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he mitochondrial death pathway is triggered in cultured
sympathetic neurons by deprivation of nerve growth
factor (NGF), but the death mechanisms activated by

deprivation of other neurotrophic factors are poorly studied.
We compared sympathetic neurons deprived of NGF to
those deprived of glial cell line–derived neurotrophic factor
(GDNF). In contrast to NGF-deprived neurons, GDNF-
deprived neurons did not die via the mitochondrial pathway.
Indeed, cytochrome 

 

c

 

 was not released to the cytosol; Bax
and caspase-9 and -3 were not involved; overexpressed
Bcl-x

 

L

 

 did not block the death; and the mitochondrial ultra-

T

 

structure was not changed. Similarly to NGF-deprived
neurons, the death induced by GDNF removal is associated
with increased autophagy and requires multiple lineage
kinases, c-Jun and caspase-2 and -7. Serine 73 of c-Jun was
phosphorylated in both NGF- and GDNF-deprived neurons,
whereas serine 63 was phosphorylated only in NGF-deprived
neurons. In many NGF-deprived neurons, the ultrastructure
of the mitochondria was changed. Thus, a novel nonmito-
chondrial caspase-dependent death pathway is activated in
GDNF-deprived sympathetic neurons.

 

Introduction

 

Programmed cell death is a process by which unwanted cells
are intentionally removed due to either physiological or
pathological reasons. Morphological appearance of the dying
cells and the death program (molecular and cellular death
pathways) can differ remarkably between cell types and
death stimuli (Clarke, 1990; Leist and Jäättelä, 2001;
Zimmermann et al., 2001). Currently, two death pathways
have been described in detail, the death receptor (extrinsic)
and mitochondrial (intrinsic) pathways. The extrinsic pathway
is activated by tumor necrosis factor receptor superfamily
death receptor ligation (Vincenz, 2001). The death-inducing
signaling complex, assembled directly at the death receptors,
activates the initiator caspase-8 that in turn activates caspase-3,
-6, and -7. Activation of the intrinsic death pathway leads to
release of cytochrome 

 

c

 

 (but also other apoptotic molecules)
from the mitochondrial intermembrane space to the cytosol.
Cytosolic cytochrome 

 

c

 

 triggers formation of the apoptosome

that activates the initiator caspase-9 followed by activation
of caspase-3, -6, and -7. It was shown recently that caspase-2
is activated upstream of mitochondria and may participate
in the activation of mitochondria-related death events (Guo
et al., 2002; Lassus et al., 2002; Read et al., 2002).

The mitochondrial death pathway is triggered by different
modes of cellular stress and, in some cells, by removal
(deprivation) of survival (trophic) factors. The well-charac-
terized examples of such cells are the neonatal mouse or rat
sympathetic neurons that critically depend on NGF for
survival. Withdrawal of NGF from the cultured sympathetic
neurons leads to the following events: the protein levels and
phosphorylation of transcription factor c-Jun are increased
(Estus et al., 1994; Ham et al., 1995; Virdee et al., 1997;
Eilers et al., 1998), proapoptotic protein Bax is translocated
from the cytosol to the mitochondria (Deckwerth et al.,
1996; Putcha et al., 1999), and cytochrome 

 

c

 

 is released
from the mitochondria to the cytosol (Deshmukh and
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Johnson, 1998; Neame et al., 1998; Martinou et al., 1999)
with Smac/DIABLO, a protein that releases caspases from
the inhibitor of apoptosis proteins (Deshmukh et al., 2002).
As a result, caspase-9, -3 (Deshmukh et al., 2000, 2002),
and -2 (Troy et al., 2001) are activated. All these events are
critically required for the NGF deprivation-induced death.
The neurons then exhibit classical features of apoptosis, in-
cluding condensation of chromatin, cleavage of DNA, and
increased autophagy (Martin et al., 1988; Pittman et al.,
1993; Edwards and Tolkovsky, 1994; Xue et al., 1999), and
they finally die in the culture by secondary necrosis.

