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Abstract
The development of Parkinson's disease is accompanied by concurrent activation of caspase-3 and
apoptosis of dopaminergic neurons of human patients and rodent models. The role of caspase-3, a
final executioner of apoptosis, in the pathogenesis of Parkinson's disease, however, remains to be
determined. Here, we show that gene disruption of caspase-3 protects mice from 1-methyle-4-
phenyl-1,2,3,6-tetrahmydropyridine (MPTP)-induced Parkinsonian syndrome, as reflected by
reversal of MPTP-induced bradykinesia and decreased tyrosine hydroxylase expression in the
nigra-striatum. MPTP treatment resulted in increased caspase-3 activation and apoptosis in the
substantia nigra of wild-type mice at 24 h after the inception of MPTP treatment, as compared
with vehicle-treated control animals. Gene disruption of caspase-3 prevented MPTP-induced
apoptosis in the substantia nigra. At 7 days after MPTP treatment, tyrosine hydroxylase expression
was suppressed and infiltration of activated microglia and astrocytes was markedly increased in
the nigra-striatum of wild-type mice. All of these alterations following MPTP treatment were
blocked by disruption of caspase-3 in mice. These results clearly indicate that caspase-3 activation
is required for the development of MPTP-induced Parkinson's disease in mice. These findings
suggest that activation of caspase-3-mediated apoptosis of dopaminergic neurons in the early stage
may play an important role in the pathogenesis of Parkinson's disease.
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Introduction
Parkinson's disease (PD) is the second most common neurodegenerative disorder after
Alzheimer's disease, affecting approximately 1–2 % of the population over the age of 65 [1].
PD is characterized by a progressive loss of dopaminergic neurons in the substantia nigra
pars compacta. The loss of dopaminergic afferents from the substantia nigra to the striatum
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and putamen results in extra pyramidal motor dysfunction, including tremor, rigidity, and
bradykinesia. Another hallmark feature of PD is gliosis, accumulatuion of activated
microglia and astrocytes in the substantia nigra and striatum [2], although it remains to be
clarified how gliosis is initiated and sustained in PD. The symptoms of PD can be
ameliorated by medications, such as precursors of dopamines, but these remedies cannot
prevent or retard the progression of neurodegeneration. To develop new preventive and/or
therapeutic strategies against PD, therefore, it is important to enhance our understanding of
the molecular pathogenesis of the disease.

Activation of caspases and apoptosis of dopaminergic neurons have been implicated in the
pathogenesis of PD. Caspase-3 is the downstream executioner of apoptosis in the cascades
of caspases. Activated caspase-3 has been shown in the substantia nigra of patients with PD
[3,4], although controversial results were also reported [5]. Likewise, numerous studies have
demonstrated increased apoptosis of dopamine neurons in the substantia nigra of PD patients
by in situ labeling methods, TdT-mediated dUTP-biotin nick end labeling (TUNEL)
staining, and electron microscopy [6,7,8,9], while no apoptic neurons were observed in other
studies [5,10]. It is important to note that the rate of neuronal death in PD patients is very
low, and hence very sensitive methods are necessary for detection of apoptosis in PD. This
has been argued as a potential contributor to the controversial results in previous literature.

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes a severe and irreversible
Parkinsonian syndrome in humans, non-human primates, and rodents, which fully replicates
the clinical and pathological hallmarks of idiopathic PD [11,12]. These major pathological
features of PD include selective degeneration and loss of dopaminergic neurons in the
substantia nigra, as reflected by suppressed expression of tyrosine hydroxylase (TH), the
rate-limiting enzyme of dopamine biosynthesis, and gliosis. Thus, the MPTP model has been
the most commonly used and best characterized rodent model of PD.

