onto a diffuse cytoplasmic immunostaining. [Scale bars: 200 m (a), 10 m
(a⬘ and d), and 30 m (b and c).]

dependent reduction of SNpc apoptotic neurons after QA
administration (Fig. 2).

MPTP Increases Bax mRNA Levels in Ventral Midbrain. Given the

Fig. 2. Bax regulates natural and QA-induced developmental neuronal
death in the SNpc. (a) Schematic representation of the model of induced
apoptotic cell death in the SNpc by unilateral destruction of the striatum (i.e.,
the target) at postnatal day seven with a local injection of QA. (b) 24 h after
the lesion, wild-type mice (n ⫽ 5) exhibit a substantial number of dying
neurons with a definite morphology of apoptosis in the contralateral SNpc
and a dramatic increase in this number in the SNpc ipsilateral to the QA lesion.
Age-matched mutant mice deficient for Bax (Bax⫹/⫺ and Bax⫺/⫺, n ⫽ 4 per
group) exhibit a striking lower number of SNpc apoptotic neurons after QA
administration. a, P ⬍ 0.05, compared with wild-type control-side; b, P ⬍ 0.05,
compared with Bax⫹/⫺ control-side; c, P ⬍ 0.05, compared with wild-type and
Bax⫹/⫺ QA-lesioned sides but not significant when compared with Bax⫺/⫺
control side; Newman-Keuls post hoc analysis.

Vila et al.

change in Bax protein after MPTP injections, we also investigated whether this change was associated with Bax transcriptional alterations. In saline-injected mice, there was a constitutive level of Bax transcript in the ventral midbrain (Fig. 3b). In
MPTP-injected mice, there was a time-dependent increase in the
level of Bax transcript, which peaked at 2 days after the last
MPTP injection (⫹364%), then progressively returned to the
level of controls by day 7 (Fig. 3b). Bax mRNA up-regulation was
also region-specific as it was not detected in the striatum nor in
the cerebellum of MPTP-intoxicated animals.

Time Course of MPTP-Induced Apoptotic Neuronal Death. Quanti-

fication of apoptotic cells in the SNpc of MPTP- and salineinjected mice indicates that apoptotic neuronal death culminated
between days 2 and 4 after the last MPTP injection (Fig. 3).
Morphological criteria used to identify apoptotic cells were
previously validated (21) and included shrinkage of cellular
body, chromatin condensation, and presence of distinct, round,
well-defined chromatin clumps, demonstrated by thionin
staining.
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MPTP Stimulates Bax Expression in Ventral Midbrain. In salineinjected mice, there was a high constitutive expression of Bax
protein in the ventral midbrain (Fig. 3a). After systemic MPTP
administration, there was a dramatic up-regulation of Bax
protein in this brain region (Fig. 3a), in agreement with a
previous study (28). This change occurred in a time-dependent
manner, with protein levels peaking at 4 days after the last
MPTP injection (⫹668%), then progressively returning to control levels (Fig. 3a). This alteration was not only time-dependent
but was also region-specific as MPTP-intoxicated mice showed
no Bax up-regulation, at any of the time points studied, in
striatum or in cerebellum, two brain regions devoid of neuronal
loss after MPTP administration.

Fig. 3. Bax expression in the ventral midbrain after MPTP intoxication. (a) Bax protein levels in the ventral midbrain (n ⫽ 3 mice per group) were assessed by
Western blot analysis. (b) Bax mRNA expression in the ventral midbrain was quantified by reverse transcriptase–PCR (n ⫽ 3–5 mice per group). (c) Bax protein
and mRNA up-regulation coincide with the time course of apoptotic-induced cell death in the SNpc. Morphological criteria to identify apoptotic figures, as
illustrated in photomicrographs, included shrinkage of cellular body, chromatin condensation, and the presence of distinct, round, well-defined chromatin
clumps, demonstrated by thionin staining. (Scale bar, 5 m.) (d) Bcl-2 protein expression (Upper) and immunoprecipitation (Lower) after MPTP intoxication. Bcl-2
protein levels are decreased in the ventral midbrain of MPTP-intoxicated mice at days 2 and 4 after the last MPTP injection (n ⫽ 3–5 mice per group). At day 4
after the last injection, ventral midbrain proteins (n ⫽ 4 mice per group) were subjected to immunoprecipitation with a polyclonal antibody to Bcl-2. The amount
of Bax coimmunoprecipitated with Bcl-2 appeared less abundant in the pellets of MPTP-intoxicated mice than in those of saline-injected animals. This was
associated with increased Bax immunoreactivity in the supernatant. S, saline; TP, total proteins. *, P ⬍ 0.05, compared with saline-injected animals; Newman-Keuls
post hoc analysis. Error bars indicate SEM.

