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Death Receptors and Caspases But Not Mitochondria Are
Activated in the GDNF- or BDNF-Deprived Dopaminergic
Neurons
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Neurotrophic factors, including glial cell line-derived neurotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF), pro-
mote survival of midbrain dopaminergic neurons, but the death pathways activated in the dopaminergic neurons by deprivation of these
factors are poorly studied. We show here that deprivation of GDNF or BDNF triggers a novel mitochondria-independent death pathway
in the cultured embryonic dopaminergic neurons: cytochrome c was not released from the mitochondria to cytosol, proapoptotic protein
Bax was not activated, and overexpressed Bcl-xL did not block the death. Caspases were critically required, because the death was
completely blocked by caspase inhibitor BAF [boc-aspartyl(OMe)-fluoromethylketone] and overexpression of dominant-negative mu-
tants of caspase-9, -3, and -7 significantly blocked the death. Also, the death receptor pathway was involved, because blockage of caspase-8
or FADD (Fas-associated protein with death domain), an adapter required for caspase-8 activation, inhibited death induced by GDNF or
BDNF deprivation. Ligation of Fas by agonistic anti-Fas antibody induced apoptosis in the GDNF- or BDNF-maintained neurons, and
inhibition of Fas by Fas-Fc chimera blocked the death of GDNF- or BDNF-deprived neurons, whereas FAIML (long isoform of Fas
apoptosis inhibitory molecule) could control the activity of Fas in the dopaminergic neurons.
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Introduction
Most neuronal populations undergo a period of ontogenetic
death during which the initially overproduced neurons are re-
duced to the final number by target-derived neurotrophic factors
(Barde, 1989; Oppenheim, 1991). The intrinsic death program of
the neurons is suppressed by neurotrophic factors or, conversely,
released in their absence (Johnson and Deckwerth, 1993; Chang
et al., 2002). The molecular nature of this program is, however,
poorly described for different neuronal types.

Survival of the midbrain dopaminergic (DA) neurons that
degenerate in Parkinson’s disease is potently promoted by glial
cell line-derived neurotrophic factor (GDNF) in vitro (Lin et al.,
1993; Burke et al., 1998), in vivo (Oo et al., 2003, 2005), and in
several models of Parkinson’s disease (Airaksinen and Saarma,
2002; Bespalov and Saarma, 2007; Lindholm et al., 2007). GDNF
binds to coreceptor GFR�1, and this complex activates receptor
tyrosine kinase Ret (Bespalov and Saarma, 2007). Genetic manip-

ulations of Ret in the DA neurons (Granholm et al., 2000; Jain et
al., 2006; Kramer et al., 2007; Mijatovic et al., 2007) have given
controversial results whether and/or when Ret physiologically
regulates survival/death of DA neurons. Treatment of Parkin-
son’s patients with GDNF has also been contradictory, because
some studies reported considerable improvement (Gill et al.,
2003; Slevin et al., 2005), whereas others did not (Lang et al.,
2006). These contradictions require further studies.

Brain-derived neurotrophic factor (BDNF), a member of the
neurotrophin family, also promotes survival of DA neurons
(Krieglstein et al., 1996; Baquet et al., 2005) but via a different
receptor tyrosine kinase, TrkB. The physiological role of BDNF in
the ontogenetic (Kramer et al., 2007) or pathological (Baquet et
al., 2005; Sun et al., 2005) death/survival of DA neurons is poorly
understood.

Classically, apoptosis occurs via either death receptor or mi-
tochondrial pathway (Danial and Korsmeyer, 2004; Thorburn,
2004; Riedl and Salvesen, 2007). Ligated death receptors recruit
and activate apical pro-caspase-8 via adapters as Fas-associated
protein with death domain (FADD) (Peter and Krammer, 2003;
Peter et al., 2007). In the mitochondrial pathway, activated pro-
apoptotic proteins (e.g., Bax) release proteins (including cyto-
chrome c) from the mitochondria to the cytosol, leading to the
assembly of an apoptosome and activation of apical caspase-9.
Apical caspases cleave and activate executionary caspase-3, -6,
and -7, which ultimately demolish the cell (Shacka and Roth,
2006; Riedl and Salvesen, 2007). Some caspases (e.g., caspase-2)
are activated via a different but poorly characterized mechanism
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Correspondence should be addressed to Urmas Arumäe, Institute of Biotechnology, P.O. Box 56, Viikki Biocenter,
University of Helsinki, FIN-00014 Helsinki, Finland. E-mail: urmas.arumae@helsinki.fi.

