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It is currently believed that excessive oxidant stress
induced by metabolism of dopamine (DA), plays a major
role in the pathogenesis of the selective nigrostriatal
neuronal loss in Parkinson’s disease. We recently
showed that the neurotransmitter DA, in physiological
concentrations, is capable  of initiating apoptosis in
cultured, post-mitotic sympathetic neurons. Bcl-2 is a
proto-oncogene that blocks apoptosis. We now report
that Bcl-2 is a powerful inhibitor of DA toxicity in PC-12
pheochromocytoma cells. We induced stable expres-
sion of Bcl-2 in PC-12 cells by transfection with
recombinant pCMV5 expression vector, containing
mouse bcl-2 (coding-sequence) cDNA. Cells express-
ing Bcl-2 manifested marked resistance to otherwise
lethal (300 uM) in vitro concentrations of DA. This pro-
tective effect was reflected in the trypan-blue test of
cell survival, 3H-thymidine incorporation and inhibition
of the characteristic apoptotic morphologic alterations
in scanning electron microscopic studies. Bcl-2 and
associated control systems of apoptosis may have an
important physiological role in restraining the apop-
tosis-triggering potential of DA in nigrostriatal neurons.
This novel field of research may yield insights into the
pathogenesis of Parkinson’s disease and lead to
development of novel therapeutic approaches.
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Introduction

The cause for the progressive and rather selective degen-
eration of substantia nigra pars compacta dopaminergic
(DA) neurons in Parkinson’s disease (PD) is still
enigmatic. A major current hypothesis (though not
unequivocally proven) suggests that nigral neuronal death
in PD is due to excessive oxidant stress generated by
auto-and enzymatic oxidation of DA, formation of neuro-
melanin and presence of high concentrations of iron.1

We recently showed that DA, the endogenous neuro-
transmitter of nigrostriatal neurons, can trigger
apoptosis, a unique, active, genetically-controlled mode
of cell self-destruction, in cultured, post-mitotic sympa-
thetic neurons.2 DA, in physiological concentrations
initiated the highly characteristic apoptotic cascade of
cell shrinkage, thinning and disruption of the neuritic
network, extensive membrane blebbing and nuclear frag-
mentation. In PD, nigral histopathology is characterized
by a slow, protracted degeneration of individual neurons3

that may indicate a process of apoptosis rather than a
necrotic mode of cell death. Based on these observations,
we hypothesized that nigrostriatal neuronal degeneration
in PD may be due to an active process of apoptosis,
triggered, at least in part, by genotoxicity of DA4 or the
reactive free radical species generated via its intra- or
extra-neuronal oxidation. For instance, this may result
from a failure of the neuronal control systems that
normally restrain the apoptosis-triggering potential of
their own neurotransmitter  DA.  Growth factors and
several proto-oncogenes (e.g., bcl-2) are major, recently-
discovered systems that act at the level of the trigger of
apoptosis. Bcl-2 (acronym for the B-cell lymphoma/leu-
kemia-2 gene) is a proto-oncogene that was first
discovered in association with B-cell malignancies, where
its overexpression, induced by 18–14 chromosomal
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translocation, has a role in promoting tumour growth.5

Bcl-2 was later shown to be a potent inhibitor of apoptosis
in various systems. Among others, it can rescue cultured
post-mitotic neuronal cells destined for  apoptosis by
growth factor deprivation.6 Moreover, it has been dem-
onstrated that Bcl-2 is normally expressed in neuronal
cells, including pigmented dopaminergic nigral neurons7

(also F. Javoy-Agid, personal communication), thus
suggesting its role in maintaining their longevity.
Following these concepts, we now report that vector-
driven expression of bcl-2 protects pheochromocytoma
PC-12 cells from the toxic, apoptosis-inducing effects of
the neurotransmitter DA.

Materials and methods

Cell culture

Stock PC-12 cells (obtained from Dr Gordon Guroff,
National Institutes of Health, Bethesda, MD, USA) were
maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 8% heat-inactivated foetal
calf serum (FCS), 8% horse serum, penicillin (25 ug/ml),
streptomycin  (25 ug/ml) and L-glutamine. Confluent
stock cultures were washed with phosphate-buffered
saline (PBS) pH 7.0, detached (by 0.5 mM EDTA) and
centrifuged. Cells were then subcultured in a poly-L-
lysine-coated 24-well microtiterplates (Nunc), at a
density of 5 × 105/ml.