MPTP Decreases Bax:Bcl-2 Heterodimerization in the Ventral Midbrain.

Several members of the Bcl-2 family, such as Bcl-2, can bind to
Bax to form Bax:Bcl-2 heterodimers, hence antagonizing Bax
pro-cell death properties (9). Accordingly, we determined the
levels of Bcl-2 protein as well as its capacity to heterodimerize
with Bax protein in ventral midbrain of MPTP-intoxicated mice,
at the peak of MPTP-induced apoptotic neuronal death. In
striking contrast with Bax up-regulation, Bcl-2 protein levels, as
assessed by Western blot, were dramatically decreased in ventral
midbrain of MPTP-intoxicated mice compared with salineinjected animals, 2 and 4 days after the last injection (Fig. 3d).
Furthermore, the amount of Bax that coimmunoprecipitated
with Bcl-2 at this time point, using an anti-Bcl-2 antibody, was
much less in MPTP-intoxicated mice than in saline-injected
animals (Fig. 3d). Consistent with this finding, the amount of Bax
that escaped coimmunoprecipitation using an anti-Bcl-2 antibody was much greater in MPTP-intoxicated mice than in
saline-injected animals (Fig. 3d). The ratio of these proteins
indicates that most of the Bax protein could be inactivated by
Bcl-2 in saline-injected mice whereas there is an excess of
unopposed Bax in MPTP-injected mice.
Bax-Deficient Mice Are Resistant to MPTP Intoxication. To confirm

the involvement of Bax in MPTP-induced neuronal death, we
compared the effects of MPTP in Bax⫹/⫺ and Bax⫺/⫺ mice and
in their wild-type littermates. In saline-injected mice, no significant changes in stereological counts of SNpc dopaminergic
neurons, defined by TH immunostaining, were detected between
2840 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.051633998

the different groups of mice (Fig. 4A). In wild-type mice, MPTP
caused a dramatic loss of SNpc TH-positive neurons, which was
accompanied by a large number of apoptotic neurons (Fig. 4 A
and B). MPTP can down-regulate phenotypic markers such as
TH (29), thus it is important to indicate that the TH兾Nissl ratio
of neuronal counts did not differ between saline- and MPTPinjected wild-type mice (saline ⫽ 1.78 ⫾ 0.05 vs. MPTP ⫽ 1.77 ⫾
0.03; n ⫽ 3 per group; Student’s t test), confirming that the
reduction in TH-positive neurons corresponds to an actual loss
of neurons. In contrast to the situation in wild-type animals,
MPTP failed to affect SNpc TH-positive neuronal counts in
Bax⫺/⫺ and caused only a mild reduction of these numbers in
Bax⫹/⫺ mice (Fig. 4A). Similarly, the number of MPTP-induced
SNpc apoptotic neurons was significantly smaller in Bax⫺/⫺ and,
to a lesser extent, in Bax⫹/⫺ than in wild-type animals (Fig. 4B).
Although less striking than the loss of the SNpc cell body counts,
the loss in striatal dopaminergic nerve terminals after MPTP
administration, as assessed by measuring the levels of dopamine
and its two main metabolites 3,4-dihydroxyphenylacetic acid
and homovanillic acid, was also markedly attenuated in Bax⫺/⫺
and Bax⫹/⫺ mice, compared with their wild-type littermates
(Table 1).
MPPⴙ Production in Bax-Deficient Mice. The main determining

factor of MPTP neurotoxic potency is its conversion in the brain
to 1-methyl-4-phenylpyridinium ion (MPP⫹) (30). To confirm
that the resistance of Bax⫺/⫺ mice is due to the absence of the
Bax gene and not to an alteration in the brain’s production of
Vila et al.