DOI:10.1523/JNEUROSCI.1877-08.2008
Copyright © 2008 Society for Neuroscience 0270-6474/08/287467-09$15.00/0

The Journal of Neuroscience, July 23, 2008 • 28(30):7467–7475 • 7467



(Troy et al., 2000; Baliga et al., 2004). Also, some nonclassical
caspase-dependent apoptotic pathways have been described
(Mehlen et al., 1998; Bredesen et al., 2006).

We recently showed that in the GDNF-deprived sympathetic
neurons, caspase-2 and -7 are activated via a novel pathway with-
out mitochondria and death receptors: Bax is not translocated to
the mitochondria; cytochrome c is not released to the cytosol and
caspase-9 and -3, but also caspase-8 and FADD are not involved
(Yu et al., 2003). Here, we addressed the death pathways in
GDNF- and BDNF-deprived DA neurons. In both cases, the neu-
rons died via a nonclassical apoptotic pathway in which death
receptors and caspases, but not mitochondria, were activated.

Materials and Methods
Cultures of 13-d-old mouse ventral mesencephalon and survival assays. The
midbrain floors were dissected from the ventral mesencephali of 13-d-
old NMRI strain mouse embryos. Tissues were incubated with 0.5%
trypsin (ICN Biomedical) in HBSS (Ca 2�/Mg 2� free) (Invitrogen) for
15 min at 37°C, then mechanically dissociated using a large fire-polished
Pasteur pipette. For survival assays, the cells were then plated onto the
culture dishes coated with poly-L-ornithine (Sigma-Aldrich). To get the
equal cell number for all experimental points, only the microisland areas
of standard size (3 mm), scratched to the dishes, were coated. Equal
volumes of cell suspension (4 �l, containing 1000 –3000 neurons) were
plated onto these areas. The cells were grown in DMEM/F12 medium
(Invitrogen) containing N2 supplement (Invitrogen) for 5 d with GDNF
(100 ng/ml) (Amgen) or BDNF (50 ng/ml) (R&D Systems). To deprive
GDNF, the cultures were washed three times with normal medium, and
function-blocking anti-GDNF antibodies (Amgen) were added. To re-
move BDNF, the cultures were gently washed three times with BDNF-
free medium. The compounds of interest were then added and cultures
grown for 3 additional days. To visualize the dopaminergic neurons, the
cultures were stained with tyrosine hydroxylase (TH) antibodies (Milli-
pore Bioscience Research Reagents), and the TH-positive neurons were
microscopically counted by a “blind” experimenter not aware of the
identity of the experimental groups. The following compounds were
used: broad-range caspase inhibitor boc-aspartyl(OMe)-
fluoromethylketone (BAF) (Merck Biosciences) at 50 �M, staurosporine
(Cell Signaling Technology) at 300 nM, mouse Fas/TNFRSF6/Fc Chimera
(Fas-Fc) (R&D Systems) at 100 ng/ml, and anti-Fas antibody Jo2 (Cell
Signaling Technology) at 100 ng/ml. Function-blocking anti-TrkC anti-
body (#AF1404; 100 ng/ml; R&D Systems) was used as a control for Jo2,
because it does not contain toxic preservatives.

Transfections. DA neurons were transfected as published previously
(Yu and Arumäe, 2008). Briefly, GDNF- and BDNF-dependent cultures
were transfected with calcium phosphate coprecipitation technique us-
ing the Ca-P kit (Invitrogen) according to the manufacturer’s instruc-
tions. Plasmids of interest at 1 �g per well were cotransfected with re-
porter plasmid for enhanced green fluorescent protein (EGFP)
(Clontech) at 0.2 �g per well. At that ratio, virtually all EGFP-expressing
neurons coexpressed the cotransfected plasmid. The relevant empty vec-
tors (pCR3.1, pMV2B, or pCDNA3) without the insert were always in-
cluded as mock controls. The factors were deprived the next day after
transfection. Fluorescent (EGFP-expressing) neurons were “blindly”
counted from each dish immediately after factor deprivation (initial) and
at the third day (final). The results were expressed as a percentage of
initial fluorescent neurons. To exclude EGFP-expressing non-DA neu-
rons, the cultures were stained with TH antibodies at the end of experi-
ment, and the number of EGFP-positive, TH-negative neurons was sub-
tracted from the initial and final number. All experiments were repeated
at least three times on the independent cultures.

