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Induced Dopaminergic Cell Death through Activation of
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Phosphatidylinositol-3 Kinase Pathways
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Administration of rotenone to rats reproduces many features of Parkinson’s disease, including dopaminergic neuron degeneration, and
provides a useful model to study the pathogenesis of Parkinson’s disease. However, the cell death mechanisms induced by rotenone and
potential neuroprotective mechanisms against rotenone are not well defined. Here we report that rotenone-induced apoptosis in human
dopaminergic SH-SY5Y cells is attenuated by pretreatment with several growth factors, most notably basic fibroblast growth factor
(bFGF). bFGF activated both extracellular signal-regulated kinase 1/2 (ERK1/2) and phosphatidylinositol-3 kinase (PI3-kinase) pathways
in SH-SY5Y cells. Ectopic activation of ERK1/2 or PI3-kinase protected against rotenone, whereas inhibition of either pathway attenuated
bFGF protection. Reducing the expression of the proapoptotic protein Bcl-2-associated death protein (BAD) by small interfering RNA
rendered SH-SY5Y cells resistant to rotenone, implicating BAD in rotenone-induced cell death. Interestingly, bFGF induced a long-lasting
phosphorylation of BAD at serine 112, suggesting BAD inactivation through the ERK1/2 signaling pathway. Moreover, primary cultured
dopaminergic neurons from mesencephalon were more sensitive to rotenone-induced cell death than nondopaminergic neurons in the
same culture. The loss of dopaminergic neurons was blocked by bFGF, an inhibition dependent on ERK1/2 and PI3-kinase signaling.
These data suggest that rotenone-induced dopaminergic cell death requires BAD and identify bFGF and its activation of ERK1/2 and
PI3-kinase signaling pathways as novel intervention strategies to block cell death in the rotenone model of Parkinson’s disease.
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Introduction
Parkinson’s disease is a progressive neurodegenerative disorder
affecting �1% of the United States population over age 65 years;
more than 1 million people in the United States suffer from this
disease (Olanow and Tatton, 1999). It is characterized by degen-
eration of dopaminergic neurons in the substantia nigra pars
compacta (SNpc) and the presence of intracytoplasmic inclu-
sions known as Lewy bodies that contain �-synuclein aggregates.

At the onset of symptoms, �80% of dopaminergic neuron
terminals in the caudate–putamen, and �60% of dopaminergic
neurons in the substantia nigra are already lost in Parkinson’s
disease brains (Dauer and Przedborski, 2003). Although current
therapy for Parkinson’s disease focuses on symptomatic relief,

there is a great need to identify neuroprotective therapies that will
slow disease progression. There is reduced expression of various
neurotrophic factors, including brain-derived neurotrophic fac-
tor, basic fibroblast growth factor (bFGF), glial-derived neuro-
trophic factor (GDNF), and ciliary neurotrophic factor, in Par-
kinson’s disease brains (Tooyama et al., 1993; Howells et al.,
2000; Siegel and Chauhan, 2000), suggesting a role for decreased
neurotrophic signaling in degeneration of dopaminergic neu-
rons. The elucidation of downstream mechanisms for trophic
factor neuroprotection may identify new drug targets for Parkin-
son’s disease therapy.

Despite intensive effort over the past two decades, the exact
etiology of Parkinson’s disease remains elusive. The majority (at
least 90%) of the cases are nonfamilial and sporadic with unde-
fined cause. Nevertheless, epidemiological studies have suggested
that occupational exposure to environmental toxicants, includ-
ing pesticides, may contribute to the development of Parkinson’s
disease (Ramsden et al., 2001; Mouradian, 2002). The discovery
of a link between the neurotoxicant 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and the development of Parkinson’s
disease in humans provided the first clue that environmental
factors may contribute to Parkinson’s disease (Langston et al.,
1983; Ballard et al., 1985). Interestingly, chronic treatment of rats
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with rotenone causes dopaminergic neuron degeneration in the
SNpc and the formation of �-synuclein-containing inclusions
(Betarbet et al., 2000). Rotenone is a mitochondrial complex I
inhibitor and a naturally derived compound widely used as a
pesticide in organic gardening and fishery management. Because
it is lipophilic, rotenone crosses the blood– brain barrier readily.
Because rotenone induces apoptotic cell death in cultured dopa-
minergic cells (King et al., 2001; Wang et al., 2002; Newhouse et
al., 2004), it provides another useful model to study Parkinson’s
disease. However, mechanisms for rotenone-induced dopami-
nergic cell death have not been completely defined. Moreover, it
is not clear whether this cell death can be prevented by growth
factors and what the underlying mechanisms are. In this study,
we report that rotenone-induced dopaminergic cell death re-
quires the proapoptotic protein Bcl-2-associated death protein
(BAD), a member of the BH-3-only Bcl-2 family proteins. Fur-
thermore, rotenone-induced cell death was inhibited by bFGF
through activation of the extracellular signal-regulated kinase 1/2
(ERK1/2) and phosphatidylinositol-3 kinase (PI3-kinase) signal-
ing pathways.

Materials and Methods
Materials. The following plasmids have been described: the constitutively
active mitogen-activated protein kinase kinase 1 (caMKK1) (�N3-
S218E/S222D) (Mansour et al., 1994) and the constitutively active p110
(p110*) (Hu et al., 1995). The plasmid encoding enhanced green fluo-
rescent protein (eGFP) was purchased from Clontech (Palo Alto, CA).
The anti-phospho-ERK1/2 antibody was from Promega (Madison, WI),
and the anti-ERK2 antibody was from Upstate Biotechnology (Lake
Placid, NY). The anti-phospho-Ser473 Akt, anti-BAD, and anti-
phospho-Ser112 BAD antibodies were from Cell Signaling Technology
(Beverly, MA). The anti-GFP monoclonal antibody was purchased from
Invitrogen (Carlsbad, CA). The anti-apoptosis-inducing factor (AIF)
(H-300), anti-Bcl-2, and anti-Bcl-xL antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). The anti-X-linked inhibitor of apopto-
sis protein (XIAP), anti-�-actin, anti-tyrosine hydroxylase (TH), and
anti-GABA antibodies were from Sigma (Saint Louis, MO). The anti-
active caspase-3 polyclonal antibody was purchased from R & D Systems
(Minneapolis, MN).

