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ABSTRACT The protooncogene bcl-2 inhibits neuronal
apoptosis during normal brain development as well as that
induced by cytotoxic drugs or growth factor deprivation. We
have previously demonstrated that neurons of mice deficient
in Bcl-2 are more susceptible to neurotoxins and that the
dopamine (DA) level in the striatum after systemic 1-methyl-
4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) administration
was significantly lower than in wild-type mice. In the present
study we have used transgenic mice overexpressing human
Bcl-2 under the control of neuron-specific enolase promoter
(NSE-hbcl-2) to test the effects of the neurotoxins 6-hydroxy-
dopamine (6-OHDA) and MPTP on neuronal survival in these
mice. Primary cultures of neocortical neurons from normal
and transgenic mice were exposed to these dopaminergic
neurotoxins. Addition of 6-OHDA resulted in cell death of
essentially all neurons from normal mice. In contrast, in
cultures generated from heterozygous NSE-hbcl-2 transgenic
mice, only 69% of the cells died while those generated from
homozygous transgenic mice were highly resistant and exhib-
ited only 34% cell death. A similar effect was observed with
neurons treated with MPP1. Moreover, while the striatal
dopamine level after MPTP injections was reduced by 32% in
the wild type, the concentration remained unchanged in the
NSE-hbcl-2 heterozygous mice. In contrast levels of glutathi-
one-related enzymes were unchanged. In conclusion, overex-
pression of Bcl-2 in the neurons provided protection, in a
dose-dependent manner, against neurotoxins known to selec-
tively damage dopaminergic neurons. This study provides
ideas for inhibition of neuronal cell death in neurodegenera-
tive diseases and for the development of efficient neuropro-
tective gene therapy.

Parkinson disease is a progressive neurological disorder asso-
ciated with selective degeneration of the dopaminergic neu-
rons in the substantia nigra (1). Data from postmortem studies
of patients’ brains suggest that reactive oxygen species (ROS)
may play a critical role in this process (2). ROS may be harmful
to macromolecules and other cellular components, causing
lipid peroxidation and protein and DNA oxidation. Necropsy
studies also provide evidence for specific chemical changes
indicative of damaging oxidative events in the substantia nigra.
These include higher levels of cholesterol hydroperoxides,
malondialdehyde protein adducts of 4-hydroxy-2-nonenal and
8-hydroxy-deoxyguanosine that are indicative of ROS-induced
DNA breaks (3).

A number of neurotoxins selectively damage dopaminergic
neurons. For example, 1-methyl-4-phenylpyridinium (MPP1),

the active metabolite of 1-methyl-4-phenyl-1,2,3,6 tetrahydro-
pyridine (MPTP), selectively destroys cultured dopaminergic
neurons (4). In vivo, MPTP, which is converted to the active
metabolite MPP1, causes subacute Parkinsonism in humans
and other primates (5–6). MPTP was also shown to elicit
apoptotic cell death in nigral dopaminergic neurons after
systemic administration to mice (7). Another neurotoxin,
6-hydroxydopamine (6-OHDA), is also widely used to damage
dopaminergic neurons mainly in vitro but also in animals
models (8).

We have previously demonstrated that dopamine (DA), the
endogenous neurotransmitter produced by nigrostriatal neu-
rons, and its oxidative metabolites can induce biochemical,
histochemical, and morphological changes characteristic of
apoptosis in various neuronal and nonneuronal cells (9–12). In
addition, recent autopsy reports indicated the presence of
morphological and biochemical features of apoptosis in dopa-
minergic neurons in Parkinsonian patients (13, 14). These
findings suggest that in these patients there is disregulation,
either inherited or acquired, in the antioxidative protective
mechanisms, within or around nigral neurons, leading to
pathological activation of apoptosis (9–12, 15).