The expression plasmids for Bcl-xL, Ku70, dominant-negative mu-
tants of caspase-2, -3, -7, -8, and -9, and FADD have been described
previously (Yu et al., 2003). Plasmid for mitochondrially targeted yellow
fluorescent protein (mtYFP) was a kind gift from Dr. A. Miyawaki (The
Institute of Physical and Chemical Research, Hirosawa, Wako-city, Ja-
pan). Fas and long isoform of Fas apoptosis inhibitory molecule (FAIML)

plasmids were kindly provided by Prof J. Comella (Universitat de Lleida-
Hospital Universitari Arnau de Vilanova, Lleida, Spain)

Immunocytochemistry. The neurons were grown on glass coverslips,
fixed with 4% paraformaldehyde in PBS, permeabilized with 0.3% Triton
X-100 (Sigma-Fluka), and blocked with 10% horse serum (Invitrogen) in
TBS containing 0.3% Triton X-100. The following antibodies were used:
cytochrome c (#556432; BD Bioscience); TH (Millipore Bioscience Re-
search Reagents); Bax (#554082; BD Pharmingen), Pitx3 (Zymed), Fas
and its immunizing peptide (M-20; Santa Cruz Biotechnology), FasL and
its immunizing peptide (N-20; Santa Cruz Biotechnology), and cyanine 3
(Cy3)- or Alexa-488-conjugated secondary antibodies (Jackson Immu-
noResearch Laboratories). The specimens were mounted in Vectashield
(Vector Laboratories). The images were captured at room temperature
with Leica TCS SP2 Spectral confocal and multiphoton system (Leica):
an inverted microscope (model DM IRE2); HCX PL APO [objective,
63�; numerical aperture, 1.4 – 0.6 (oil)]; and TCS SP2 scan unit and
interactive LCS software. Individual images were identically processed
with Photoshop CS3 (Adobe Systems).

Reverse transcription-PCR. Dopaminergic neurons were cultured for
5 d in vitro (DIV) and deprived or not deprived of the factors for 24 h with
or without BAF. Total RNA from dopaminergic neurons, 3T3 [positive
control, expressing both Fas and Fas ligand (FasL)] and Chinese hamster
ovary (negative control) cells was isolated by Micro Scale RNA Isolation
kit (Ambion) including DNase I treatment, according to the instruction
manual. Total RNA (200 –500 ng) were reverse transcribed using the
Transcriptor First Strand cDNA Synthesis Kit (Roche), and the cDNA
was used directly for PCR. Two microliters of cDNA of each sample were
amplified by PCR with the Expand High Fidelity PCR System (Roche).
The following primers were used. Fas: forward, 5�-GTGTTCGCTGCGC-
CTC-3�; reverse, 5�-GGTTCTGCGACATTCGGC-3� (Lesné et al., 2002);
Fas ligand: forward, 5�-TTTCATGGTTCTGGTGGCTCTGGT-3�; re-
verse, 5�-AGCGGTTCCATATGTGTCTTCCCA-3�. PCR was performed
after an initial denaturation for 5 min at 95°C, followed by 36 cycles of
30 s denaturation at 95°C, 30 s annealing at 60°C, and 30 s extension at
72°C. As the negative controls, reverse transcription (RT) reaction was
omitted from the 3T3 sample, or the whole procedure was performed in
the water without added cDNA.

Immunoblot and coimmunoprecipitation. For the immunoblotting,
midbrain neurons were grown with GDNF or BDNF for 5 DIV, and lysed
in 2% SDS in 125 mM Tris-HCl, pH 6.8. Lysates from the 3T3 cells or
cortical cultures of embryonic mice were prepared in the same way. The
proteins were separated on the SDS-PAGE and transferred to the filter by
standard procedures. The filters were probed with antibodies to FAIML

kindly provided by Prof. J. Comella (Segura et al., 2007) and reprobed
with antibodies to �-actin (Sigma).