The following reagents were purchased commercially, and all trophic
factors were recombinant proteins of human origin: rotenone (Sigma),
bFGF (Chemicon, Temecula, CA), GDNF,
U0126 [1,4-diamino-2,3-dicyano-1,4-bis(o-
aminophenylmercapto) butadiene], and
LY294002 [2-(4-morpholinyl)-8-phenyl-1(4H)-
benzopyran-4-one] (Calbiochem, La Jolla, CA),
epidermal growth factor (EGF) (Becton Dickin-
son Labware, Bedford, MA), small interfering
RNA (siRNA) of BAD (Cell Signaling Technol-
ogy), a nonspecific double-stranded RNA oli-
gomer and Oligofectamine (Invitrogen), and Fu-
gene 6 (Roche, Indianapolis, IN).

Cell culture. SH-SY5Y cells, a human dopa-
minergic neuroblastoma cell line, were cultured
in DMEM/F-12 (Invitrogen) supplemented
with 10% fetal bovine serum (FBS), 50 U/ml
penicillin, 50 �g/ml streptomycin, and 20 mM

HEPES. Medium was changed every 2–3 d.
Cells were plated onto poly-D-lysine-coated 35
mm plates or 24-well plates 1 d before drug
treatment or transfection.

Primary ventral mesencephalic cultures were
prepared from embryonic day 14 (E14) Sprague
Dawley rats (Harlan, Indianapolis, IN) (Le et al.,
2001). The ventral mesencephalon was dissected
in PBS, pH 7.2 (Invitrogen), and cells were me-
chanically dissociated in DMEM (Invitrogen).

Dissociated cells were plated as micro-island cultures in 24-well plates con-
taining Aclar coverslips coated with poly-D-lysine and laminin (BD Bio-
science, Bedford, MA) at a seeding density of 7.5 � 104 cells per well. Pri-
mary cells were maintained in DMEM supplemented with 10% FBS, 100
U/ml penicillin, 100 �g/ml streptomycin, 25 mM HEPES, and 30 mM glucose
at 37°C in a humidified incubator containing 93% air and 7% CO2. One-half
of media was changed at 24 and 72 h. After 5 d in vitro (DIV5) and DIV7,
one-half culture media was replaced with DMEM/F-12 containing 1% N2
supplement (Invitrogen) and 10 �g/ml bovine serum albumin (BSA).

Transient transfection of SH-SY5Y cells with plasmid DNA or siRNA.
Fugene 6 was used for transfection of plasmids according to the instruc-
tions of the manufacturer with minor modifications. Briefly, regular
growth medium was replaced with low serum medium containing 0.5%
FBS before transfection. Plasmids were mixed with Fugene 6 at 1:10 ratio
and incubated at room temperature for 25 min. The Fugene 6/DNA
mixture was then added to cells to allow for transfection. One day after
transfection, cells were trypsinized and plated onto 24-well plates (with
12 mm coverslip) at a density of 2 � 10 5 cells per well and incubated for
another 24 h before drug treatment.

Oligofectamine was used for transfection of siRNA per the instruc-
tions of the manufacturer. Briefly, 1 d before transfection, SH-SY5Y cells
were seeded onto 35 mm tissue culture plates at a density of 8.2 � 10 5

cells per plate in antibiotic-free growth medium. One hundred nanomo-
lar of BAD siRNA (siBAD) or a control nonspecific RNA oligomer (siNS)
were mixed with OptiMEM (Invitrogen) and Oligofectamine for 20 min
at room temperature. The mixture was then added to cells that have been
placed in 1 ml of antibiotic-free DMEM/F-12 medium supplemented
with 0.5% FBS and 10 mM HEPES. The cells were incubated at 37°C, 5%
CO2 for 4 h. Appropriate volume of DMEM/F-12 containing 30% FBS
and 10 mM HEPES were added to each plate to make a final concentration
of FBS to 10%. Cells were returned to a 37°C, 5% CO2 incubator. One day
after transfection, cells from the 35 mm plates were pooled and split onto
24-well plates and incubated for another day before drug treatment.
Thus, among different drug treatment groups, cells transfected with the
same reagent (e.g., siBAD or siNS) had the same transfection efficiency
because they were from the same pool of transfected cells.

All cells were cotransfected with an expression vector encoding eGFP
(0.25 of �g DNA/35 mm plate for siRNA transfection or 0.5 of �g
DNA/35 mm plate for plasmid DNA transfection) as a marker for trans-
fected cells. Transfected cells were identified by immunostaining with a
monoclonal antibody to GFP and Alexa Fluor 488-conjugated goat anti-
mouse IgG secondary antibody (Invitrogen). The percentage of apopto-

Figure 1. Rotenone induces apoptosis in SH-SY5Y cells. A–D, Representative photomicrographs of nuclear morphology (A, B)
and TUNEL staining (C, D) of SH-SY5Y cells treated with vehicle control (A, C) or 50 nM rotenone for 24 h (B, D). Nuclear morphology
was visualized after Hoechst staining. Arrows identify cells with condensed or fragmented nuclei, characteristic of apoptosis. Scale
bar, 10 �m. E, Dose–response of rotenone-induced apoptosis. SH-SY5Y cells were treated with vehicle, 50, 80, or 150 nM rotenone
for 24 h. Apoptosis was scored based on nuclear morphology after Hoechst staining. Data are from four independent experiments
of duplicate determinations. At least 8000 cells were counted for each data point. Error bars represent SEM. ***p � 0.001
(ANOVA) compared with control.
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tic cells in the total transfected cell population was quantified based on
morphological changes (nuclear condensation/fragmentation).