Administration of MPTP induces activation of caspases, including caspase-3, 8, 9, and 11
[13,14,15], and poptotic DNA fragmentation in the substantia nigra of rodents
[16,17,18,19,20,21]. Apoptosis in the substantia nigra after MPTP-treatment is, therefore,
associated with activation of caspases, including caspase-3, in mice. A previous study has
shown that gene disruption of caspase-11 protects mice from MPTP-induced PD [22].
Treatment with a broad-spectrum caspase inhibitor partially prevented MPTP-induced loss
of dopaminergic neurons in mice [23]. It is important to note, however, that activities of
caspases-1, 4, and 11 are essential for maturation of proinflammatory cytokines, including
interleukin-1 (IL-1), as well as execution of apoptosis. For example, caspase-11 mediates the
activation of caspase-1 (also known as interleukin-1 converting enzyme), the primary
activator of pro-IL-1, leading to enhanced inflammation, although caspase-11 can also
promote caspase-3 cleavage (activation). It is possible, therefore, caspase-11 ablation and
broad-spectrum caspase inhibitior might exert the protective effects by blocking
proinflammatory cytokine maturation rather than direct inhibition of apoptosis.

Moreover, the controversial results have been reported about the role of caspases in 1-
methyl-4-phenylpyridinium iodide (MPP+, MPTP's toxic metabolite)-induced cell death in
cultured neuronal cells. Some studies have shown that inhibitors of caspases, including
caspase-3, protect neuronal cells from MPP+-induced apoptosis [24,25,26]. In other studies,
however, caspase inhibitors failed to decrease MPP+-induced neuronal cell death [27,28,29],
although 6-hydroxydopamine-induced death was blocked by caspase inhibition in these
studies [27,28]. The role of caspase-3 in PD remains to be determined and has not yet been
investigated in caspase-3 knockout mice in vivo. In the present study, therefore, we studied
the effects of gene disruption of caspase-3 on MPTP-induced PD in mice.
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Materials and methods
Animals and MPTP administration

All experiments were carried out in accordance with institutional guidelines and the study
protocol was approved by the Massachusetts General Hospital Subcommittee on Research
Animal Care. The animal care facility is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care. We used male wild-type C57BL/6 mice (Jackson
Laboratory, Bar Harbor, ME) and caspase-3-deficient mice on C57BL/6 background, which
were kindly provided by Dr. T.W. Mak [30], at 8 weeks of age. Body weight did not differ
between wild-type and caspase-3 knockout mice at 8 weeks of age (BW [g]: WT: 23.9 ± 0.3
[mean ± SEM]; KO: 23.8 ± 0.8). The mice were housed in a pathogen-free animal facility
maintained at 25ºC and illuminated by 12:12-h light-dark cycles. The mice were provided
with standard rodent chow and water ad libitum. Mice received four intraperitoneal
injections of MPTP (20 mg/kg BW) or saline with an interval of 2 h over a 6-h period as
previously described [31].

Immunohistochemistry
Immunohistochemical analysis was performed as previously described [32]. Briefly, mice
were anesthetized with pentobarbital sodium (50 mg/kg BW, IP) and then perfused
transcardially with phosphate-buffered saline (PBS). The brains were removed and
immersed in 4% paraformaldehyde for 1 day. Then, the samples were serially immersed in
phosphate buffer containing 10% and 20% sucrose (w/v) for 24 h each and frozen in O.C.T.
compound. Serial 10-μm coronal sections were prepared using a cryostat (Jencons
Scientific, Bridgevill, PA). After inactivation of endogenous peroxidase activity by
hydrogen peroxide, the sections were incubated in blocking solution (10% normal goat
serum in PBS) for 1 h, followed by incubation with a primary antibody (TH [1:1,000,
Millipore, Bedford, MA], Iba1 [1:500, Wako Chemicals USA, Richmond, VA], GFAP
[1:500, Dako, Carpinteria, CA], or cleaved caspase-3 [1:200, Cell Signaling, Danvers, MA])
at 4ºC. The sections were washed three times with PBS and incubated with biotinylated goat
anti-secondary antibody (1:200, Vector Laboratories, Burlingame, CA). They were further
soaked with horseradish peroxidase (HRP)-labeled streptoavidin-biotin complex (Vectastain
Elite ABC kit; Vector, Burlingame, CA) and visualized by diaminobenzidine (DAB). To
evaluate the numbers of Iba1- and GFAP-positive cells, the 10-μm thick coronal sections
with an interval of 50 μm in the striatum (0.26–0.56 mm anterior from the bregma) were
analyzed as previously described [33,34].