In addition to these two pathways, several other death
pathways exist (Clarke, 1990; Leist and Jäättelä, 2001), but
those remain largely unknown. Cells in which the intrinsic
apoptotic pathway is blocked can still be induced to die both
in vitro and in vivo, often with nonapoptotic ultrastructure
(Yaginuma et al., 2001; Oppenheim et al., 2001; Zaidi et
al., 2001; Marsden et al., 2002). Recently, novel death path-
ways have been proposed for the dependence receptors that
trigger death by a novel mechanism without their ligands,
whereas this death was blocked in the presence of the ligands
(Rabizadeh et al., 1993; Ellerby et al., 1999; Bordeaux et al.,
2000; Llambi et al., 2001; Thibert et al., 2003). In the case
of the deleted in colorectal cancer receptor, this mechanism
includes direct interaction of caspases with the receptor and
does not require the death receptors or mitochondrial path-
ways. Certainly, further death pathways exist.

NGF is currently the best-characterized neurotrophic fac-
tor. Although many more neurotrophic factors are known
that promote survival of different types of neurons (Huang
and Reichardt, 2001), the death pathways activated by their
withdrawal are virtually unstudied. Glial cell line–derived
neurotrophic factor (GDNF; Airaksinen and Saarma, 2002)
is a neurotrophic factor that promotes survival of several
neuronal populations, including neonatal rat sympathetic
neurons (Kotzbauer et al., 1996). NGF and GDNF signal
via different receptor systems, TrkA/p75 and Ret/GFR

 

�

 

1
complex, respectively. We compared the death programs
triggered in the same cell type (sympathetic neurons) by
removal of two different neurotrophic factors (NGF or
GDNF). Surprisingly, we found that the death pathways ac-
tivated in these two cases differ considerably.

 

Results

 

One third of neonatal rat superior cervical ganglion 
(SCG) neurons is GDNF responsive

 

When sympathetic neurons from 1- or 2-d-old rat SCG
were cultured with GDNF, the number of neurons gradu-
ally and slowly decreased. By 6 days in vitro (DIV), 

 

�

 

34%
of the initially plated neurons had survived, and this number
did not decrease further (Fig. 1 A). In similar conditions,

 

�

 

98% of the NGF-maintained neurons had survived (Fig. 1
A). Dose dependence study revealed that 100 ng/ml was a
saturating concentration of GDNF for SCG neurons (Fig. 1
B). Removal of GDNF from the 6 DIV cultures leads to
death of the neurons that was kinetically similar to the death
of NGF-deprived neurons (Fig. 1 C). In all studies described
throughout this paper, the neurons from newborn rat SCG
were maintained in sister dishes with 100 ng/ml GDNF or

30 ng/ml NGF for 6 DIV, deprived of these factors for 48 or
72 h, and analyzed. NGF- and GDNF-responsive neurons
were always analyzed in parallel and received identical treat-
ment. The GDNF-responsive neurons appeared morpho-
logically indistinguishable from NGF-responsive neurons.
However, the data obtained from GDNF-responsive neu-
rons were generally more variable and more cultures failed
when compared with NGF-responsive neurons. Also, a
small number of neurons in the GDNF-deprived dishes
seemed to die nonspecifically due to the washing procedure.
Thus, GDNF-responsive neurons seem to be more sensitive

Figure 1. Culture conditions for GDNF-responsive newborn rat 
sympathetic neurons from the superior cervical ganglion. 
(A) Newly isolated neurons were grown with 100 ng/ml GDNF, 
30 ng/ml NGF, or without neurotrophic factors for 8 d. The living 
neurons were counted daily and expressed as a percentage of initial 
neurons counted 2 h after plating. The mean � SEM of three inde-
pendent cultures is shown. (B) Newly isolated neurons were 
maintained with different doses of GDNF for 6 d. The living neurons 
were counted daily and expressed as a percentage of initial neurons 
counted 2 h after plating. For comparison, survival with 30 ng/ml 
NGF is also shown. The mean � SEM of three independent cultures 
is shown. (C) Neurons were first maintained with 100 ng/ml GDNF 
or 30 ng/ml NGF for 6 d. Neurotrophic factors were removed (0 d of 
deprivation), and the neurons were grown further without them. 
Living neurons were counted daily and expressed as a percentage 
of initial neurons counted immediately after factor deprivation. 
The mean � SEM of six independent cultures is shown.
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to small variations in the culture conditions than NGF-
responsive neurons.