Treatment with trophic factors and drugs. Rotenone, U0126, and
LY294002 were dissolved in dimethylsulfoxide (DMSO), and DMSO was
used as a vehicle control for these agents. When cell cultures were co-
treated with rotenone and U0126 or LY294002, the final concentration of
DMSO did not exceed 0.3%. Trophic factors were dissolved in PBS con-
taining 0.2% BSA, and PBS/BSA was used as a vehicle control for trophic
factors. Because rotenone is highly lipophilic and may bind to proteins in
the serum, SH-SY5Y cells were transferred into low serum medium con-
taining 0.5% FBS before rotenone treatment to prevent excessive reten-
tion of rotenone in the serum. Trophic factors were added to the culture
1 h before rotenone. In experiments pretreated with bFGF and inhibitors,
cells were transferred into low serum medium in the presence or absence of
inhibitor for 1 h, followed by another hour of bFGF treatment before addi-
tion of rotenone. Drug treatment of primary ventral mesencephalic cultures
consisted of bFGF pretreatment for 1 h, followed by rotenone with or with-
out inhibitors for 24 h. All treatments were administered on DIV7.

Apoptosis assay. Apoptosis was determined by nuclear condensation
and/or fragmentation after Hoechst staining (Hetman et al., 1999).
Healthy cells have evenly and uniformly stained nuclei. Based on cell
body and nuclear morphological changes, we did not observe any non-
apoptotic cell death under experimental conditions in this study. To
obtain unbiased counting, slides were coded and cells were scored blindly
without previous knowledge of treatment.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling. Terminal deoxynucleotidyl transferase (TDT)-mediated bi-
otinylated UTP nick end labeling (TUNEL) staining was performed us-
ing TDT (Promega) according to the suggestions of the manufacturer.
Briefly, cells were fixed with 4% paraformaldehyde (PFA) and perme-
abilized in PBS containing 0.1% Triton X-100 and 0.1% sodium citrate.
Cells were then incubated with a TUNEL mixture containing 0.5 U/�l
TDT, 0.2 nmol biotin-11-dUTP (PerkinElmer, Boston, MA), followed by
streptavidin-FITC (Sigma). TUNEL staining was monitored under a flu-
orescence microscope.

Western analysis. Cell lysates were prepared as described previously
(Dérijard et al., 1994), and 40 �g of proteins was used for Western anal-
ysis. The intensity of the bands on immunoblots was quantified by anal-
ysis of the scanned blots using NIH ImageJ software (version 1.33u) and
normalized to loading control.

Immunocytochemistry. After drug treatment, cells were fixed with 4%
PFA/4% sucrose at room temperature for 30 min and permeabilized with
0.5% Igepal (Sigma) in PBS for 30 min. To block nonspecific binding,
cells were treated for 2 h with 2.5% BSA, 5% horse serum, and 5% goat
serum in PBS/0.1% Triton X-100. Cells were then incubated with mouse
anti-TH monoclonal antibody (1:500), anti-GABA (1:1000), or anti-AIF
(1:50) antibody overnight at 4°C. Secondary antibodies (goat anti-mouse
Alexa Fluor 488, goat anti-rabbit Alexa Fluor 594, or goat anti-rabbit
Alexa Fluor 488, respectively, at 1:500) were then added for 1 h, followed
by nuclear staining with Hoechst 33258 (2.5 �g/ml) for 10 min. For
double immunostaining, anti-AIF or anti-active caspase-3 (0.2 �g/ml)
antibody was incubated overnight at 4°C, followed by anti-TH antibody
for 1 h at room temperature. Secondary antibodies (goat anti-rabbit
Alexa Fluor 488 plus goat anti-mouse Alexa Fluor 594, or goat anti-rabbit
Alexa Fluor 594 plus goat anti-mouse Alexa Fluor 660, respectively, at
1:500) were then added for 1 h, followed by nuclear staining with
Hoechst 33258 for 10 min.

Statistical analysis. Data were from at least two independent experiments,
each with duplicate or triplicate determinations. Statistical analysis of data
were performed using one-way ANOVA. Error bars represent SEM.

Results
Rotenone induces apoptosis in SH-SY5Y cells in a
concentration-dependent manner
To study mechanisms of rotenone-induced cell death, human
dopaminergic SH-SY5Y cells were treated with varying concen-
trations of rotenone for 24 h, and cell death was monitored by
staining cells with the DNA dye Hoechst 33258 to visualize nu-

clear morphology or with TUNEL. Some of the nuclei of
rotenone-treated cells appeared condensed and fragmented, hall-
marks of morphological changes associated with apoptosis (Fig.
1A,B). SH-SY5Y cells with fragmented or condensed nuclei were
also positively labeled with TUNEL after rotenone treatment
(Fig. 1C,D). Rotenone-induced apoptosis was dose dependent
(Fig. 1E). In the remainder of the studies described below, we
treated SH-SY5Y cells with 50 nM rotenone. This concentration
was chosen because it approximates the estimated concentrations
of rotenone found in rat brains in the in vivo studies (Betarbet et
al., 2000) and is comparable with that used to study rotenone
neurotoxicity by other investigators (30 –100 nM) (Betarbet et al.,
2000; Sherer et al., 2001; Lee et al., 2002; Wang et al., 2002; New-
house et al., 2004).