Generation of PC-12 bcl-2 and PC-12 CMV
cell lines

To generate a bcl-2 expression vector, a 749-bp EcoRI-
SalI fragment which contained the entire mouse bcl-2
coding-sequence cDNA (kindly donated by Dr A. Rosen-
thal, Genetech, CA, USA) was cloned into the EcoRI-SalI
sites of pCMV5 expression vector8 by standard methods.
This plasmid, pCMV-bcl-2, or the parental pCMV
plasmid were individually co-transfected with pGKneo
bpA plasmid, harbouring geneticin resistance gene (Dr
Eric Mercer, California Institute of Technology, Pasadena,
CA, USA), into PC-12 cells by the calcium phosphate
precipitation method.9 Selection for geneticin (G418)-
resistant clones was carried out in medium containing
400 ug/ml G418 (Gibco/BRL). These clones were picked
and grown. After establishment of cell-lines, cells were
subjected to one of the study treatments for 24 h. Effects
of treatments on the Bcl-2-expressing clone [designated
(+)Bcl-2] were compared with their effects on the control
cells,  transfected with  the parental  pCMV5 plasmid,
which did not contain the bcl-2 gene [(-)Bcl-2 cells].

Treatments

Control [(+)serum medium]. The above-described medium,
containing 8% FCS and 8% horse serum.

DA. Serum-containing medium + DA (0.3 mM). This
concentration was chosen for its being within the
estimated level of this neurotransmitter within the cell
bodies of dopaminergic nigrostriatal neurons (0.1–1
mM.10

Serum-deprivation. Incubation for 24 h in the above-
described medium, but without FCS or horse serum.
Serum deprivation serves as a model for apoptosis in
PC-12 cells.11

Study parameters

Characterization of DA-induced death process of PC-12 cells
as apoptosis. Three sets of experiments were performed:

• Flow-cytometric (FACS) analysis of propidium-iodide (PI)-
stained cell nuclei. Nuclear purification and staining
were performed by the method of Vindelov et al.12

Flow-cytometry was then performed on a FACStar
(Becton Dickinson, CA, USA), using an argon ion laser
(Coherent, Palo Alto, CA, USA), adjusted to an
excitation wavelength of 488 nm. Forward light
scattering (FSC) and fluorescence signals (FL2) were
measured and stored in listmode data files; each
measurement contained 104 cells, flow rate was 60
events/sec. Apoptotic nuclear changes were evaluated
according to  criteria of Nicoletti et al.,13 i.e., the
evolution of a subdiploid, ‘apoptotic’ peak on the FL2
scale (reflecting emergence of a distinct population
of apoptotic nuclear particles  with reduced  DNA
content).

• Fluorescent microscopy of cell nuclei by DAPI (4,6-diamid-
ino-2-phenylindol)-staining. Cells were washed with
phosphate buffer [pH 7.4, (PBS)] and fixated for 10
min in 4% formaldehyde (in PBS). After fixation,
cells were washed with PBS, stained for 5 min with
10 ug/ml DAPI and rewashed twice. A drop of N-
propyl Gallate was then added, and fluorescence was
detected by UV-light microscopy.

• Morphological Studies: Scanning Electron Microscopy
(SEM). Cells were plated on poly-L-lysine 13 mm
coated Thermanox discs, and fixated overnight with
2.5% glutaraldehyde in PBS pH 7.3, dehydrated in
graded alcohol (25–100%). Alcohol was thereafter
replaced with CO2, cells were dried to their critical
point of drying (CPD) and then coated with gold and
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examined with Jeol 840A scan electron micro-
scope.  Cell morphology was examined for the
characteristic apoptotic alterations, i.e., ce l l
shrinkage and extensive membrane blebbing.

Assessment of Bcl-2 expression in transfected cells. PC-12 cells
do not normally express Bcl-2. Expression of recombinant
mouse bcl-2 was examined at the levels of mRNA (by
Northern blot analysis), and protein (by Western blot
analysis). In addition, function of the recombinant Bcl-2
protein was evaluated by its effect on promoting cell
survival in a serum-free medium.

• RNA isolation and Northern blot analysis. Total
cellular RNA was isolated from cells by standard
methods. Twenty-five-microgram aliquots of total
RNA were resolved by electrophoresis through a
6.5% formaldehyde, 1% agarose gel, and trans-
ferred with 10× saline-sodium citrate (SSC) to a
Gene Screen membrane (New England Nuclear).
Blot was hybridized with 32P labelled, bcl-2
cDNA probe (749 bp EcoRI-SalI fragment), in
50% formamide, 6 × SSC, 1 × Denhardt’s solution,
50 mM Tris-HCl (pH 7.5), 1% sodium dodecyl
sulfate (SDS), 10% dextran sulfate, and 200 ug/ml
salmon sperm DNA, at 42°C overnight. Blots
were washed at 68°C in 0.2 × SSC, 0.2% SDS for
1 h, and exposed to X-ray films for 2 days.