The protooncogene bcl-2 is one of the key regulators of
apoptosis, capable of preventing death induced by cytotoxic
drugs and growth factor deprivation (reviewed in ref. 16).
Overexpression of the Bcl-2 protein in sensory and sympa-
thetic neurons protects them against apoptosis induced by
deprivation of neurotrophic factors or ROS (17, 18). Similarly,
we have demonstrated that PC12 cells overexpressing Bcl-2 are
highly resistant to DA-induced apoptosis (19–20). In contrast,
a Bcl-2- expressing dopaminergic neuronal cell line is resistant
to MPP1 but is not protected from death induced by 6-OHDA.
Moreover, our studies with mutant mice deficient in the bcl-2
gene showed that cerebellar granule cells are significantly
more susceptible to DA and MPTP toxicity, and that the level
of DA in the striatum, after systemic MPTP administration
was significantly lower in the bcl-2 deficient mice (unpublished
observations).

Transgenic mice expressing human bcl-2 gene under the
control of the neuron-specific enolase promoter (NSE-bcl-2),
which forced expression in neurons, were found to be less
susceptible to neuronal death during development and
throughout adult life (22–25). Studies of this animal model also
indicated that Bcl-2 regulates neuronal cell survival and pro-
tects against various cell death stimuli in a dose-dependent
manner (24–26).
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In the present study we focused on the possible protective
effect of Bcl-2 against neurotoxins that are selectively toxic to
dopaminergic neurons.

MATERIALS AND METHODS

Animals. Transgenic mice of the heterozygous and homozy-
gous genotype for the human bcl-2 gene (hbcl-2) were gener-
ated as described (22).

Brain Homogenates. Animals were sacrificed by cervical
dislocation. The brains were removed, frozen promptly in
liquid nitrogen and stored at 280°C. For preparation of
homogenates, the brains were thawed and homogenized in 50
mM potassium phosphate, pH 7.2, containing 1 mM phenyl-
methylsulfonyl f luoride and 1 mgyml leupeptin, 1 mM EDTA
and 0.1% Triton X-100. The extract was then sonicated (2 3
15 sec) and centrifuged at 150,000 3 g for 1 h. The supernatant
was used in the enzymatic assays and for glutathione (GSH)
determination by using the Calbiochem kit.

Enzymatic Assays. (i) GSH reductase was assayed spectro-
photometrically by following reduced nicotinamide-adenine
dinucleotide phosphate oxidation at 340 nm: the reaction
mixture contained 100 mM potassium phosphate (pH 7.4), 0.1
mM reduced nicotinamide-adenine dinucleotide phosophate,
1 mM GSH disulfide, and 1 mM EDTA (27). One unit of
enzyme activity yields the reduction of 1 mmol GSH disulfidey
min.

(ii) GSH peroxidase was determined according to Flohe and
Gunzler (28) with t-butyl hydroperoxide as a substrate. The
assay is based on determination of reduced nicotinamide-
adenine dinucleotide phosphate at 340 nm, in a reaction
mixture containing 50 mM potassium phosphate, (pH 7.0), 1
mM GSH, 0.12 mM t-butyl hydroperoxide, 0.15 mM reduced
nicotinamide-adenine dinucleotide phosphate, and 0.24 units
of GSH reductase. One unit of enzyme activity results in the
oxidation of 1 mmol GSHymin.

(iii) GSH transferase was determined according to Habig et
al. (29) by using 1-chloro-2,4-dinitrophenol as a substrate. One
unit of enzyme activity results in the binding of 1 mmol
GSHymin.

Protein concentration was determined by the Bradford
method (30) with BSA as a standard.

Determination of DA Levels in the Striatum. Both striata
were dissected out, weighed, and sonicated in 10 vol of ice-cold
0.1 M perchloric acid containing 0.01 M NaHSO3 and 0.001%
ascorbic acid containing 1 mgyml dihydroxybenzylamine (Sig-
ma) as an internal standard. After centrifugation (12,000 3 g
for 10 min) the supernatants were filtered (0.45 mm nylon
filter) and 20 ml were injected onto C18 reverse-phase column
(Phenomenex, Belmont, CA). The mobile phase consisted of
0.15 M monochloroacetic acid, 0.1 M NaOH, 0.6 mM EDTA,
0.2 mM sodium acetylsulfate, and 9% methanol pH 2.9. DA
was detected by electrochemical oxidation against a glassy
carbon electrode (10.77 V).