Double labeling for DNA fragmentation and tyrosine hydroxylase
Sections were processed for fluorescence TUNEL staining by using the ApopTag
Fluorescein In Situ Apoptosis Detection Kit (Promega, Madison, WI) according to the
manufacturer's instructions. After the sections were incubated in blocking solution for 1 h,
they were incubated with rabbit anti-TH antibody overnight at 4ºC, followed by incubation
with Rhodamine RedTX-conjugated goat anti-rabbit antibody (1:200, Jackson
Immunoreasearch Laboratories, West Grove, PA) for 1 h. The fluorescence images were
captured using appropriate filters under a microscope (Nikon ECLIPSE TE-2000-S).

Immunoblotting
For the evaluation of TH protein expression, substantia nigra and striatum were dissected
and frozen at 24 h or 7 days after the MPTP injections [35], and homogenized in lysis buffer
(50mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM DTT, 1
mM phenylmethylsulfonyl fluoride, 2 mM sodium vanadate, protease inhibitor cocktail
[Sigma]) as previously described [36]. Protein samples (15 μg/lane) were subjected to a
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standard SDS-polyacrylamide gel electrophoresis with a Mini-Protean System (Bio-Rad,
Hercules, CA) and were electrophoretically transferred to a polyvinylidene difluoride
membrane (Bio-Rad). The membranes were soaked in blocking buffer (GE Healthcare,
Waukesha, WI) for 1 h and incubated overnight at 4°C with anti-TH (1:50,000), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (1:75,000, Trevigen,
Gaithersburg, MD), or cleaved caspase-3 [1:5,000], followed by incubation with HRP-
conjugated anti-rabbit IgG antibody (1:75,000, GE Healthcare) for 1 h at room temperateure.
Immunoreactive bands were detected with Amersham ECL Advance Western Blotting
Detection Kit (GE Healthcare). Densitometric analysis of the results was carried out with
NIH Image software (ver. 1.62).

Tail suspension test
Tail suspension tests were performed in a sound-proof room as described previously [37]
with minor modifications. Briefly, mice were suspended by the tails (45-cm high). The
duration of immobility was measured for 5 min just after the inception of suspension.

Statistical analysis
Data are shown as mean ± SEM. Statistical analysis was performed with one-way analysis
of variance, followed by Bonferroni's Multiple Comparison Test or Student t test. A value of
p<0.05 was considered statistically significant.

Results
MPTP-induced apoptosis in the substantia nigra was prevented by caspase-3 deficiency in
mice

As shown previously [15,20], immunohistochemical and immunoblot analyses revealed that
cleaved (activated) caspase-3 was increased in the substantia nigra at 24 h after the inception
of MPTP injections in wild-type mice, as compared with saline-treated mice (Fig. 1). The
protein expression of GAPDH was not affected by MPTP administration. Consistent with
activation of caspase-3, MPTP treatment resulted in induction of apoptosis in the substantia
nigra in wild-type mice, as indicated by TUNEL staining. In contrast, caspase-3 deficiency
blocked MPTP-induced apoptosis in the substantia nigra (Fig. 2). When treated with saline
alone, no difference was found in apoptosis in the substantia nigra between wild-type and
caspase-3 knockout mice.

MPTP-induced bradykinesia and decreased expression of tyrosine hydroxylase were
reverted by caspase-3 deficiency in mice

Next, we examined the effects of gene disruption of caspase-3 on MPTP-induced PD in
mice. At 7 days after MPTP injections, wild-type mice exhibited a marked bradykinesia, as
judged by the duration of immobilization in the tail suspension test, as compared with
vehicle-treated control animals. In stark contrast, administration of MPTP failed to prolong
immobilization time during the tail suspension test in caspase-3 knockout mice (Fig. 3A).