Figure 1. Dopaminergic neurons die caspase dependently by GDNF or BDNF deprivation.
Thirteen-day-old mouse dopaminergic neurons were plated at similar density and grown with
100 ng/ml GDNF or 50 ng/ml BDNF for 5 d. Neurotrophic factors were then removed (GDNF�,
BDNF�) or not removed (GDNF�, BDNF�) for 3 d in the presence or absence of caspase
inhibitor BAF (50 �M). A, B, The number of neurons positive for TH (A) or Pitx3 (B) from the
factor-deprived cultures is expressed as a percentage of corresponding factor-maintained cul-
tures. The means � SEM of three independent experiments are shown. Statistical significance
of the differences was estimated by Student’s t test. The null hypothesis was rejected at p �
0.05.
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For the coimmunoprecipitation experiments, midbrain neurons were
cultured for 5 DIV with GDNF or BDNF and transfected with expression
plasmid for mouse Fas together with EGFP as published previously (Yu
and Arumäe, 2008). After 2 d, the cells were lysed as published by Segura
et al. (2007). Fas was precipitated by biotin-coupled anti-Fas antibody
(BD Biosciences) or control biotin-coupled anti-GFR�2 antibody (BD
Biosciences), and the immunocomplexes were collected with NeutrAvi-
din (Thermo Fisher Scientific). SDS-PAGE was performed right after
immunoprecipitation.

Results
Embryonic dopaminergic neurons die
in culture because of GDNF or
BDNF deprivation
Because the death of GDNF- or BDNF-
deprived DA neurons had not been de-
scribed previously, we first characterized
this process. Deprivation of 5-d-old
GDNF- or BDNF-dependent 13-d-old
midbrain floor cultures of the respective
factors for 3 d leads to the loss of approx-
imately one-half of the TH-positive neu-
rons in both cases, as normalized to cor-
responding factor-maintained cultures
(Fig. 1 A). The remaining TH-positive
neurons survived without neurotrophic
support, because their number did not
change in the cultures deprived of GDNF
or BDNF up to 7 d (data not shown). The
number of TH-positive neurons did not
change in the factor-maintained cultures
(data not shown); thus, the cultures did
not deteriorate during the experiments.
The death was completely blocked by
caspase inhibitor BAF (Fig. 1 A). Trophic
factor deprivation may downregulate
the TH that we used as a marker to count
the results. We therefore immuno-
stained the cultures with the antibodies
to paired-like homeodomain transcrip-
tion factor-3 (Pitx3), another marker for
the DA neurons (Nunes et al., 2003).
Again, approximately one-half of the
Pitx3-expressing neurons were lost in
the GDNF- or BDNF-deprived cultures
(Fig. 1 B). Thus, two independent mark-
ers showed the same reduction in the
number of DA neurons. Moreover, this
reduction was blocked by caspase inhib-
itor. It is not probable that caspase inhi-
bition blocks only the downregulation of
TH but not the death of DA neurons. We
conclude that GDNF or BDNF depriva-
tion led to death of the DA neurons
rather than loss of the markers in neu-
rons that did not die. GDNF- and
BDNF-dependent neurons were ana-
lyzed in parallel throughout the study
and gained the identical treatment.

Mitochondrial death pathway is not
activated in GDNF- and BDNF-deprived
dopaminergic neurons
To study the involvement of mitochon-

drial apoptotic machinery, we first tried to visualize the mito-
chondria of the DA neurons in our cultures. Because several an-
tibodies to mitochondrial markers did not give satisfactory
results (data not shown), we turned to chimeric yellow fluores-
cent protein (mtYFP) engineered to be specifically targeted to
mitochondria (Fig. 2A). The factor-maintained cells were trans-
fected with mtYFP and immunolabeled the next day with anti-
bodies to cytochrome c. In the double-fluorescent neurons, dis-

Figure 2. Cytochrome c is not released from the mitochondria of GDNF- or BDNF-deprived dopaminergic neurons. A, Confocal
microscopic images of representative GDNF-maintained neurons stained with cytochrome c (Cyt c) antibodies (a) or expressing
mitochondrial marker mtYFP (b). c, Colocalization of cytochrome c and mtYFP in the mitochondria. d, e, Mitochondria in the
TH-positive neurons (d) are revealed by mtYFP (e). B, Bottom, Representative cytochrome c immunostaining patterns of GDNF- or
BDNF-maintained or -deprived neurons. Top, Corresponding TH immunostaining images. The GDNF- or BDNF-maintained
(GDNF�, BDNF�) or -deprived (GDNF�, BDNF�) neurons all show strongly punctate immunostaining (mitochondrial local-
ization). C, Typical cytochrome c immunostaining patterns of GDNF- or BDNF-maintained neurons treated or not treated with
staurosporine (STS). Note the diffuse cytosolic localization of cytochrome c in the staurosporine-treated cultures, whereas it shows
punctate mitochondrial localization in the factor-maintained neurons. Scale bars, 10 �m.
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tribution of the two labels was indistinguishable, showing that
cytochrome c antibody indeed stained mitochondria in the
healthy neurons. Because such staining labels all the cells in the
culture, we also stained mtYFP-transfected cultures with TH an-
tibodies to recognize the pattern of mitochondria in the DA neu-
rons (Fig. 2A). We then deprived the cultures of GDNF or BDNF
for 48 h and double stained the cultures with antibodies to cyto-
chrome c and TH. In these experiments, death of the neurons was
blocked by caspase inhibitor BAF to facilitate the assay. In the vast
majority of TH-positive neurons of both GDNF- and BDNF-
deprived cultures, cytochrome c localization was punctate, as in
the neurons maintained with these factors (Fig. 2B, Table 1).
Similar results were obtained at 72 h after neurotrophic factor
deprivation (data not shown). As a positive control for cyto-
chrome c release, we treated the cultures with staurosporine
(Meuer et al., 2007). Staurosporine dramatically reduced the
number of the neurons with punctate mitochondrial localization.
Instead, most of the staurosporine-treated neurons showed dif-
fuse cytochrome c staining characteristic of its cytosolic localiza-
tion (Fig. 2C). Thus, although the DA neurons can release cyto-
chrome c to the cytosol, this did not happen by withdrawal of
GDNF or BDNF.