Growth factor protection of SH-SY5Y cells against
rotenone-induced apoptosis
It has been postulated that the downregulation of various trophic
factors in substantia nigra contributes to the death of dopaminer-
gic neurons in Parkinson’s disease brains (Siegel and Chauhan,
2000). To evaluate the effect of trophic factors on rotenone-
induced apoptosis, SH-SY5Y cells were pretreated with 10 ng/ml
bFGF, EGF, or GDNF for 1 h, followed by 50 nM rotenone treat-
ment for 24 h. These growth factors significantly reduced
rotenone-induced apoptosis (Fig. 2). Among them, bFGF offered
the most potent protection; 10 ng/ml bFGF reduced apoptosis by
65%. Thus, we focused on elucidating neuroprotective mecha-
nisms afforded by bFGF.

Both ERK1/2 and PI3-kinase pathways are crucial for bFGF
protection against rotenone
bFGF can activate several signal transduction pathways that have
been implicated in neuroprotection against different forms of
cellular insult (Hetman et al., 1999; Desire et al., 2000; Pardo et
al., 2002; Chang et al., 2004). To investigate the underlying mech-
anisms responsible for bFGF protection against rotenone, SH-
SY5Y cells were stimulated with bFGF for 0 –30 min and analyzed
for activation of ERK1/2 and PI3-kinase pathways by Western
blot analysis. bFGF induced phosphorylation of ERK1/2 and Akt
(Fig. 3A), indicative of activation of ERK1/2 and PI3-kinase
pathways.

To determine whether activation of ERK1/2 or PI3-kinase sig-
naling contributes to bFGF protection against rotenone, we used
LY294002, a PI3-kinase inhibitor (Vlahos et al., 1994; Yao and

Figure 2. Effect of growth factors on rotenone-induced SH-SY5Y cell apoptosis. A, SH-SY5Y
cells were preincubated with 10 ng/ml bFGF, EGF, or GDNF for 1 h before treatment with 50 nM

rotenone for 24 h. B, Dose–response of bFGF protection. Cells were preincubated with 0 –10
ng/ml bFGF for 1 h, followed by 50 nM rotenone treatment for 24 h. Data are from two indepen-
dent experiments of triplicate determinations. At least 6000 cells were counted for each data
point. Error bars are SEM. *p � 0.05, ***p � 0.001 (ANOVA) compared with cells treated with
rotenone only. V, Vehicle.
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Cooper, 1995), and U0126, an inhibitor of MKK1/2 (Favata et al.,
1998), to block bFGF activation of PI3-kinase or ERK1/2, respec-
tively. Pretreatment of SH-SY5Y cells with U0126 inhibited
bFGF-induced phosphorylation of ERK1/2 but not Akt, whereas
LY294002 blocked phosphorylation of Akt but not ERK1/2 (Fig.
3B). These results validate the specificity of these inhibitors for
these signaling pathways in SH-SY5Y cells. Application of U0126
or LY294002 significantly reversed bFGF protection against rote-
none (Fig. 3C, ***p � 0.001 and **p � 0.01, respectively). Pre-
treatment with both inhibitors was even more effective and com-
pletely abrogated the protective effect of bFGF. These results
indicate that bFGF protection against rotenone is mediated by
activation of ERK1/2 and PI3-kinase signaling pathways.

Direct activation of ERK1/2 or PI3-kinase is sufficient to
protect SH-SY5Y cells against rotenone
Is ectopic activation of ERK1/2 or PI3-kinase sufficient to protect
against rotenone? To address this issue, SH-SY5Y cells were tran-
siently transfected with plasmid DNA encoding caMKK1 (Man-
sour et al., 1994) to selectively activate endogenous ERK1/2. To
directly activate PI3-kinase signaling, cells were transiently trans-
fected with p110*, which selectively activates endogenous Akt
(Hu et al., 1995). Expression of caMKK1 or p110* alone signifi-
cantly inhibited rotenone-induced apoptosis (Fig. 4, **p � 0.01,
***p � 0.001). Expression of both constructs was more effective
than either construct alone and provided complete protection
against rotenone. Collectively, these data indicate that both
ERK1/2 and PI3-kinase signaling pathways contribute to bFGF
protection against rotenone in SH-SY5Y cells. Furthermore, the
protection afforded by these two pathways is not redundant and

Figure 3. bFGFprotectsSH-SY5YcellsagainstrotenoneviaactivationofERK1/2andPI3-kinase.A,
Kinetics of ERK1/2 and PI3-kinase activation by 10 ng/ml bFGF. B, SH-SY5Y cells were pretreated with
vehicle control DMSO (V), 10�M U0126 (U0), or 10�M LY294002 (LY) for 1 h before bFGF stimulation
(10 ng/ml, 5 min). Cell lysates were harvested and subjected to Western blot analysis for phospho-
ERK1/2 (p-ERK1/2) or phospho-Akt (p-Akt). �-Actin and total ERK2 were used as loading controls.
Immunoblots were representative of three independent experiments. C, Inhibition of ERK1/2 or PI3-
kinase pathways reverses bFGF protection against rotenone. SH-SY5Y cells were pretreated with ve-
hicle control, 10 �M U0126, or 10 �M LY294002 for 1 h, followed by 10 ng/ml bFGF for another hour
before incubation with rotenone (50 nM, 24 h). Data are from two independent experiments of tripli-
cate determinations. At least 6000 cells were counted for each data point. Error bars are SEM. **p �
0.01, ***p � 0.001 (ANOVA) compared with cells cotreated with rotenone and bFGF.