Immunoblot and immunohistochemical analyses revealed that the protein expression of
tyrosine hydroxylase (TH) was markedly suppressed in the substantia nigra and striatum of
MPTP-treated wild-type mice relative to sham animals (Figs. 3B,C). Caspase-3 deficiency
completely blocked MPTP-induced decrease in TH expression in the nigra-striatum. Neither
MPTP nor caspase-3 deficiency altered GAPDH expression. When treated with saline alone,
the results of the tail suspension test and TH expression in the nigra-striatum did not differ
between wild-type and caspase-3 knockout mice. Saline injections did not affect the results
of the tail suspension test and TH expression in the nigra-striatum in wild-type mice, as
compared with naïve mice without injections (data not shown).
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At 7 days after MPTP injections, the decreased TH expression in MPTP-treated wild-type
mice was accompanied by increased numbers of ionized calcium binding adaptor molecule 1
(Iba1)-positive microglia and glial fibrillary acidic protein (GFAP)-positive astrocytes in the
substantia nigra and striatum, relative to sham animals (Fig. 4). In contrast, neither Iba1- nor
GFAP- positive cells were increased by MPTP treatment in the nigra-striatum of caspase-3
knockout mice. When treated with saline alone, no difference was found in Iba1- and
GFAP-positive cells in the nigra-striatum between wild-type and caspase-3 knockout mice.

Discussion
Our data clearly demonstrate that gene disruption of caspase-3 completely blocked MPTP-
induced PD in mice, as judge by the tail suspension test, TH expression, and accumulation
of microglia and astrocytes in the nigra-striatum (Figs. 3,4). Moreover, MPTP-induced
apoptosis in dopaminergic neurons in the substantia nigra was prevented by caspase-3
ablation (Figs. 1,2). These findings indicate that caspase-3 activation is required for MPTP-
induced PD in mice.

Our results are in line with a previous study that caspase-11 deficiency prevents MPTP-
induced PD in mice [22]. In their study, they did not examine apoptosis following MPTP
treatment. Under normal condition few neuronal cells express caspase-11, while caspase-11
is abundantly expressed in microglia. The authors discussed that caspase-11 activation-
mediated inflammation in microglia plays an important role in MPTP neurotoxicity [22]. In
contrast, caspase-3 is ubiquitously expressed, including neurons. Our findings suggest that
caspase-3-dependent apoptosis in neurons in the substantia nigra may play a privotal role in
MPTP-induced PD in mice.

Previous studies have shown that caspase-3 activation and apoptosis occur in the early stage
of the development of PD following MPTP administration in the substantia nigra in wild-
type mice [15,20]. As opposed to transient activation of caspase-3 and apoptosis in the early
stage, activation and accumulation of microglia and astrocytes persist in the nigra-striatum
in MPTP-induced PD [38,39], contributing to sustained inflammation in the lesion. These
findings suggest that caspase-3 activation and subsequent apoptosis of dopamine neurons in
the substantia nigra may be the initial step essential for the development of PD, including
progressive suppression of TH expression and gliosis. Our data seem to support the
postulated scenario in which insult by MPTP injections results in activation of caspase-3-
mediated apoptosis of dopamine neurons, which, in turn, leads to persistent loss of TH in the
nigra-striatum along with sustained activation and infiltration of microglia and astrocytes.

In addition, this raises the possibility that the controversial results on apoptosis of
dopaminergic neurons in PD patients [3,4,5] might be partly explained by the presumption
that apoptosis of dopamine neurons is the early pathological event rather than consequence
of the disease development. In accord with previous studies [15,20], we found significant
increase in TUNEL-positive cells at 1 day, but not 7 days, after MPTP treatment in wild-
type mice, as compared with sham animals (Fig. 2 and data not shown). One can speculate,
therefore, that apoptotic changes in dopamine neurons may or may not be present at the end
of disease stage when postmortem samples are collected.