• Western blot analysis. 100 ug protein samples were
prepared in laemmli sample buffer, separated by
SDS-polyacrylamide-gel-electrophoresis (SDS-
PAGE, 12.5% acrylamide) and transferred to
nitrocellulose membranes. Blot was reacted with
rabbit anti-mouse-bcl-2 polyclonal antibodies (1:
100 dilution). Peroxidase-linked, donkey anti-
rabbit-IgG (1: 25,000) was used as a secondary
antibody (Amersham, Buckinghamshire, England).
Bands were visualized by the enhanced chemilu-
minescence (ECL) detection system (Renaissance;
Dupont, Boston) according to manufacturer’s
instructions (2 min exposure).

Assessment of cell viability and proliferation

• Trypan blue exclusion. Trypan blue (0.5% in PBS)
was added to the medium, cells were removed
with a Pasteur pipette and percentage of trypan-
blue excluding (live) cells was measured by
hemocytometer in four randomly-selected fields

• 3H-Thymidine uptake. Cells (5×105/ml) were incu-
bated with 3H-Thymidine (1 uci/ml, Rotem,
Israel) at 37°C for 24 h. Cells were then harvested,
and radioactivity determined by liquid scintilla-
tion counter (Packard, USA). Experiments were

performed in triplicates, and Students’ t-test was
used to evaluate statistical significance of inter-
group differences.

Results

Northern and Western blot analysis confirmed that Bcl-2
was significantly expressed in the (+)Bcl-2 cells and not
in the control, (-)Bcl-2 cells (Figure 1).

In the trypan-blue viability test, both (-)Bcl-2 and
(+)Bcl-2 cells manifested very high and equal percentage
of viable cells when treated with the serum-containing
medium [95.2±3.4% and 94.8±0.6%, respectively
(mean±SD)]. Serum deprivation for 24 h had deleterious
effect on cell viability of the control cells, reducing it to
62.1±4.8%; p < 0.0001). However, the Bcl-2 expressing
cells manifested marked resistance to the effect of serum-
deprivation (92.2±3.3% viable cells; p < 0.0001). These
experiments verified both the differential expression and
function of Bcl-2 in the examined cell lines.

Figure 1 . Expression of Bcl-2 in PC-12 cells. (A) mRNA: Northern
blot analysis of RNA isolated from cells transfected with pCMV-
bcl-2 expression-vector [(+)Bcl-2 cells] as compared to control
cells [transfected with pCMV, (-)Bcl-2 cells]. Hybridization was
performed with 32P labelled bcl-2 cDNA probe (749 bp).(B)Protein:
Western blot analysis of (+)Bcl-2 and (-)Bcl-2 cells. Blot was
reacted with rabbit anti-mouse-bcl-2 polyclonal antibodies. Per-
oxidase-linked, donkey anti-rabbit-IgG was used as a secondary
antibody, and bands were visualized by enhanced chemilumines-
cence.
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Dopamine was highly toxic to the control cultures.
Exposure to 0.3 mM of DA caused a cellular death
process, characterized by t½ (exposure-time required to
kill 50% of cells) of 13 h, and no viable, trypan-excluding
cells were observed following exposure to DA for 24 h.
Mode of death was apoptotic since flow cytometric analy-
sis of PI-stained nuclei following DA-treatment revealed
the emergence of a large, distinct, subdiploid apoptotic

peak (85% of events), (Figure 2). In addition, charac-
teristic condensation and fragmentation of cell nuclei
were observed in the fluorescent microscopy of DAPI-
stained nuclei (Figure 3). These findings were further
corroborated by the SEM morphological studies, mani-
festing DA-induced cellular shrinkage and membrane
blebbing (Figure 4C). By contrast, marked resistance to
DA toxicity was observed in the Bcl-2-expressing cells,

Figure 2 . Apoptotic effect of dopamine on control, PC-12 cells. Flow cytometric analysis of purified, propidium-iodide (PI)-stained cell
nuclei. In contrast to the untreated cells (A), exposure to dopamine (0.3 mM for 24 h) (B), caused the emergence of a large (85% of
events), distinct, subdiploid ‘apoptotic peak’, reflecting dopamine-induced apoptotic nuclear fragmentation.

Figure 3. Fluorescent DNA-staining by DAPI (4,6-diamidino-2-phenylindol) of control PC-12 cells. (A) Without treatment with dopamine.
(B) Following exposure to dopamine (0.3 mM for 24 h): Nuclear condensation and fragmentation, characteristic of apoptosis (×400,
bar = 20 nm).
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manifested as 89.2±3.3% of viable, trypan-excluding
cells after 24 h exposure (p < 0.0001; Figure 5).

Bcl-2-induced protection from DA-toxicity was also
reflected in the 3H-Thymidine-uptake. Figure 6 presents
uptake levels after 24-h-exposure to DA, as compared to
control, in the two examined cell lines. In the (-)Bcl-2
cells, DA caused a drastic reduction in 3H-Thymidine
uptake to 7.7±1.3% of control (p < 0.0001). However,
this deleterious effect was absent in the (+)Bcl-2 cells
(107±9% uptake following exposure to DA).