Primary Cell Culture. Primary cell cultures of murine
neocortical cells were prepared from fetal mice of gestational
day 15–16 (E15–E16), essentially as described by Larm et al.
(31). Cells were plated at a concentration of '1.5 3 105 cells
per cm2 in 24-well plates (Nunc) previously coated with
poly-D-lysine (50 mgyml) in medium containing 10% dialyzed
fetal calf serum. Twenty-four hours after plating, the medium
was removed and replaced with serum-free growth medium.

Immunocytochemistry. On day 7 in vitro, cells were fixed in
4% paraformaldehyde, in PBS (pH 7.4) for 15 min at room
temperature. Cells were then washed three times with Tris
buffered saline (TBS): 50 mM TriszHCl, 0.9% NaCl (pH 7.6),
and quenched in 3% H2O2 for 5 min at room temperature.
After three washes in TBS the cells were blocked in 10%
normal goat serum (0.1% Triton X-100) in TBS for 1 h at 4°C,
washed twice with TBS, followed by incubation with mouse

anti-human Bcl-2 monoclonal antibody, which does not cross-
react with mouse Bcl-2 (32) (1:1 dilution in 2% normal goat
serum and 0.1% Triton X-100) overnight at 4°C. Cells were
then washed three times with TBS and incubated with sheep
anti-mouse IgG conjugated to horse radish peroxidase (1:300)
for 3 h at room temperature. Similarly, microtubule-associated
protein 2 (1:250) and glial fibrillary acidic protein (1:5) anti-
bodies were incubated overnight at 4°C followed by incubation
with mouse anti-rabbit conjugated to horseradish peroxidase.
After further washings with TBS the cells were incubated with
0.05% 3,39-diaminobenzidine, 0.01% H2O2 in TBS until color
developed. Finally cells were washed three times with TBS and
examined under bright-field microscopy (Olympus IMT-2).

Toxicity Experiments. Cells were exposed to either
6-OHDA (Research Biochemicals, Natick, MA) or MPP1

(Research Biochemicals) on day 5 in vitro. Drugs were made
up in N2 growth medium (31) and concentrations of 0.1–100
mM of both 6-OHDA and MPP1 were tested in triplicate on
each of the cultures. Cells were exposed to the drugs for 18–24
h. The trypan blue exclusion assay was used to assess cell
viability after drug exposure. Medium was removed and 0.2%
trypan blue in TBS added to the cells for 10 min. After the
removal of the trypan blue solution the cells were fixed with
4% paraformaldehyde in PBS for 5 min, then replaced by TBS.
Cells were then observed under bright field microscopy (Olym-
pus, IMT-2).

Data Analysis. Three random representative fields of cells
were photographed at each concentration of both 6-OHDA
and MPP1. Cells stained with trypan blue were considered
dead. The cells were counted and percentage of dead cells per
photograph calculated (cells stained trypan blue/cells stained
trypan blue 1 nonstained cells) ('1,500–2,500 cells were
counted for each condition). SIGMA STAT (Microsoft) was used
to carry out two-way ANOVA and post hoc Newman–Keuls
test on the data. The GRAPH PAD PRISM (Microsoft) program
was used to calculate mean percent 6 SEM of dead cells and
the level of statistical significance was set at P , 0.05. The DA
levels were analyzed from a group of 5 mice, the two hemi-
spheres separately, while the brain extracts for the enzyme
activity were analyzed from a group of 8 mice. Data are
represented as mean 6 SEM and the P value was calculated by
using the t test.

RESULTS

Expression of Human Bcl-2 in Neuronal Cultures of Trans-
genic Mice. Primary cultures of neocortical neurons were
prepared from E15–E16 mouse embryos. Immunocytochem-
ical staining of the cultures for microtubule-associated protein
2, a neuronal marker, and glial fibrillary acidic protein, a glial
cell marker, indicated that the cultures used consisted of
.90% neurons (data not shown). Cultures derived from
transgenic mice expressed the bcl-2 transgene as shown by
immunocytochemistry (Fig. 1 A–C).