Figure 4. Activation of ERK1/2 or PI3-kinase signaling pathway is sufficient to protect SH-
SY5Y cells against rotenone-induced apoptosis. SH-SY5Y cells were transfected with 1 �g of
plasmid DNA encoding caMKK1, p110*, or both. All cells were cotransfected with 0.5 �g of
plasmid DNA encoding eGFP as a marker to identify transfected cells. Vector plasmid DNA was
used as a control (C) and to supplement total amount of plasmid DNA in each 35 mm plate to 2.5
�g. Two days after transfection, cells were treated with 50 nM rotenone or vehicle control (V) for
24 h, and apoptosis in transfected cells (eGFP �) was analyzed. Data are from two independent
experiments with triplicate determinations. At least 1200 transfected cells were counted for
each data point. Error bars are SEM. *p � 0.05, **p � 0.01, ***p � 0.001 (ANOVA) compared
with control-transfected, rotenone-treated group.
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may be attributable to independent, downstream neuroprotec-
tive mechanisms.

bFGF induces BAD phosphorylation at serine 112 through
activation of ERK1/2
Rotenone induces apoptosis in SH-SY5Y cells through a caspase
9/3-dependent, mitochondrial pathway (Newhouse et al., 2004;
Li et al., 2005). The mitochondrial apoptotic pathway is often
regulated by Bcl-2 family proteins that modulate the membrane
potential and function of mitochondria. For example, cell death
signals can induce apoptosis by decreasing the expression of pro-
survival Bcl-2 family proteins or increasing the expression of pro-
death Bcl-2 family proteins. In contrast, trophic factors function
in an opposite manner to promote cell survival (Bonni et al.,

1999; Riccio et al., 1999; Borner, 2003).
Consequently, we examined the effect of
rotenone and bFGF treatment on the ex-
pression of pro-survival proteins, includ-
ing XIAP, Bcl-2, and Bcl-xL, and the pro-
apoptotic BAD protein (Fig. 5A,B).
Treatment of rotenone did not cause any
change in the expression of these proteins,
consistent with a recent report (Watabe
and Nakaki, 2004). Addition of bFGF, ei-
ther alone or with rotenone, also did not
affect protein expression of XIAP, Bcl-2,
Bcl-xL, or BAD.

In addition to regulation of gene ex-
pression, trophic factors may promote
neuronal survival by phosphorylating and
inactivating proapoptotic proteins (Zha et
al., 1996; Datta et al., 1997; del Peso et al.,
1997). For example, BAD is phosphory-
lated by several kinases at distinct sites,
which inactivates its proapoptotic activity.
These include phosphorylation at Ser136
by Akt (Wang et al., 1996; Zha et al., 1996;
Datta et al., 1997; del Peso et al., 1997), and
phosphorylation at Ser112 by p90 ribo-
somal S6 kinase (p90 RSK), a downstream
target of ERK1/2 (Bonni et al., 1999; Fang
et al., 1999). Because the commercially
available antibodies against BAD phos-
phorylated at Ser136 only recognize ec-
topically overexpressed but not endoge-
nous BAD in our system, we were unable
to detect endogenous BAD phosphory-
lated at serine 136 in SH-SY5Y cells (data
not shown). Others also reported difficulty
in detecting Ser136 phosphorylation of en-
dogenous BAD (Wang et al., 2005b).
However, bFGF induced BAD phosphory-
lation at serine 112 (Fig. 5B), which per-
sisted even in the presence of rotenone
(Fig. 5C). Pretreatment with U0126 to in-
hibit ERK1/2 signaling abrogated bFGF
induction of BAD phosphorylation at
Ser112 (Fig. 5D, *p � 0.05). These data
suggest that bFGF may protect against
rotenone-induced apoptosis by activating
of ERK1/2, which in turn phosphorylates
and inactivates BAD.

BAD plays an essential role in rotenone-induced apoptosis
If ERK1/2 phosphorylation of BAD plays a critical role in bFGF
protection against rotenone, BAD may be obligatory for
rotenone-mediated apoptosis and ablation of BAD expression
may render SH-SY5Y cells resistant to rotenone. To address this
issue, we introduced an siRNA specific to human BAD (siBAD)
into SH-SY5Y cells to silence BAD protein expression. Two days
after transfection, cell lysates were prepared for analysis of BAD
protein. Transfection of siBAD, but not a nonspecific RNA oli-
gomer control, reduced BAD protein levels by 51% in 2 d (Fig.
6A). Importantly, rotenone-induced apoptosis was reduced to
basal levels (4.4%) in cells transfected with siBAD (Fig. 6B); there
was 3% apoptosis in the presence of both siBAD and bFGF. The
difference in the levels of apoptosis in the presence of siBAD

Figure 5. bFGF activation of ERK1/2 signaling induces BAD phosphorylation at serine 112 in SH-SY5Y cells. A, Rotenone or bFGF
does not change protein expression of XIAP, Bcl-xL, or Bcl-2. SH-SY5Y cells were treated with rotenone (50 nM), bFGF (10 ng/ml),
or the two together for 24 h, and cell lysates were analyzed for XIAP, Bcl-xL, or Bcl-2 expression by Western blotting. Immunoblots
were reprobed with an anti-�-actin antibody as a loading control. B, bFGF does not change BAD protein expression but induces a
prolonged phosphorylation of BAD at Ser112. SH-SY5Y cells were stimulated with 10 ng/ml bFGF for 0 –24 h, and cell lysates were
analyzed by immunoblotting with antibodies recognizing total BAD or BAD phosphorylated at Ser112 (p-BAD S112). C, bFGF
induces BAD phosphorylation at Ser112 even in the presence of rotenone. Cells were treated with bFGF and rotenone as in A. D,
bFGF phosphorylation of BAD at serine 112 is mediated via the ERK1/2 pathway. Cells were pretreated for 1 h with 10 �M U0126
(U0) or vehicle control (V), followed by 1 h treatment with 10 ng/ml bFGF. Immunoblots are representative of at least three
independent experiments. Relative BAD phosphorylation in C and D were obtained from four to five Western blots and normalized
to total BAD protein levels. Error bars are SEM. *p � 0.05, ***p � 0.001 (ANOVA). ns, Not statistically significant.
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alone or together with bFGF was statistically insignificant ( p �
0.099).