Table 2. Striatal MPPⴙ levels (g兾g striatum) in Bax-deficient
and wild-type mice
Mice
Wild type
Bax⫹兾⫺
Bax⫺兾⫺

90 min

180 min

8.5 ⫾ 1.0
7.6 ⫾ 1.9
10.0 ⫾ 1.0

5.7 ⫾ 0.9
5.1 ⫾ 0.3
5.4 ⫾ 0.8

Fig. 4.
Bax-deficient mice are resistant to MPTP neurotoxic effect. (A)
Stereological counts of TH-positive neurons in the SNpc were performed in
Bax-deficient mice and their wild-type littermates at day 21 after the last
injection (n ⫽ 3–5 mice per group). In wild-type mice, only 53% of the SNpc
TH-positive neurons survived MPTP administration. In contrast, 81% of SNpc
TH-positive neurons survived in Bax⫹/⫺ mice and no loss of TH-positive cells was
found in Bax⫺/⫺ animals under an identical MPTP regimen. *, P ⬍ 0.05,
compared with saline-injected wild-type animals; Newman-Keuls post hoc
analysis. (B) At the peak of apoptotic cell death (day 4 after the last MPTP
injection), Bax⫺/⫺ mice (n ⫽ 3) presented 85% reduction in the number of
apoptotic profiles in the SNpc compared with MPTP-intoxicated control animals (n ⫽ 4). In Bax⫹/⫺ animals (n ⫽ 4), these numbers were reduced by 37%.
*, P ⬍ 0.05 compared with MPTP-intoxicated control animals; **, P ⬍ 0.05
compared with MPTP-intoxicated control animals and MPTP-intoxicated
Bax⫹/⫺ mice; Newman-Keuls post hoc analysis). Error bars indicate SEM. (C)
Photomicrographs of TH-immunostained sections with thionin counterstain,
illustrating the results in A. (Scale bar, 400 m.)

MPP⫹, we measured striatal content of MPP⫹ at different time
points after MPTP administration. At no time point does the
striatal content of MPP⫹ differ significantly among Bax⫹/⫺,
Bax⫺/⫺, and wild-type littermate mice (Table 2).
Table 1. Striatal monoamine levels (ng兾mg tissue)
Mice
Saline
Wild type
Bax⫹兾⫺
Bax⫺兾⫺
MPTP
Wild type
Bax⫹兾⫺
Bax⫺兾⫺

Dopamine
12.2 ⫾ 0.2
13.3 ⫾ 0.3
13.4 ⫾ 0.4
0.5 ⫾ 0.1
3.1 ⫾ 0.3*
4.1 ⫾ 0.2**

DOPAC

HVA

2.1 ⫾ 0.2
2.0 ⫾ 0.1
2.4 ⫾ 0.1

1.8 ⫾ 0.1
1.7 ⫾ 0.1
1.6 ⫾ 0.2

0.3 ⫾ 0.05
0.6 ⫾ 0.06
1.3 ⫾ 0.2**

0.2 ⫾ 0.01
0.6 ⫾ 0.04*
1.0 ⫾ 0.1**

DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid. *, P ⬍
0.05, compared to MPTP-injected wild-type mice; **, P ⬍ 0.05, compared to
MPTP-injected wild-type and MPTP-injected Bax⫹兾⫺ mice; Newman-Keuls post
hoc test. Data represent means ⫾ SEM for 4 – 6 mice per group.
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Discussion
Bax is widely expressed in the central nervous system, where it
is detected primarily in neurons (9, 31). Herein, we show that
almost all neurons of the SNpc, especially all dopaminergic
neurons, contain abundant amounts of Bax protein (Fig. 1),
likely located both at mitochondria and in cytosol (9). We also
demonstrate that Bax controls the apoptotic demise of SNpc
dopaminergic neurons during development, because its ablation
attenuates SNpc developmental cell death in immature animals
(Fig. 2). These findings confirm a key role for Bax in the fate of
SNpc neurons, thus setting the stage for Bax being a potential
culprit in the degeneration of SNpc dopaminergic neurons in PD.
To test the contribution of Bax in PD neurodegeneration, we
used the experimental model produced by the parkinsonian
neurotoxin MPTP (5). Because the mode of cell death in PD may
be, at least in part, apoptotic (8), we selected a MPTP regimen
that kills SNpc dopaminergic neurons by apoptosis (32). This
regimen induces a time-dependent apoptotic cell death in the
SNpc that is maximal between 2 and 4 days after the last dose
of MPTP (Fig. 3c). Relevant to the known pro-apoptotic role of
Bax, we found that the time course of SNpc apoptotic neuronal
death coincides with that of increased levels of Bax mRNA and
protein in ventral midbrain after MPTP administration (Fig. 3
a and b). The opposite image was found for Bcl-2 in that at 2 and
4 days post-MPTP ventral midbrain Bcl-2 protein levels were
markedly reduced. These findings suggest that, during the
MPTP-induced neurodegenerative process, the finely tuned
balance between cell death agonists, such as Bax, and cell death
antagonists, such as Bcl-2, is upset in the ventral midbrain,
leading to a situation in which molecular pro-apoptotic forces
dominate (33). In this context, an aspect related to Bax function
is its capacity to form heterodimers with Bcl-2 and homomultimers with itself (34). In saline-injected mice, the amount of Bax
can theoretically be neutralized by Bcl-2 as evidenced by the
majority of Bax in heterodimers. Whereas, in MPTP-injected
mice excess Bax exists free of neutralizing interaction with Bcl-2
(Fig. 3d). Taken together, our data suggest that, after MPTP
administration, a cascade of deleterious events is set in motion
within which Bax up-regulation and Bcl-2 down-regulation are
key factors. Consistent with this scenario, the observed neuroprotective effects provided by Bcl-2 overexpression against
MPTP (35, 36) may reflect its capacity to counter Bax.
Consistent with the involvement of Bax in the MPTP neurotoxic process is our demonstration that no significant loss of
SNpc dopaminergic neurons was observed in Bax⫺/⫺ mice and
that approximately 81% of SNpc dopaminergic neurons survived
in Bax⫹/⫺ mice compared with their wild-type littermates after
MPTP administration (Fig. 4). Similarly, there were significantly
fewer apoptotic neurons in the SNpc of Bax⫹/⫺ and Bax⫺/⫺ after
MPTP administration compared with wild-type controls (Fig. 4).
The resistance of the SNpc dopaminergic neurons in Bax knockout mice was accompanied by a significant, although less prominent, sparing of striatal dopamine contents (Table 1). The latter
suggests that Bax ablation protects against SNpc neuronal death,
but still allows some changes in gene expression and兾or alterPNAS 兩 February 27, 2001 兩 vol. 98 兩 no. 5 兩 2841
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HPLC measurements of striatal MPP⫹ levels in wild-type and Bax-deficient
mice were determined at 90 and 180 min after a single i.p. MPTP injection (30
mg兾kg). n ⫽ 4 animals per group. Values represent the mean ⫾ SEM.