To study the involvement of Bax, we overexpressed Ku70, a
protein that binds the N terminus of Bax, thereby inhibiting its
translocation to mitochondria (Sawada et al., 2003a,b; Yu et al.,
2003). Ku70 had no effect on the death of GDNF- or BDNF-
deprived neurons (Fig. 3). Immunostaining of the GDNF- or
BDNF-deprived, BAF-saved cultures with antibodies to Bax also
revealed its cytosolic, not punctate, localization (data not
shown). Overexpressed antiapoptotic Bcl-2 family member Bcl-
xL, which efficiently blocks the mitochondrial death pathway (Yu
et al., 2003), did not block the death of GDNF- or BDNF-
deprived DA neurons. Collectively, these data show that mito-
chondrial pathway is not activated in the GDNF- or BDNF-
deprived DA neurons.

Caspases are required for the death of GDNF- or BDNF-
deprived dopaminergic neurons
As shown on Figure 1, caspase inhibitor BAF completely blocked
the death of GDNF- or BDNF-deprived DA neurons. To study
which caspases are required, we overexpressed dominantly
blocking isoforms of caspase-2, -3, -7, and -9 in the GDNF- or
BDNF-deprived, but also the factor-maintained, neurons. As
shown on Figure 4, blocking of caspase-3, caspase-7, and
caspase-9 significantly inhibited the death of GDNF- or BDNF-
deprived neurons, whereas blocking of caspase-2 had no statisti-
cally significant effect. The constructs did not affect the survival
of neurotrophic factor-maintained neurons (Fig. 4).

The death receptor pathway is activated in GDNF- and
BDNF-deprived dopaminergic neurons
The above data show that death of GDNF- and BDNF-deprived
DA neurons requires caspase activation that occurs indepen-

dently of mitochondria. To check the involvement of death re-
ceptors, a second major apoptotic pathway, we first studied the
Fas receptor and FasL expression in our cultures. By RT-PCR
from the whole cultures, the fragments specific for both Fas and
FasL were clearly observed (Fig. 5B). However, the levels of these
fragments did not change significantly by factor deprivation for
24 h (Fig. 5B). Antibodies to Fas or FasL stained virtually all
neurons in the culture, including the TH-positive DA neurons
(Fig. 5A). In both cases, neuronal somata as well as neurites were
immunolabeled. In the control stainings, the immunoreactivity
for Fas or FasL was strongly blocked by preincubation of the
antibodies with cognate-blocking peptides, but not with noncog-
nate peptides (Fig. 5A). To further verify the specificity of the
antibodies, we transfected the 3T3 cells with expression plasmids
for Fas or FasL together with the plasmid for EGFP, and stained
these cultures with respective antibodies. Anti-Fas antibodies
stained the EGFP-positive Fas-transfected cells, and anti-FasL
antibodies stained the EGFP-positive FasL-transfected cells, but
not vice versa. We conclude that the DA neurons (and also other
neurons) in our cultures express both Fas and FasL.