Because BAD regulates mitochondrial function and induces
cell death through the mitochondrial-mediated, intrinsic cell
death pathway, we determined whether rotenone induces release
of cell death factors from mitochondria. AIF is released from
mitochondria and translocates to the nucleus in response to
death stimuli, including glutamate and 1-methyl-4-
phenylpyridinium toxicity in neurons (Chu et al., 2005; Culmsee
et al., 2005). SH-SY5Y cells were treated with rotenone in the
presence or absence of bFGF and stained with an anti-AIF anti-
body. Nuclear morphology was revealed by Hoechst staining. In
control or bFGF-treated cells, AIF staining was only found in the
cytoplasm (Fig. 7). AIF translocated into the nucleus during ro-
tenone treatment, a process that was blocked by bFGF. Together,

data in Figures 6 and 7 implicate BAD and mitochondrial dys-
function in rotenone-induced apoptosis. Furthermore, BAD
phosphorylation and inactivation may underlie bFGF
neuroprotection.

Rotenone induces selective degeneration of TH �

dopaminergic neurons in primary mesencephalic cultures
To determine whether the apoptotic mechanisms described
above are applicable to rotenone-induced cell death in primary
cultured dopaminergic neurons, we examined primary neurons
from E14 rat mesencephalon. Dopaminergic neurons were iden-
tified by immunostaining for TH (Fig. 8A). Treatment with as
little as 1 nM rotenone for 24 h caused a 40% reduction in the
number of surviving TH� cells (**p � 0.01; ***p � 0.001),
whereas 5 nM rotenone almost completely killed all TH� neurons
(Fig. 8B). Apoptosis in dopaminergic neurons was confirmed by
positive TUNEL and active caspase-3 staining in TH� cells after
rotenone treatment (Fig. 8C). Furthermore, rotenone induced
nuclear translocation of AIF (see Fig. 10). These results confirm
that the loss of TH� cells reflects apoptosis rather than down-
regulation of tyrosine hydroxylase expression.

In contrast to the loss of dopaminergic neurons, GABAergic
neurons, which are abundant in the primary cultures, were not
sensitive to rotenone under the same conditions. There was no
significant loss of cells staining positive for GABA (Fig. 9A), and
�4% of GABA� cells stained positive for TUNEL (Fig. 9B and
data not shown). Similarly, 1–5 nM rotenone did not cause a
significant increase in apoptotic nuclei (Fig. 9C) or a significant
loss of cells in the entire population (Fig. 9D). Thus, TH� dopa-
minergic neurons are much more sensitive to rotenone toxicity
than TH� cells in the same culture.

bFGF protects against rotenone-induced cell death of primary
dopaminergic neurons via activation of ERK1/2 and
PI3-kinase pathways
To determine whether rotenone-induced apoptosis in primary
cultured dopaminergic neurons is inhibited by bFGF, E14 mes-
encephalic cultures were pretreated with 10 ng/ml bFGF 1 h be-
fore addition of rotenone. bFGF blocked rotenone-induced AIF
nuclear translocation (Fig. 10). It also provided significant pro-
tection against rotenone-induced loss of TH� neurons (Fig. 11A,
**p � 0.01, ***p � 0.001). Preincubation with U0126 or
LY294002 completely abrogated bFGF protection (Fig. 11B,
***p � 0.001). These data suggest that both ERK1/2 and PI3-
kinase signaling pathways are required for bFGF protection
against rotenone in primary cultured dopaminergic neurons.
The two pathways may be redundant and may converge on a
common regulatory site.

Discussion
The objectives of this study were to further characterize molecu-
lar mechanisms underlying rotenone-induced dopaminergic cell
death and to identify neuroprotective mechanisms against this
toxicity. We identified BAD as a critical mediator of rotenone-
induced cell death in SH-SY5Y cells. Furthermore, we discovered
that bFGF protects against rotenone-induced cell death in both
SH-SY5Y cells and primary cultured dopaminergic neurons. Fi-
nally, bFGF neuroprotection requires activation of ERK1/2 and
PI3-kinase signaling pathways.

Although the etiology of idiopathic Parkinson’s disease re-
mains elusive, increased disease risk is mostly likely associated
with multiple environmental factors (Dauer and Przedborski,
2003; Dawson and Dawson, 2003). Therefore, it is important to

Figure 6. siRNA knockdown of BAD expression abolishes rotenone-induced apoptosis in
SH-SY5Y cells. A, Transfection of siBAD, but not siNS, reduces BAD protein expression. SH-SY5Y
cells were transfected with a 100 nM concentration of an siRNA specific to human BAD or a
FITC-labeled doubled-stranded RNA oligomer control. BAD protein expression was analyzed 2 d
later by Western blotting. The relative expression levels of BAD were normalized to the loading
control �-actin. B, Reduced BAD expression renders SH-SY5Y cells resistant to rotenone. Cells
were transfected with siRNA as in A. Cells were also cotransfected with plasmid DNA encoding
eGFP to label transfected cells. Two days after transfection, cells were pretreated with 10 ng/ml
bFGF or vehicle control for 1 h, followed by 50 nM rotenone or vehicle control for 24 h. Apoptosis
were scored in eGFP-positive cell population. Data are representative of three independent
experiments. At least 600 transfected cells were counted in each data point. Error bars are SEM.
***p � 0.001; ns, not significant (ANOVA).
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examine multiple Parkinson’s disease models to study mecha-
nisms of neuronal cell death. Cell death mechanisms as well as
neuroprotective mechanisms common to different Parkinson’s
disease models may identify drug targets for Parkinson’s disease
treatment. The neurotoxicants MPTP and 6-hydroxy-dopamine
(6-OHDA) have been used extensively both in vitro and in vivo as
models for Parkinson’s disease. Recent studies demonstrated that
chronic administration of rotenone to rats produces many fea-
tures of Parkinson’s disease, including nigrostriatal degeneration
and aggregation of �-synuclein in the brain (Betarbet et al., 2000;
Sherer et al., 2003a). Chronic exposure of Drosophila melano-
gaster to rotenone also models sporadic Parkinson’s disease
(Coulom and Birman, 2004). However, other studies have ques-
tioned whether rotenone-induced motor abnormalities result
from a loss of dopaminergic neurons (Perier et al., 2003; Fleming
et al., 2004; Lapointe et al., 2004) and challenged the idea that
rotenone induces selective loss of dopaminergic neurons (Ho-
glinger et al., 2003). In this study, we showed that, at low concen-
trations of rotenone (1–5 nM), dopaminergic neurons were much
more sensitive to rotenone-induced cell loss than the general
cellular population in E14 mesencephalic primary neuron cul-
tures. Therefore, our data support the notion that exposure to
low concentrations of rotenone causes selective loss of dopami-
nergic neurons and may be a useful cellular model to study Par-
kinson’s disease in vitro.