 

Mitochondrial death pathway is not activated 
in GDNF-deprived sympathetic neurons

 

To study the localization of cytochrome 

 

c

 

, we removed
GDNF or NGF from the respective neurons for 48 h in
the presence of broad-range caspase inhibitor boc-aspar-
tyl(OMe)-fluoromethylketone (BAF) and stained the neu-
rons with anti–cytochrome 

 

c

 

 antibodies. Only a small
number of GDNF-deprived neurons showed faint diffuse
cytochrome 

 

c

 

 staining characteristic of its cytosolic localiza-
tion (Fig. 2). In contrast, removal of NGF dramatically re-
duced the number of neurons with punctate mitochondrial
cytochrome 

 

c

 

 localization (Fig. 2), as shown previously
(Deshmukh and Johnson, 1998; Neame et al., 1998; Marti-
nou et al., 1999). Similar results were obtained at 72 h after
neurotrophic factor deprivation (unpublished data).

The role of Bax in the GDNF-deprived neurons was stud-
ied by overexpressing Ku70, a protein that was recently
shown to bind the NH

 

2

 

 terminus of Bax, thereby inhibit-
ing its translocation to the mitochondria (Sawada et al.,
2003a,b). Ku70 had no effect on the death of GDNF-

deprived neurons, although it significantly blocked the death
of NGF-deprived neurons at 72 h (Fig. 3 A). A similar effect
was achieved with the Ku70-derived cell-permeable peptide
V5 shown to block the activity of Bax (Sawada et al., 2003a),
whereas the control peptide I5 had no effect (Fig. 3 B).

Involvement of caspase-9 and -3 in the death of neu-
rotrophic factor–deprived sympathetic neurons was investi-
gated. However, direct demonstration of activation of the
caspases by Western blotting appeared impossible due to
scarcity of the material. Therefore, we overexpressed domi-
nant-negative mutants of these caspases in GDNF- or NGF-
deprived neurons. Inhibition of either caspase-9 or -3 failed
to inhibit the death of GDNF-deprived neurons, although
they efficiently blocked the death of NGF-deprived neurons
by 72 h after microinjection and NGF deprivation (Fig. 4).

The absence of cytochrome 

 

c

 

 release, together with a fail-
ure to observe the role of Bax and caspase-9 and -3, suggest
that GDNF-deprived neurons die via a nonmitochondrial
pathway. To confirm this, we overexpressed the antiapop-
totic Bcl-2 family member Bcl-x

 

L

 

, which is shown to block
the mitochondrial death pathway, in the GDNF- and NGF-
deprived neurons. Overexpressed Bcl-x

 

L

 

 did not rescue
GDNF-deprived neurons (Fig. 5 A), further confirming that

Figure 2. Cytochrome c is not released from the 
mitochondria of GDNF-deprived sympathetic neurons. 
(A) Micrographs of the neurons deprived of GDNF or 
NGF for 48 h in the presence of caspase inhibitor BAF, 
or maintained with these factors, and immunostained 
with cytochrome c antibodies are shown in the top row. 
Corresponding phase-contrast images are shown on the 
bottom row. Note that weak and diffuse immunostaining 
is barely visible on the NGF-deprived neurons, whereas 
almost all GDNF-deprived neurons stain strongly like 
the neurons maintained with the factors. (B) Typical cyto-
chrome c immunostaining patterns of GDNF- or NGF-
deprived or -maintained neurons are shown in the top 
row. Corresponding phase-contrast images are shown 
on the bottom row. Note that in spite of pyknotic appear-
ance, the GDNF-deprived neurons show strong punctate 
immunostaining (mitochondrial localization), whereas 
the NGF-deprived neurons stain weakly and diffusely 
(cytosolic localization). Levels of the images were equally 
enhanced with Adobe Photoshop software. (C) Quantitation 
of the neurons deprived of neurotrophic factors for 48 h 
with or without BAF and having punctate pattern of cyto-
chrome c immunostaining, calculated as a percentage 
of all neurons. Experiments with or without BAF were 
performed separately (four independent experiments for 
both) and combined in the same figure. The mean � SEM 
is shown. Statistical significance of the differences 
between factor-maintained and -deprived groups was 
estimated by t test. Bars: (A) 100 �m; (B) 10 �m.
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the mitochondrial death pathway is not activated. However,
Bcl-x

 

L

 

 efficiently blocked the death of NGF-deprived neu-
rons (Fig. 5 A) as shown previously (Gonzalez-Garcia et al.,
1995). GDNF-maintained neurons were killed by overex-
pressed proapoptotic protein Bax (Fig. 5 A), and Bax accel-
erated the death of GDNF-deprived neurons (not depicted).