We then transfected the cultures with the plasmid for domi-
nantly blocking mutant of caspase-8. Dominant-negative mu-
tants of FADD, an adapter that links pro-caspase-8 to most of the
death receptors (Peter and Krammer, 2003; Peter et al., 2007),
were transfected as well. Both constructs significantly blocked the
death of GDNF- or BDNF-deprived DA neurons (Fig. 5B), sug-
gesting an activation of Fas-like receptor. Fas-Fc, a chimeric pro-
tein that prevents interaction of Fas and FasL in motoneurons
(Raoul et al., 2006), significantly blocked the death of both
GDNF- and BDNF-deprived neurons (Fig. 5C). Moreover, liga-
tion of Fas by agonistic Jo2 anti-Fas antibody (but not the control
antibody) killed a significant portion of GDNF- or BDNF-
maintained DA neurons (Fig. 5D), suggesting the presence of
functional Fas-like system. Interestingly, Jo2 antibody was re-
ported not to kill the NGF-maintained sympathetic neurons
(Putcha et al., 2002). Thus, the Fas-like death receptors are acti-
vated in the GDNF- or BDNF-deprived DA neurons.

Table 1. Quantitation of the TH-positive neurons with punctate pattern of
cytochrome c in the cultures maintained with or deprived of GDNF or BDNF for 48 h

Factor % Punctate Cyt c

GDNF� 99.8 � 0.1 (1367 neurons)
GDNF� 98.1 � 0.6 (1146 neurons)
BDNF� 99.7 � 0.1 (1173 neurons)
BDNF� 97.7 � 0.3 (795 neurons)

The number of TH-positive neurons with a punctate pattern of cytochrome c (Cyt c) is expressed as the percentage of
all TH-positive neurons in a given culture. The results are the means � SEM of four independent experiments, each
in three parallels. Collective absolute numbers are shown in the parentheses.

Figure 3. Overexpression of antiapoptotic proteins in the GDNF- or BDNF-deprived dopami-
nergic neurons. GDNF- or BDNF-maintained neurons were transfected with expression plasmids
for Ku70, Bcl-xL, or empty pMV2B plasmid (vector) (together with the plasmid for EGFP) and
maintained with (GDNF�, BDNF�) or without (GDNF�, BDNF�) neurotrophic factors for 3 d.
The numbers of fluorescent neurons counted at the end of the experiment were normalized to
those counted at the factor deprivation. Transfected non-TH neurons, identified by post hoc TH
immunostaining, were subtracted from the counts. The mean � SEM of four independent
experiments is shown.
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Recently it was shown that FAIML associates with Fas and
prevents the apoptotic activity of Fas in the neurons (Segura et
al., 2007). FAIML is also expressed in our midbrain cultures as
shown by immunoblotting (Fig. 6 A), but its expression in the
DA neurons among other neurons in the mixed cultures could
not be demonstrated, because the antibodies did not work in
the immunocytochemistry. Repeated immunoblot experi-
ments with the GDNF- or BDNF-deprived cultures did not
reveal significant changes in the level of FAIML. This is, how-
ever, expected because the putative changes of FAIML in the
minor fraction of apoptotic neurons could be overwhelmed by
FAIML in the large number of nonresponsive neurons. Endog-
enous FAIML was coprecipitated with transfected Fas from the
GDNF- or BDNF-maintained midbrain cultures (Fig. 6 B) but
not from 3T3 cells (data not shown), showing physical associ-
ation of these proteins. Overexpressed Fas killed significant
number of GDNF- or BDNF-maintained DA neurons, and
this was blocked by cotransfected FAIML (Fig. 6C). In turn,
overexpressed FAIML significantly blocked the death of
GDNF- or BDNF-deprived DA neurons, and this was abol-
ished by cotransfected Fas (Fig. 6C). Thus, FAIML and Fas can
functionally interact with each other in the DA neurons.

Discussion
We have previously shown that GDNF-deprived sympathetic
neurons activate caspases via a novel mitochondria-
independent death pathway (Yu et al., 2003). Here we show
that also the embryonic DA neurons do not activate mito-
chondrial death pathway by deprivation of GDNF (but also
BDNF): Bax is not translocated to the mitochondria and Bax
inhibition does not block the death, cytochrome c is not re-
leased to the cytosol, and antiapoptotic mitochondrial protein
Bcl-xL does not block the death. In the immunostaining ex-
periments, we had to prevent cell death by caspase inhibition,

because the changes in the localization of
Bax and cytochrome c occur only briefly
before death and were almost impossible
to detect. The apoptotic mitochondrial
changes are believed to occur without
caspase involvement (Chang et al., 2002;
Gogvadze et al., 2006), but caspase-2 is
reported to be activated upstream of mi-
tochondria (Guo et al., 2002; Lassus et
al., 2002; Robertson et al., 2004). We
cannot exclude that caspase inhibition
affected the movement of Bax and cyto-
chrome c in our factor-deprived neu-
rons. However, caspase-2 was not criti-
cal for the death of DA neurons.
Moreover, experiments with Ku70 or
Bcl-xL were performed without caspase
inhibitors. We therefore conclude that
mitochondria were not activated in the
neurotrophic factor-deprived DA
neurons.