Effects of MPP1 and 6-OHDA on Cortical Neuronal Cul-
tures from Wild-Type, Heterozygous, and Homozygous NSE-
hbcl-2 Transgenic Mice. Cortical neurons from E15–E16 mice
were prepared, grown in culture and used to investigate the
neurotoxicity of MPP1 and 6-OHDA. Initially the concentra-
tion-dependence of the neurotoxic effects of MPP1 and
6-OHDA (both 0.1–100 mM) was examined in preliminary
experiments in cultures derived from wild-type and from the
NSE-hbcl-2 heterozygous mice. Both drugs induced neuronal
death in a concentration-dependent manner, which was shown
by microscopy (2–4 h after drug administration) to involve
rapid neuronal swelling and subsequent cell death. Detailed
analyses were then performed by using MPP1 (10–50 mM) and
6-OHDA (10–100 mM) in cortical neuronal cultures derived
from wild-type, heterozygous, and homozygous fetal mice
expressing the hBcl-2 protein. Three independent experiments
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were performed for each drug. Data from a single experiment
are shown (Figs. 2 and 3). 6-OHDA effected a concentration-
dependent neuronal cell death under the conditions tested
(P , 0.0001) and there was an overall difference between the
genotypes (P , 0.0001; Fig. 2). Representative data are shown
in Fig. 1 D–F where neurons were exposed for 18–24 h to 30
mM 6-OHDA and the degree of cell death was 100%, 69%, and
34% in cultures derived from wild-type, heterozygous, and
homozygous transgenic mice, respectively, with the neuropro-
tection conferred by the hbcl-2 transgene being significantly
enhanced in the homozygous vs. heterozygous cultures (Fig. 2).
Under the conditions tested, MPP1 induced a similar pattern
of concentration-dependent cell death (P , 0.0001), but a
significant difference was not observed between the homozy-
gous and the heterozygous cultures (Fig. 3). In cultures treated
with 50 mM MPP1, 51% of the cells in the wild-type cultures
died, while only 23% and 27% of neurons died in cultures
derived from heterozygous and homozygous mice, respec-
tively.

Bcl-2 Protects Striatal DA Level After MPTP Injections.
Wild-type and heterozygous adult NSE-hbcl-2 mice were
injected (i.p.) with MPTP (10 mgykg), four times at 24 h
intervals. Ten days later, animals were decapitated, brains
removed, the striata dissected, and DA concentrations were
measured by HPLC. As shown in Fig. 4, DA levels in the striata
of untreated heterozygous transgenic mice were similar to

those of wild-type. However, after MPTP treatment the DA
level in the striata was markedly reduced in the wild-type mice
(32%) but remained unchanged in the heterozygous NSE-
hbcl-2 mice (P , 0.05).

Activities of the GSH-Related Enzymes in Wild-Type and
Transgenic Mice. One of the mechanism by which Bcl-2 may
act is by decreasing the generation of ROS. To examine this
possibility, we measured the activity of the GSH-related
enzymes and the level of reduced GSH in homogenates of
brain from normal and transgenic mice. The activities of GSH
reductase, GSH transferase, and GSH peroxidase in the
normal mice were 85, 37, and 75 unitsymg protein, respec-
tively, while the level of these enzymes in the transgenic mice
was 80, 55, and 74 unitsymg protein, respectively. The differ-
ences in activities between normal and transgenic mice were
not statistically significant (Fig. 5). Similarly, the total GSH
level in the brain homogenates of normal and transgenic mice
was comparable in the wild-type (16.0 6 0.75) and in the
heterozygous transgenic mice (14.9 6 1.04).

DISCUSSION

In the present study we have used NSE-hbcl-2 transgenic mice
as a model system to demonstrate that expression of human
Bcl-2 in neurons provided significant protection against death
caused by the selective dopaminergic neurotoxins, MPTP and