 

Caspase-2 and -7 are activated in GDNF-deprived 
sympathetic neurons

 

The broad-range caspase inhibitor BAF almost completely
blocked death of both GDNF-deprived (Fig. 5 B) and NGF-
deprived (Fig. 5 B; Deshmukh et al., 1996, 2000; Martinou
et al., 1999) neurons, showing that some caspases are abso-
lutely required for the death of GDNF-deprived neurons. To
identify the relevant caspases, we overexpressed by microin-
jection the dominant-negative mutants of caspase-2, -3, -6,
-7, and -8 in the GDNF-deprived, but also NGF-deprived,
neurons. Blocking of caspase-2 and, to lesser extent, cas-
pase-6 and -7 significantly inhibited death of NGF-deprived
neurons, whereas dominant-negative caspase-8 had no effect
(Fig. 4). A dominant negative mutant of caspase-2, and to
lesser extent, caspase-7, also inhibited death of GDNF-

deprived neurons, whereas blocking of caspase-6 and -8 had
no effect (Fig. 4). Thus, GDNF deprivation-induced death
requires caspase-2 and -7 in sympathetic neurons.

Caspase-2 was recently shown to be activated upstream of
the mitochondria, and this event was required for the per-
meabilization of the mitochondria (Lassus et al., 2002). The
presence of BAF in our culture medium may thus, via inhi-
bition of caspase-2, block cytochrome 

 

c

 

 release in GDNF-
deprived neurons and force them to chose another pathway.
Therefore, we deprived the neurons of neurotrophic factors
without BAF and applied cytochrome 

 

c

 

 immunocytochem-
istry. Although many neurons have disappeared, cytochrome

 

c

 

 immunostaining was still mostly punctate in the remaining
GDNF-deprived neurons (and in about half of the remain-
ing NGF-deprived neurons; Fig. 2 C).

We also overexpressed the X chromosome–linked inhibi-
tor of apoptosis protein (XIAP), a natural inhibitor of cas-
pases, in GDNF- and NGF-deprived neurons. XIAP did not
affect the death of GDNF-deprived neurons (Fig. 5 C), al-
though, as expected (Yu et al., 2003), it rescued a significant
portion of NGF-deprived neurons (Fig. 5 C). Overexpres-
sion of XIAP did not significantly affect the viability of
NGF- or GDNF-maintained neurons (unpublished data).
Thus, the caspases that execute death of GDNF-deprived
neurons could not be blocked by overexpressed XIAP.

 

c-Jun is required for the death of, and is differently 
activated in, GDNF- and NGF-deprived 
sympathetic neurons

 

To study the activation of the transcription factor c-Jun, we
deprived GDNF- or NGF-responsive BAF-saved neurons

Figure 3. Bax is not required for death of GDNF-deprived sympa-
thetic neurons. (A) GDNF- or NGF-deprived neurons were micro-
injected with expression plasmids for Ku70 or empty vector. 
(B) Neurons were deprived of GDNF or NGF in the presence of 
Ku70-derived Bax-blocking peptide V5 or control peptide I5. In A 
and B, living neurons were counted 72 h later and expressed as a 
percentage of initial neurons. The mean � SEM of three (A) or four 
(B) independent experiments is shown. Statistical significance of the 
differences was estimated by one-way ANOVA and post hoc Tukey’s 
honestly significant difference test.

Figure 4. Inhibition of individual caspases in GDNF- or NGF-
deprived sympathetic neurons. GDNF- or NGF-selected sympathetic 
neurons were microinjected with expression plasmids for dominant-
negative (DN) mutants of indicated caspases, and the neurotrophic 
factors were then deprived. Living neurons were counted 72 h later 
and expressed as a percentage of initial neurons. The mean � SEM 
of three (four for DN caspase-9) independent cultures is shown. 
Individual caspases were studied in different experiments and are 
combined in the same figure. Data of each DN caspase were 
compared with averaged vector controls and uninjected controls 
by one-way ANOVA and post hoc Tukey’s honestly significant 
difference test.
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Figure 5. Involvement of proteins of the apoptotic 
machinery in the death of GDNF- or NGF-deprived 
sympathetic neurons. (A) Overexpressed Bcl-xL rescues 
NGF-deprived but not GDNF-deprived neurons, 
whereas overexpressed Bax kills both types of neurons. 
(B) Broad-range caspase inhibitor BAF (50 �g/ml) 
protects both GDNF- and NGF-deprived neurons. 
(C) Overexpressed XIAP protects NGF-deprived, but 
not GDNF-deprived, neurons. (D) Overexpressed 
dominant-negative FADD (DN FADD) does not protect 
GDNF- or NGF-deprived neurons. In A–D, the living 
neurons were counted 72 h after treatment and 
neurotrophic factor deprivation, and expressed as a 
percentage of initial neurons. The mean � SEM of 
three independent cultures is shown. Data of Bcl-xL- (A), 
XIAP- (C), or DN-FADD–injected (D) neurons were 
compared with respective vector-injected or untreated 
neurotrophic factor-deprived controls by one-way 
ANOVA and post hoc Tukey’s honestly significant 
difference test. Data of BAF-treated neurons (B) were 
compared with untreated controls by t test.