Caspases were still absolutely re-
quired for the death of GDNF- and
BDNF-deprived DA neurons. When
compared with the GDNF-deprived
sympathetic neurons, the involved
caspases were completely different:
caspase-2 was critical for the death of
GDNF-deprived sympathetic neurons
but not GDNF-deprived DA neurons.

Instead, the DA neurons died via caspase-9, -3, and -7, which
were not essential in the sympathetic neurons. How caspase-9
is activated without cytosolic cytochrome c remains an open
question. Caspase-9 is activated at the apoptosome by dimer-
ization (Boatright et al., 2003; Pop et al., 2006), but it is also
cleaved in the apoptotic cells, which enhances its catalytic
activity (Bao and Shi, 2007; Riedl and Salvesen, 2007). We
speculate that caspase-8, activated at the death receptors,
could cleave and activate caspase-9 in our neurons, as recently
shown in other systems (McDonnell et al., 2003; Gyrd-Hansen
et al., 2006). Indeed, blockage of caspase-8 prevented the
death of the neurons, suggesting that caspase-9 is activated
downstream of caspase-8. Our attempts to visualize cleavage
products of the caspases by Western blotting failed, most
probably because of the small amount of the material avail-
able. Immunostaining of the cultures with antibodies to acti-
vated caspases also did not give consistent results in our hands.
Thus, further studies are required to understand caspase-9
activation in our model.

Death receptors were activated in the GDNF- and BDNF-
deprived DA neurons, because the death was significantly
blocked by inhibition of caspase-8 or FADD, but also with over-
expression of Fas inhibitor FAIML. Fas agonists and antagonists
as well as the PCR results strongly suggest the existence of func-
tional Fas-like receptor on the surface of the DA neurons, and its
activation by GDNF or BDNF deprivation. Most probably the Fas
and FasL interact via neuritic contacts that are extensive in our
dense cultures, as also suggested for trophic factor-deprived mo-
toneurons (Raoul et al., 1999; Ugolini et al., 2003; Raoul et al.,
2006). Fas and FasL were constitutively present in the midbrain
cultures, suggesting that an inhibitory system should prevent the
unwanted activation of Fas. Indeed, we found that a neuron-
specific inhibitory protein FAIML (Segura et al., 2007) was ex-