Although rotenone inhibits mitochon-
drial complex I, its effect on cell death is
unlikely a direct result of reduced ATP
production and bioenergy failure (Sherer
et al., 2003b). Furthermore, [ 3H]dihydro-
rotenone binding to mitochondrial com-
plex I in the rodent brain is saturable and
has a KD of 15–55 nM; this binding is inhib-
ited by rotenone with an IC50 of 8 –20 nM

(Higgins and Greenamyre, 1996). These
concentrations are higher than the 5 nM

rotenone, which caused an almost com-
plete loss of TH� dopaminergic neurons
in culture. Thus, our data suggest the in-
teresting possibility that rotenone-
induced cell death may include other
mechanisms in addition to mitochondrial
complex I inhibition.

Signaling pathways that regulate
rotenone-induced dopaminergic cell
death are beginning to be defined. Our
previous studies identified stress-activated
MAP kinases c-Jun N-terminal protein ki-
nase and p38 as key contributors (New-
house et al., 2004). Rotenone-induced do-
paminergic cell death requires activation
of caspases 9/3 (Kitamura et al., 2002; Ah-
madi et al., 2003; Newhouse et al., 2004; Li
et al., 2005). Here, we discovered that ro-
tenone induces nuclear translocation of
AIF from mitochondria in both SH-SY5Y
and TH� cells, suggesting that caspase-
independent apoptosis may also underlie
rotenone neurotoxicity. Furthermore,
rotenone-induced dopaminergic cell
death in SH-SY5Y cells is completely abro-
gated by siRNA silencing of BAD expres-
sion, a member of the proapoptotic family

of Bcl-2 proteins that regulates mitochondria function and the
intrinsic cell death pathway. These results suggest that rotenone-
induced dopaminergic cell death requires the mitochondrial-
mediated, intrinsic cell death pathway.

By the time Parkinson’s disease is clinically diagnosed in hu-
man patients, at least 50 –70% of the dopaminergic neurons are
already lost (Agid et al., 1990; Anglade et al., 1995). Current ther-
apies for Parkinson’s disease mostly provide symptomatic relief
but do not slow disease progression. Although pituitary adenylate
cyclase-activating polypeptide and angiotensin II have been re-
ported to protect against rotenone toxicity (Grammatopoulos et
al., 2005; Wang et al., 2005a), the effect of growth factors in the
rotenone model of Parkinson’s disease had not been examined
until our study. Here we demonstrate that bFGF, EGF, and
GDNF promote survival of SH-SY5Y cells treated with rotenone,
with bFGF offering the greatest level of protection. Both bFGF
and its receptor are expressed in the neurons of SNpc (Wanaka et
al., 1990; Bean et al., 1991; Wanaka et al., 1991; Belluardo et al.,
1997; Walker et al., 1998), and we discovered that bFGF protects
primary cultured dopaminergic neurons against rotenone. In the
Parkinsonian brain, there is substantial loss of bFGF-
immunoreactive neurons in the SNpc (Tooyama et al., 1993;
Tooyama et al., 1994). Both intrastriatal injection and intraven-
tricular infusion of bFGF protect mice in an MPTP model of
Parkinson’s disease (Otto and Unsicker, 1990; Chadi et al., 1993;

Figure 7. bFGF blocks rotenone-induced AIF nuclear translocation in SH-SY5Y cells. SH-SY5Y cells were pretreated with 10
ng/ml bFGF or vehicle control for 1 h, followed by 0 or 100 nM rotenone for 12 h. Cells were stained with an anti-AIF antibody and
Hoechst. Data are deconvolution confocal images and representative of two independent experiments with triplicate determina-
tions. Hoechst staining was pseudocolored to red to better visualize colocalization with AIF. Arrows point to cells with nuclear AIF
staining.
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Otto and Unsicker, 1993). bFGF also in-
creases dopaminergic graft survival and
function in a rat model of Parkinson’s dis-
ease (Takayama et al., 1995). Fibroblasts
that have been genetically engineered to
produce bFGF and implanted into the stri-
atum attenuate damage caused by intra-
striatal injection of 6-OHDA (Shults et al.,
2000). Together, these studies, with our
data, suggest that bFGF may be useful in
the treatment of Parkinson’s disease.