Figure 6. Activation of MLK and c-Jun is 
required for the death of GDNF-deprived 
sympathetic neurons. (A) Quantitation of 
neurons with strong nuclear immunostaining 
for phosphorylated c-Jun expressed as a 
percentage of all neurons. Neurons were 
deprived of neurotrophic factors in the presence 
of caspase inhibitor BAF for 48 h and immuno-
stained with antibodies to phosphorylated 
serines 63 or 73 of c-Jun. Control neurons 
maintained with GDNF or NGF were stained 
as well. The mean � SEM of four (for P-Ser-63) 
or three (for P-Ser-73) independent cultures is 
shown. Neurotrophic factor–maintained and 
–deprived groups were compared by t test. 
(B) Typical examples of weak (GDNF-deprived 
neurons) or strong (NGF-deprived neurons) 
nuclear immunostaining. Corresponding 
phase-contrast images are shown on the right 
column. Levels of the fluorescent images were 
equally enhanced with Adobe Photoshop 
software. Bar, 10 �m. (C) GDNF- or NGF-
deprived sympathetic neurons were micro-
injected with expression plasmid encoding 
for dominant-negative form of c-Jun (DN-c-Jun). 
Living neurons were counted 72 h later and 
expressed as a percentage of initial neurons. 
The mean � SEM of three independent cultures 
is shown. Statistical comparison of the DN-c-Jun–
expressing group with vector-injected and 
uninjected groups was done by one-way ANOVA 
and post hoc Tukey’s honestly significant 

difference test. (D) Survival of GDNF- or NGF-deprived sympathetic neurons in the presence or absence of 500 ng/ml CEP-1347. Living 
neurons were counted 72 h after neurotrophic factor deprivation and expressed as a percentage of initial neurons. The mean � SEM of 
three independent cultures is shown. Statistical comparison of the means was performed by t test.
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from their respective factors for 48 h, stained the neurons
with antibodies to phosphorylated serines 63 or 73, and
counted the neurons with strong nuclear immunoreactivity.
Deprivation of GDNF significantly increased the number of
neurons immunopositive for phosphorylated serine 73 (Fig.
6 A). However, the number of nuclei positive for phosphor-
ylated serine 63 was unchanged in the GDNF-deprived neu-
rons (Fig. 6, A and B). In control cultures, deprivation of
NGF dramatically induced phosphorylation of serine 63 of
c-Jun, as shown previously (Ham et al., 1995; Virdee et al.,
1997; Eilers et al., 1998; Harris et al., 2002), and also of
serine 73 (Fig. 6, A and B; Besirli and Johnson, 2003). As
expected, only faint staining was obtained for the neurons
maintained in the presence of GDNF or NGF (Fig. 6 A).
Similar results were obtained at 72 h after neurotrophic fac-
tor deprivation (unpublished data).

To test whether c-Jun is necessary for the death of the
neurons, we overexpressed a dominant-negative c-Jun mu-
tant FLAG

 

�

 

169 in the NGF- or GDNF-deprived sympa-
thetic neurons. As previously described (Ham et al., 1995;
Eilers et al., 1998), 

 

�

 

60% of the NGF-deprived neurons
were rescued by 72 h (Fig. 6 C). A similar fraction of
GDNF-deprived neurons were rescued by overexpressed
FLAG

 

�

 

169 (Fig. 6 C), whereas the survival of GDNF- or
NGF-maintained neurons was not affected (not depicted).