meability transition pore complex (PTPC). Alternatively, the
opening of the PTPC can lead to several dramatic consequences,
including a dissipation of the mitochondrial transmembrane
potential and a release to the cytosol of proteins normally
confined to the mitochondria, such as cytochrome c (42).
Collectively, our results indicate that Bax plays a pivotal role
in SNpc dopaminergic neuronal death in the MPTP mouse
model likely by acting in injured neurons before the onset of
irreversible cell death events. Whether blocking events downstream of Bax also can protect these cells remains to be determined. Ablation of the cell executioner, caspase-3, dramatically
decreases neuronal death during development (43). However,
whether inhibition of caspases downstream of mitochondria will
prove sufficient to interfere with adult-onset pathological stimuli
or merely shift the mode of death of severely injured neurons
remains uncertain. Because of the striking similarities between
the MPTP model and PD, the present study raises the possibility
that Bax plays a critical role in the neurodegenerative process of
PD and thus that targeting Bax could open new neuroprotective
avenues for this disabling neurological disease.

ations in dopamine synthesis. Relevant to this, is our previous
demonstration that TH, the rate-limiting enzyme in dopamine
synthesis, is inactivated by tyrosine nitration after MPTP administration (22).
We also found that ablation of Bax was not associated with
alterations in the formation of MPTP active metabolite, MPP⫹
(Table 2), which is the most significant modulating factor of
MPTP potency (30).
In light of the results reported above, including the resistance
of Bax-deficient mice to the neurotoxic effects of MPTP, we
argue that Bax is a critical effector molecule in MPTP-mediated
cell death. Given the mode of action of MPTP and Bax, it is
possible that the mitochondrion is key to the observed neuroprotection. Models of Bax activation indicate its oligomerization
may result in a homomultimeric pore (37), a VDAC-containing
pore (38), or a permeabilization of mitochondrial outer membrane (39) to release cytochrome c. Several lines of evidence
indicate that translocation of mitochondrial cytochrome c to the
cytosol is a critical event in the mitochondrial-dependent activation of effector caspases such as caspase-3 and ensuing cell
death (40). Providing credence to this proposed sequence of
events in PD is the observation that caspase-3 is indeed activated
in postmortem SNpc samples from parkisonian patients (41).
Once inside dopaminergic neurons, MPP⫹ is actively concentrated within mitochondria, where it inhibits complex I of the
electron transport chain (5). This inhibition leads to a deficit in
ATP formation and to an increase in reactive oxygen species
production (5), which, in turn, cause an energy crisis and
oxidative stress. As with other situations, mitochondrial dysfunction seen after MPTP administration ultimately can trigger large
amplitude swelling often attributed to the opening of the per-
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