FIG. 1. Photomicrographs of the murine cortical cultures used to analyze the neurotoxicity of 6-OHDA and MPP1. Immunocytochemical
staining for the hBcl-2 protein was found in both the heterozygous (B) and homozygous cultures (C), but was absent in the wild-type cultures (A).
After exposure of the cultures to 6-OHDA (10–100 mM) and MPP1 (10–50 mM) for 18–24 h, cell viability was assessed by using the trypan blue
exclusion procedure. Cell counts (mean 6 SEM) of three random fields (1,500–2,500 cells) revealed the percentage of dead cells. Representative
fields of cells treated with 30 mM 6-OHDA (D–F) and 50 mM MPP1 (G–I) are shown for wild-type (D, G), heterozygous (E, H), and homozygous
(F, I) cultures overexpressing hBcl-2, respectively. (A–C, 2003; D–I, 1503). In all cases the hbcl-2 transgene conferred significant neuroprotection
(P , 0.05; ANOVA) upon the cortical cultures. Further details are given in Figs. 2 and 3.
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6-OHDA. The NSE-bcl-2 heterozygous mice were fully resis-
tant to MPTP injections and did not show any reduction of DA
levels in their striata. In contrast, injections of MPTP to
normal mice resulted in 32% reduction of DA levels. Similar
protection was also seen in cultures of cortical neurons gen-
erated from brains of the transgenic mice, which showed a
higher survival rate after MPP1 and 6-OHDA treatments.

The two neurotoxins differed in their cytotoxicity for cul-
tured cortical neurons. At a concentration of 30 mM, 6-OHDA
killed 100% of the neurons in wild-type cultures and Bcl-2
protected the neurons in a concentration-dependent manner.
Addition of 6-OHDA to homozygous neurons resulted only in
30% death, whilst addition of the same drug to heterozygous
cultures resulted in 65% of dead cells. In contrast, MPP1 is less
toxic to the neurons and at a concentration of 50 mM, only half
of the neurons in the wild-type cultures died. Moreover,
cultures from both heterozygous and homozygous transgenic
mice showed similar protection and only '25% of the neurons
died. These results indicate that the level of protection con-
ferred by Bcl-2 depends on the given insult. The amount of
Bcl-2 in the heterozygous mice is sufficient to protect the
neurons from death caused by MPP1. However, a higher
concentration of Bcl-2 is needed to protect efficiently from
death by 6-OHDA and therefore the neurons from homozy-
gous mice are less susceptible to death by this neurotoxin. The
present studies clearly show that the protective effect of the
Bcl-2 protein is concentration-dependent and consistent with
the results of our previous study demonstrating that bcl-2
deficient mice were more sensitive to MPTP and DA treat-
ment than wild-type mice (unpublished results).

Although it was previously shown that Bcl-2 can protect
various established neuronal cultures against insults by differ-
ent neurotoxins (19–21), the advantage of our experimental
model is that it allowed us to study the physiological functions

of Bcl-2 in primary neuronal cultures and in an in vivo system,
where the level of Bcl-2 was increased by genetic manipulation.

It is suggested that Bcl-2 can protect cell death by different
mechanisms, one of which is by inhibiting the function of the
mammalian homologs of the Caenorhabditis elegans genes ced
3 and ced 4 (34). These genes are essential for all develop-
mental cell death in the worm that is suppressed by ced 9, the
homologue of the vertebrate gene bcl-2. The vertebrate ho-
mologs of ced 3 encodes caspases and that of ced 4 encodes a

FIG. 2. 6-OHDA toxicity in neocortical cultures established from
wild-type, heterozygous and homozygous E15-E16 transgenic mice.
After administration of 6-OHDA (10–100 mM, 18–24 h) cell viability
was estimated by using the trypan blue exclusion assay. 6-OHDA
exerted a concentration-dependent effect on cell viability (F[4, 44] 5
408, P , 0.0001) and significant protection was observed in the hBcl-2
overexpressing cultures relative to the wild-type culture, with the
neuroprotection in the homozygous cultures being significantly greater
than the heterozygous cultures (P , 0.05). Approximately 1,500–2,500
cells were counted from each condition and percentage of dead cells
per condition estimated. Results shown are mean percent of dead
cells 6 SEM. p, Significant relative to wild-type culture; †, significant
relative to heterozygous culture as determined by a two-way ANOVA
and post hoc Student-Newman-Keuls test (P , 0.05).