At 24 h after the inception of MPTP treatment, TUNEL-positive cells were found in both
TH-positive and -negative cells in the substantia nigra of wild-type mice (Fig. 2). A previous
study has shown that in the substantia nigra neurons with a strong signal for cleaved
(activated) caspase-3 show reduction in TH immunoreactivity following MPTP
administration, whereas neurons with a weak cleaved caspase-3 signal show strong TH
positivity [40]. The protein expression of TH was slightly decreased at 1 day after MPTP
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treatment relative to sham mice, although the decrease in TH expression progressed and
culminated at 7 days post-MPTP treatment (data not shown). It is possible, therefore, that
some of the TUNEL-positive cells in the substantia nigra might show reduced or
undetectable TH immunoreactivity due to loss of TH expression during the process of
apoptosis, although those cells used to express TH prior to MPTP treatment. Further studies
are required to clarify this point.

In conclusion, our results demonstrate that activation of caspase-3 is required for MPTP-
induced apoptosis in the substantia nigra and development of PD. These findings indicate a
critical role of caspase-3 in MPTP-induced PD in mice. Taken together with previous
studies [15,20], these findings suggest that caspase-3-dependent apoptosis of dopaminergic
neurons might be the essential initial event that triggers subsequent progressive loss of TH,
sustained inflammation, and gliosis in MPTP-induced PD in mice.
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Fig. 1.
MPTP-induced activation of caspase-3 in the substantia nigra. Immunohistochemistry (A)
and immunoblotting (B, C) revealed that MPTP administration resulted in increased
cleavage (activation) of caspase-3 in the substantia nigra of wild-type mice at 24 h after the
inception of MPTP injections, as compared with saline (vehicle) alone. The protein
expression of GAPDH was not affected by MPTP treatment. n=3–4 per group. **p<0.01 vs.
vehicle.
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Fig. 2.
Caspase-3 deficiency inhibited MPTP-induced apoptosis in the substantia nigra in mice.
MPTP administration induced apoptosis in the substantia nigra of wild-type (WT) mice, as
judged by double staining for TUNEL (green) and tyrosine hydroxylase (TH, red), at 24 h
after the inception of MPTP injections. In caspase-3 knockout (KO) mice, however, MPTP
failed to induce apoptosis in the substantia nigra.
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Fig. 3.
Caspase-3 deficiency prevented MPTP-induced bradykinesia and reduction in tyrosine
hydroxylase expression in mice. At 7 days after MPTP administration, the tail suspension
test showed prolonged immobility time in wild- type (WT) mice compared to vehicle alone
(A). In contrast, MPTP did not affect duration of immobility in caspase-3 knockout (KO)
mice. Immunoblot (B) and immunohistochemical (C) analyses revealed that the protein
expression of tyrosine hydroxylase (TH) was markedly decreased in the nigra-striatum of
wild-type, but not caspase-3 knockout, mice at 7 days after MPTP administration compared
with vehicle alone. The protein expression of GAPDH was not altered by MPTP or
caspase-3 deficiency. n=4 per group. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 4.
Caspase-3 deficiency blocked MPTP-induced infiltration of activated microglia and
astrocytes in the nigra-striatum in mice. Immunohistochemistry showed that accumulation of
Iba1-positive microglia and GFAP-positive astrocytes in the striatum and substantia nigra of
wild-type (WT) mice at 7 days after MPTP administration, as compared with vehicle alone.
In caspase-3 knockout (KO) mice, however, MPTP failed to increase Iba1- and GFAP-
positive cells in the nigra-striatum (A). The numbers of GFAP- and Iba1-positive cells in the
striatum was increased in wild-type, but not caspase-3 knockout, mice at 7 days after MPTP
administration relative to sham animals (B). n=5–6 per group. ***p<0.001 vs. WT with
vehicle, and KO with vehicle and MPTP. Single bar (low magnification)=200 μm; Double
bar (high magnification)=20 μm.
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