These observations were further supported by the SEM
morphological studies (Figure 4). In contrast to the
normal cellular morphology (Figure 4A), cells treated
with DA manifested the pathognomonic apoptotic
alterations of marked cellular shrinkage and membrane
blebbing (Figure 4C), similar to the effect of serum-
deprivation (Figure 4B). However, these morphologic

Figure 4 . Morphological studies; PC-12 cells, scanning electron microscopy (SEM). (A) Control. (B) Effect of serum-deprivation for 24h
on cells lacking Bcl-2 expression [(-)Bcl-2]; Characteristic apoptotic morphology of marked cell shrinkage and extensive formation of
membranal blebs. (C) Exposure of (-)Bcl-2 cells to dopamine (DA, 0.3 mM, 24 h). Characteristic apoptotic morphological alterations,
similar to the effect of serum deprivation. (D) Exposure of Bcl-2-expressing-cells [(+)Bcl-2 cells] to DA (0.3 mM, 24 h): Lack of apoptotic
alterations (× 5000, bar = 1 um).

Figure 5 . Bcl-2 rescues PC-12 cells from toxicity of dopamine
(DA, 0.3 mM, 24 h). Cell viability was measured by trypan blue
exclusion (Data are presented as per cent surviving cells out of
200 cells counted per sample).
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alterations were prevented in the (+)Bcl-2 cells, though
these cells were subjected to equal exposure to DA (0.3
mM for 24 h) (Figure 4D).

Discussion

This study shows that the proto-oncogene bcl-2 is a
powerful protector against dopamine toxicity in PC-12
cells. Cells expressing Bcl-2 were  highly resistant to
otherwise lethal, in vitro concentrations of this neuro-
transmitter. Selective expression of Bcl-2 in these
DA-resistant cells was verified at the mRNA, protein
and functional levels. The marked protective effect of
Bcl-2 was evident in all three distinct methods employed,
i.e., trypan blue exclusion, H3-thymidine incorporation
and SEM morphological studies.

The mechanisms by which bcl-2 inhibits apoptosis in
general, and that triggered by exposure to DA in
particular, are still unknown. The bcl-2 gene encodes a
25kD protein structurally and functionally analogous to
the ced-9 gene of the roundworm Caenorhabditis Elegans,
thus implying conservation of this ‘anti-death’ gene
throughout evolution.5 DA is genotoxic,4 and Bcl-2
appears to block a final common pathway for apoptosis;
It possibly prevents the translation of presence of
damaged DNA into a signal for activation of apoptosis-
associated genes, or it may act through blocking of the

action of products of those genes once induced.14

Bcl-2 protein resides in the nuclear envelope, [where
it is concentrated in patches in relation to the nuclear
pore complexes (NPCs)], parts of the endoplasmic reticu-
lum (ER) and mitochondrial membrane. It was not
identified in the cellular plasma membrane.7 This selec-
tive subcellular distribution may suggest its role in the
control of traffic of apoptosis mediators such as Ca++,
from stores in the ER to the nucleus. Alternatively, the
mitochondrial location of Bcl-2 suggests its association
with oxidative metabolism. Indeed, there is evidence for
the role of free radical species in the triggering of
apoptosis, and moreover, is has been demonstrated that
Bcl-2 may act to inhibit formation and/or activity or free
radicals.14 We have previously shown that DA-induced
apoptosis in sympathetic neurons can be attenuated by
antioxidant treatment, e.g., with dithiothreitol (DTT).2

Free radicals may therefore play a role in both the
induction of apoptosis by DA and its prevention by Bcl-2.

Several Bcl-2-related proteins have been discovered,
manifesting the complexity of this apoptosis-control
system. These include Bax, which heterodimerizes with
Bcl-2 and opposes its action and the Bcl-x proteins, which
constitute a similar competing pair with opposite effects
on apoptosis. This complexity possibly reflects the
importance of fine tuning of this system as a vital check-
point of cell survival. Delicate balance between these
related proteins is considered to have a key role in the
control  of  the  inherent genetic death programme by
Bcl-2.15

To date, the integrity and function of this complex
Bcl-2-associated system in nigral neurons in PD patients
has not been explored. Thus, we may not rule out at this
point a quantitative or qualitative defect in this shielding
apparatus, which may lead, or at least contribute to the
nigral neuronal degenerative process. This novel field of
research may therefore advance our knowledge on the
pathogenesis of PD. Furthermore, modulation of the
bcl-2 system by pharmacological means or gene therapy
may constitute a target for future therapeutic approaches,
which may provide neuroprotection via inhibition of the
premature activation of death process in nigrostriatal
neurons in Parkinson’s disease.
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