Phosphorylation of c-Jun is catalyzed by c-Jun NH

 

2

 

-ter-
minal kinases whose activity is in turn regulated by sev-
eral upstream kinases, including the mixed lineage kinases
(MLK). We treated GDNF- or NGF-deprived neurons with
500 ng/ml CEP-1347, a semisynthetic derivative of the in-
dolocarbazole K252a that is a selective inhibitor of MLK
(Maroney et al., 2001), and counted the living neurons 72 h
later. As previously described (Maroney et al., 1999; Harris
et al., 2002), almost all NGF-deprived neurons were rescued
by CEP-1347 (Fig. 6 D). CEP-1347 rescued GDNF-deprived
neurons with equal efficiency (Fig. 6 D). When inspected
during the third day of treatment, both GDNF- and NGF-
deprived (Harris et al., 2002) neurons that were rescued by
CEP-1347 had large phase-bright cell bodies, similar to
those of factor-maintained neurons, whereas the nontreated
factor-deprived control neurons had a pyknotic appearance
(unpublished data). In summary, our data show that activa-
tion of c-Jun is necessary for the death of GDNF-deprived
neurons, although it is activated differently from NGF-
deprived neurons.

 

Death receptor pathway is not activated in GDNF-
deprived sympathetic neurons

 

The aforementioned data show that GDNF-deprived sym-
pathetic neurons die via a nonmitochondrial death pathway
where c-Jun, as well as caspase-2 and -7, is involved. An-
other well-characterized pathway, the death receptor–medi-
ated pathway, can be efficiently blocked by dominant-nega-
tive mutant of Fas-associated protein with death domain
(FADD)/MORT1, an adapter that links pro–caspase-8 to
most death receptors (Strasser and Newton, 1999; Vincenz,
2001). Overexpression of this mutant FADD in GDNF-
and NGF-deprived sympathetic neurons did not change the
death rate (Fig. 5 D), nor did it affect the viability of neu-

rons maintained with NGF or GDNF (not depicted). Also,
overexpression of dominant-negative caspase-8 did not af-
fect death of neurons deprived of either factor (Fig. 4).
Thus, the death receptor pathway is probably not activated
in the NGF- or GDNF-deprived sympathetic neurons. In
accordance with that finding, activation of death receptor
tumor necrosis factor-

 

�

 

 or Fas on the surface of NGF-main-
tained sympathetic neurons did not induce their death
(Putcha et al., 2002).

 

Ultrastructure of GDNF- and NGF-deprived 
sympathetic neurons

 

To investigate the ultrastructural changes caused by removal
of GDNF or NGF in sympathetic neurons, we deprived the
cultures of neurotrophic factors for 48 h and analyzed
the neurons by transmission electron microscopy. Neurons
maintained with GDNF or NGF were analyzed as well. As a
general observation, the cytoplasm of GDNF-deprived neu-
rons was much more electron dense than that of NGF-
deprived neurons in the sister culture or the neurons main-
tained with either neurotrophic factor. Removal of GDNF
led to a marked increase in the number of different auto-
phagic profiles, including double-membraned autophagosomes
and single-membraned autolysosomes that often contained

Figure 7. Autophagy is greatly enhanced in GDNF-deprived 
sympathetic neurons. (A) Ultrastructure of a typical GDNF-maintained 
neuron with normal mitochondria (m), Golgi complex (G), and two 
dark autolysosomes (a) that are sparse in these neurons. (B) Typical 
GDNF-deprived neuron from sister dish showing largely increased 
number of autolysosomes, but normal mitochondria and Golgi 
complex. N, nucleus. (C). A detail from another GDNF-deprived 
neuron with double-membraned autophagosomes (ap) and single-
membraned autolysosomes (al) containing swirled packages of 
undigested membranes. Bars, 1 �m.
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swirled packs of undigested membranes (Fig. 7). Thus, on
average, nine autolysosomes per neuron, but no autophago-
somes, were found in GDNF-maintained neurons (

 

n

 

 

 

� 

 

25);
whereas on average, 3 autophagosomes and 14 autolyso-
somes were found per GDNF-deprived neuron (

 

n

 

 

 

� 

 

39).
NGF-deprived neurons also exhibited an increased number
of autolysosomes: average of 18 per NGF-deprived neuron
(

 

n 

 

� 

 

63) versus 9 per NGF-maintained neuron (

 

n 

 

� 

 

39),
but the autophagosomes were only rarely found (0.3 per av-
erage NGF-deprived neuron, and none in NGF-maintained

neurons). Normal endoplasmic reticulum and Golgi com-
plex were still found in the GDNF- and NGF-deprived neu-
rons with enhanced autophagy.