FIG. 3. Neurotoxic effects of MPP1 in murine neocortical neurons
of wild-type, heterozygous, and homozygous transgenic mice. After
administration of MPP1 (10–50 mM, 18–24 h) cell viability was
estimated by using the trypan blue exclusion assay. MPP1 effected a
concentration-dependent effect (F[3, 35] 5 15.3, P , 0.0001) with
significant neuroprotection found in both the heterozygous and ho-
mozygous cultures at 30 mM and 50 mM of MPP1 when compared with
the wild-type cultures (P , 0.05). Approximately 1,500–2,500 cells
were counted from each condition and percent of dead cells per
condition estimated. Results are shown as mean percent of dead
cells 6 SEM. p, Significant relative to wild-type cultures determined
by a two-way ANOVA and post hoc Student-Newman-Keuls test (P ,
0.05).

FIG. 4. DA levels in the striata of wild-type and heterozygous
transgenic mice. Striatal homogenates from wild-type (n 5 5) and
heterozygous (n 5 5) adult mice that were injected with MPTP were
analyzed by HPLC for the concentration of DA (mean 6 SEM). p,
Significant relative to wild-type and MPTP-treated NSE-hbcl-2 by a
two-tailed t test analysis (P , 0.05).
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protein known as Apaf, that participates in activation of
caspase-3 (35). The recent finding that Bcl-2 can interact with
CED4 suggests that it may protect cells from death by directly
regulating the activation of caspases (34).

Other studies indicate that Bcl-2 is also involved in changes
in the cellular oxidation-reduction potential, which was dem-
onstrated to be shifted toward a more reducing level in neural
cell lines expressing Bcl-2 (36). In the Bcl-2 expressing cells the
reductive shift includes a decrease in the ratio between GSH
disulfideyGSH disulfide 1 GSH, the major determinant of
cellular thiol redox, which reflects an alteration in GSH level
and redox state. Our previous study suggested that the en-
hanced DA and MPTP cytotoxicity in bcl-2-deficient mice
resulted from decreased antioxidative capacity of the bcl-2-
deficient neurons. However, in the present study we were not
able to detect any significant alterations in the antioxidant
enzymes or in the GSH systems between wild-type and trans-
genic mice. Because the transgene is expressed only in neu-
rons, which normally comprise only a part of the cell popula-
tion in the adult brain, it is possible that small changes in the
levels of these enzymes in the neurons are masked by the
presence of nonneuronal cells.

Another potential mechanism by which Bcl-2 may suppress
cell death is by changes in Ca21 f lux and mitochondrial
permeability that prevent the release of apoptotic factors (37).
Interestingly, decreased activity of the mitochondrial respira-
tory chain also has been proposed to play a role in the etiology
and pathogenesis of Parkinson disease. Several studies dem-
onstrated a decrease in complex I of the mitochondrial elec-
tron transfer and loss of the alpha-ketoglutarate dehydroge-
nase complex in the substantia nigra of Parkinson disease
patients (38). Furthermore, human neuroblastoma cells con-
taining mitochondria derived from platelets of Parkinson
disease patients (cytoplasmatic hybrid), show a decrease in
complex I activity and an increase in sensitivity to MPP1 when
compared with cells with control mitochondria (39). In addi-
tion, it was recently reported that mitochondrial DNA in
Parkinson disease patients is extremely susceptible to hydroxyl
radical damage that causes a cellular energy crisis (40).

There are conflicting reports concerning the expression and
concentration of Bcl-2 in the substantia nigra of normal and

Parkinsonian patients. Mogi et al. (41) used a sensitive immu-
noassay and found significantly higher Bcl-2 levels in the
nigrostriatal dopaminergic regions in Parkinsonian patients. In
contrast, Vyas et al. (42) reported that the level of bcl-2 mRNA
in the substantia nigra was unaltered in Parkinson disease
patients when compared with controls. Our results indicate
that Bcl-2 can protect against the effect of neurotoxins that
selectively damage the dopaminergic neurons and therefore
may be associated with the etiology of Parkinson disease. It is
possible that elevated level of Bcl-2 in the substantia nigra of
Parkinson disease patients represents selective survival of
those cells with the highest levels of Bcl-2.

In conclusion, we have demonstrated that overexpression of
Bcl-2 in primary neurons provides neuroprotection, in a
dose-dependent manner, against neurotoxins known to selec-
tively cause toxicity to dopaminergic neurons. This study may
lay the foundation for new therapeutic approaches to effi-
ciently provide neuroprotection in Parkinson disease and other
neurodegenerative disorders.
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