We also investigated signaling path-
ways mediating bFGF neuroprotection.
bFGF induced phosphorylation and acti-
vation of ERK1/2 and PI3-kinase signaling
pathways. Both ERK1/2 and PI3-kinase
signaling pathways have been implicated
in protecting various types of neurons
against different injuries (Xia et al., 1995;
Dudek et al., 1997; Hetman et al., 1999;
Hetman and Xia, 2000; Chang et al., 2004).
However, their involvement in neuropro-
tection in Parkinson’s disease models is es-
sentially uncharacterized, although recent
reports implicated them in GDNF or NGF
protection against 6-OHDA (Salinas et al.,
2003; Ugarte et al., 2003). In this study, we
demonstrate that ectopic activation of ei-
ther ERK1/2 or PI3-kinase pathway is suf-
ficient to protect SH-SY5Y cells against ro-
tenone. Pharmacological inhibition of
either pathway blocked bFGF protection
in both SH-SY5Y cells and primary cul-
tured dopaminergic neurons. Although
both ERK1/2 and PI3-kinase signaling are
required for bFGF protection against rote-
none in SH-SY5Y cells and in primary cul-
tured dopaminergic neuron, the two path-
ways seem to be redundant in primary
neurons but independent in SH-SY5Y
cells. This may reflect differences in cell
types. For example, although there is no
crosstalk between the two signaling path-
ways in SH-SY5Y cells (Fig. 3B), some iso-
forms of neuronal PI3-kinase activate the
ERK1/2 pathway (Lopez-Ilasaca et al.,
1997). Therefore, it is possible that PI3-
kinase and ERK1/2 protect SH-SY5Y cells
against rotenone by phosphorylating BAD
at serine 136 and serine 112, respectively.
However, the neuroprotective effect of
PI3-kinase in primary cultured dopami-
nergic neurons may be mediated through
ERK1/2, which explains why either U0126
or LY294002 treatment completely abro-
gates bFGF protection against rotenone in
these neurons. Regardless, our data iden-
tify activation of ERK1/2 and PI3-kinase
signaling pathways as novel targets to at-
tenuate neuronal loss in the rotenone
model of Parkinson’s disease. These mech-
anisms may also apply to other Parkin-
son’s disease models.

Figure 8. Rotenone induces dopaminergic neuron apoptosis in E14 ventral mesencephalic primary cultures. Primary ventral
mesencephalic cultures were prepared from E14 rats and treated with rotenone for 24 h. A, Representative photomicrographs of
cells treated with 5 nM rotenone or vehicle control for 24 h and immunostained for TH, a marker for dopaminergic neurons. B,
Rotenone induces a dose-dependent cell loss of TH � neurons. All TH � cells on each coverslip were counted. Vehicle control
represents 100% survival, which has �100 TH � neurons per coverslip. C, Representative deconvolution confocal photomicro-
graphs of cell treated with 2 nM rotenone or vehicle control for 18 h. Cells were TUNEL labeled, followed by immunostaining for
active caspase-3 and TH. Data are representative of at least two independent experiments with duplicate determinations. Error
bars are SEM. **p � 0.01, ***p � 0.001 (ANOVA) compared with vehicle control-treated group.

Figure 9. Rotenone does not induce cell loss of GABAergic neurons or the general population. Primary ventral mesencephalic
cultures were prepared from E14 rats and treated with 0 –5 nM rotenone for 24 h. A, Cells were immunostained for GABA, and the
number of GABA � cells in 10 randomly selected fields was counted. Vehicle control represents 100% survival. B, Representative
photomicrographs of cells treated with rotenone or vehicle control for 24 h and stained for TUNEL (green), GABA (red), and Hoechst
(blue). Arrows point to GABA � neurons that are negative for TUNEL. C, Representative photomicrographs of nuclear morphology
of the entire population, revealed by Hoechst staining. Cells were treated with rotenone as in A. Arrows point to condensed or
fragmented nuclei, characteristic of apoptosis. D, Rotenone treatment did not affect survival of the general population based on
nuclear morphological changes revealed by Hoechst staining as in C. Data are representative of two (A) or three (D) independent
experiments with duplicate determinations. At least 2000 cells were counted for each condition.
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A variety of molecules key to cell death regulation are regu-
lated by trophic factors at the transcriptional or posttranslational
level (Borner, 2003; Prunell and Troy, 2004). For instance, bFGF
protects lung cancer cells from chemotherapeutic drugs via
ERK1/2 activation and subsequent induction of expression of
XIAP, as well as phosphorylation of Bcl-2 and Bcl-xL (Pardo et
al., 2002, 2003). We examined protein levels of XIAP, Bcl-2, and
Bcl-xL in SH-SY5Y cells after treatment with rotenone, bFGF, or
the two together and found no change in their expression. Simi-
larly, rotenone or bFGF did not cause any change in the expres-
sion of �-synuclein or parkin (data not shown), proteins whose
misregulation has been implicated in Parkinson’s disease (Chung
et al., 2001; Dawson and Dawson, 2003).

BAD promotes apoptosis by forming
heterodimers with Bcl-xL or Bcl-2 (Zha et
al., 1996; Fang et al., 1999). The phosphor-
ylation status of BAD influences its ability
to interact with Bcl-2 and Bcl-xL. Akt
phosphorylates BAD at serine 136 (del
Peso et al., 1997), whereas p90 RSK, a
downstream target of ERK1/2, phosphor-
ylates BAD at serine 112 (Bonni et al.,
1999; Fang et al., 1999). Phosphorylation
at either site induces BAD association with
14-3-3 protein, preventing BAD from
dimerizing with Bcl-2 or Bcl-xL, thus inac-
tivating the proapoptotic activity of BAD
(Zha et al., 1996). Although we were un-
able to detect endogenous BAD in SH-
SY5Y phosphorylated at serine 136, we
demonstrated that bFGF induces a sus-
tained phosphorylation of BAD protein at
Ser112, even in the presence of rotenone.
This phosphorylation was prevented by
pharmacological inhibition of ERK1/2 but
not PI3-kinase (Fig. 5 and data not
shown). Together with the data that
siRNA reduction of BAD expression abro-
gates rotenone-induced cell death, our re-
sults suggest that BAD phosphorylation at
serine 112 induced by ERK1/2 activation
may play a critical role in bFGF protection
against rotenone.

In conclusion, our results help to better
characterize rotenone as an emerging
model to study pathogenesis of Parkin-
son’s disease. We identify BAD as a key
mediator of rotenone-induced dopami-
nergic cell death. Furthermore, bFGF and
its activation of ERK1/2 and PI3-kinase
signaling may be useful targets for pre-
venting Parkinson’s disease progression.
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