Figure 4. Inhibition of caspases in the GDNF- or BDNF-deprived dopaminergic neurons. GDNF- or BDNF-deprived (GDNF�,
BDNF�) or -maintained (GDNF�, BDNF�) neurons were transfected with dominant-negative (DN) mutants of indicated
caspases (together with the plasmid for EGFP) and maintained with or without neurotrophic factors for 3 d. The numbers of
fluorescent neurons counted at the end of the experiment were normalized to those counted at the factor deprivation. Transfected
non-TH neurons, identified by post hoc TH immunostaining, were subtracted from the counts. The means � SEM of four inde-
pendent experiments are shown. Data of each DN caspase were compared with control plasmid pCDNA3 (vector) by one-way
ANOVA and post hoc Dunnett’s t test. The null hypothesis was rejected at p � 0.05.
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Figure 5. Activation of Fas-like receptor is required for the death of GDNF- or BDNF-deprived neurons. A, Virtually all neurons, including the TH-positive ones, express both Fas and FasL.
GDNF-maintained midbrain cultures (5 DIV) were costained with antibodies to TH and either Fas or FasL (both revealed by Cy3-conjugated secondary antibodies). Specificity of immunostaining was
checked by preincubation of the antibodies with the blocking peptide to either Fas (Fas P) or FasL (FasL P). Scale bar, 10 �m. B, RT-PCR analysis of Fas and FasL transcripts in the midbrain cultures.
Midbrain cultures (5 DIV) were deprived or not deprived of GDNF (G) or BDNF (B) for 24 h in the presence or absence of caspase inhibitor BAF. Shown are 479 bp fragments of Fas and 247 bp fragments
of FasL. 3T3 cells expressing both Fas and FasL served as a positive control. No fragments were obtained from the Chinese hamster ovary (CHO) cells. The fragments were also not obtained when RT
reaction was omitted from the 3T3 samples (�RT), or when the reactions were performed without added cDNAs (water). C, GDNF- or BDNF-dependent neurons were transfected with expression
plasmids for dominant-negative (DN) caspase-8, FADD, or empty pCR3.1 plasmid (vector) (together with the plasmid for EGFP) and maintained with or without neurotrophic factors for 3 d. The
numbers of fluorescent neurons counted at the end of the experiment were normalized to those counted at the factor deprivation. Transfected non-TH neurons, identified by post hoc TH
immunostaining, were subtracted from the counts. Statistical comparison of the means between expression plasmids and vector was performed by one-way ANOVA and post hoc Dunnett’s t test.
The null hypothesis was rejected at p � 0.05. D, Dopaminergic neurons were selected with GDNF or BDNF for 5 d, then cultured without neurotrophic factors in the presence or absence of Fas-Fc for
an additional 3 d. Factor-deprived cultures in the presence of caspase inhibitor BAF served as positive controls. The cultures were then stained with TH antibodies, and TH-positive neurons were
counted and expressed as a percentage of corresponding factor-maintained neurons. The mean � SEM of three independent experiments is shown. Statistical significance of the differences was
estimated by one-way ANOVA and post hoc Tukey’s honestly significant difference test. The null hypothesis was rejected at p � 0.05. E, Dopaminergic neurons were selected with GDNF or BDNF for
5 d, then treated with agonistic Jo2 anti-Fas antibody or control anti-TrkC antibody for an additional 3 d. The cultures were then stained with TH antibodies. TH-positive neurons were counted and
expressed as a percentage of corresponding factor-maintained neurons. The mean � SEM of four independent experiments is shown. Statistical significance of the difference between groups
treated with anti-Fas antibody and those treated with control antibody was estimated by Student’s t test. The null hypothesis was rejected at p � 0.05.
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pressed in the midbrain cultures. FAIML interacts with Fas, both
physically, as revealed by coimmunoprecipitation, and function-
ally, as revealed by transfection of DA neurons. Thus, the findings
of Segura et al. (2007) were repeated in our model. It is tempting
to speculate that in the healthy DA neurons, Fas could perform
some nonapoptotic functions (Peter et al., 2007) with its apopto-
tic activity blocked by FAIML, whereas FAIML could be degraded
or removed from Fas by apoptotic stimulus such as neurotrophic
factor deprivation.

We found that de-ligation of Ret activates different death
pathways in sympathetic and DA neurons, whereas the same
pathways were activated in the DA neurons by de-ligation of Ret
and TrkB. We included BDNF for comparison to GDNF expect-
ing different death pathways, because it was in the sympathetic
neurons deprived of NGF (de-ligation of TrkA that is homolo-
gous to TrkB) (Yu et al., 2003). This was, however, not the case.

The neurons can indeed sense the lack of
neurotrophic support in many ways, de-
pending on the neuronal type and/or the
deprived factor.

Thus, we show that the DA neurons
have their own way to respond to neuro-
trophic factor deprivation, in which
caspases are activated via death receptors
and without mitochondria. Whether
and when this pathway is activated in
vivo remains to be studied. It is contro-
versial whether GDNF actually controls
the number of DA neurons during devel-
opment (Janec and Burke, 1993;
Jackson-Lewis et al., 2000; Krieglstein,
2004). Indeed, function-blocking anti-
bodies to GDNF reduced the death of
neonatal DA neurons in vivo (Oo et al.,
2003, 2005), but genetic manipulations
of Ret affected adult rather than neona-
tal DA neurons (Granholm et al., 2000;
Jain et al., 2006; Kramer et al., 2007; Mi-
jatovic et al., 2007). More studies, in-
cluding mice with conditional deletion
of GDNF in the striatum, are required to
solve the issue. Also, the activation of Fas
in the DA neurons during ontogenetic
death is not yet studied in vivo. However,
death receptors are activated in Parkin-
son’s disease. Indeed, human postmor-
tem studies have revealed increased
number of DA neurons positive for acti-
vated caspase-8 (Hartmann et al., 2001),
as well as selective loss of FADD-positive
DA neurons (Hartmann et al., 2002).
Caspase-8 also cleaves and inactivates
parkin, a gene associated with several fa-
milial forms of the disease (Kahns et al.,
2003). Our data showing activation of
death receptors by GDNF (and BDNF)
removal suggest that suppression of
death receptors could be one mechanism
by which GDNF improves the symptoms
of Parkinson’s disease (Gill et al., 2003)
(but see Lang et al., 2006) and could also
be a potential target for the treatment of
this disease.
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