The mitochondria of GDNF-deprived neurons (Fig. 8 A)
were similar to those of GDNF-maintained (and also NGF-
maintained) neurons (not depicted), having mostly the or-
thodox configuration, including elongated shape and clear
cristae, and were not clustered. Such normal mitochondria
were found in all GDNF-deprived neurons, including those
with massive autophagy (Fig. 8 A). However, the mitochon-
dria in NGF-deprived neurons were often round-shaped and
clustered (Fig. 8 B). The cristae of such mitochondria were
markedly reorganized, often observed to be round, vesicular,
and rare in the number, and sometimes only one mitochon-
drial membrane was discernible (Fig. 8 C). Some mitochon-
dria in these clusters contained different numbers of normal
rod-like cristae along with the mitochondria with changed
vesicular cristae (Fig. 8 D). In many neurons with such mi-
tochondrial clusters, few elongated nonclustered mitochon-
dria with the orthodox configuration were found, whereas
some neurons contained only normal mitochondria (unpub-
lished data). Of all NGF-deprived neurons analyzed in two
experiments (

 

n

 

 

 

� 

 

63), 43% had round-shaped, clustered
mitochondria with changed cristae, 19% had the mitochon-
dria in orthodox configuration, and in 38%, both types of
mitochondria were found. Appearance of the round clus-
tered mitochondria seems to not be a feature of final death
phase, as these were often found in neurons with normal en-
doplasmic reticulum, Golgi complex, and nucleus without
condensed chromatin. We did not observe swelling and dis-
ruption of the mitochondria in NGF-deprived neurons.

The average cross-sectional area of the mitochondria was
0.0781 

 

�

 

 0.0039 

 

�

 

m

 

2

 

 (mean 

 

�

 

 SEM, 

 

n

 

 

 

�

 

 201) in the
GDNF-deprived neurons and 0.038 

 

�

 

 0.0013 

 

�

 

m

 

2

 

 (

 

n

 

 

 

�

 

317) in the NGF-deprived neurons. These values, as deter-
mined from thin sections, do not directly indicate the length
or size of the mitochondria. In each section, there is a collec-
tion of profiles from smallest perpendicular round profiles to
longer oval-shape or even branched profiles, depending on
the orientation of the mitochondria in relation to sectioning
angle. To illustrate the difference in the size of the mito-
chondria, we plotted the distribution of profiles according to
their cross-sectional area (Fig. 8 E). About 50% of all pro-
files in sections from the NGF-deprived neurons fit into the
category of 0.02–0.04 

 

�

 

m

 

2

 

, and there were few profiles
larger than 0.12 
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, whereas a broad range of mitochon-
drial profiles up to 0.3 
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 and larger were found from the
GDNF-deprived neurons.

We did not find nuclei with condensed chromatin in the
GDNF-deprived neurons analyzed by electron microscopy,
although 24% of the NGF-deprived neurons had the nuclei
with DNA condensed to a different extent (unpublished
data). We also stained the neurons maintained with or de-
prived of GDNF or NGF with Hoechst 33258 and counted
the neurons having typical fragmented nuclei with con-
densed chromatin. As shown in Fig. 9, a progressively in-
creasing number of NGF-deprived neurons with apoptotic
nuclei was observed during a 3-d period, whereas only a
small fraction (5–7%) of the GDNF-deprived or –main-
tained neurons had fragmented nuclei. This number did not

Figure 8. Mitochondria of NGF-deprived, but not GDNF-deprived, 
sympathetic neurons are structurally changed. (A) Typical view of 
a GDNF-deprived neuron with numerous dark autophagic profiles 
and several nonclustered elongated mitochondria with normal cristae. 
(B) An NGF-deprived neuron with several dark autolysosomes and 
large number of round clustered mitochondria with changed cristae. 
N, nucleus. (C) Higher magnification of the mitochondrial cluster 
with vesicular cristae and one membrane in an NGF-deprived neuron. 
(D) Mitochondria whose cristae and inner membrane are altered to 
a different extent in an NGF-deprived neuron. (E) Distribution of 
mitochondrial profiles from the sections of GDNF-deprived (n � 201) 
and NGF-deprived (n � 317) neurons according to their cross-
sectional areas. Size categories are shown as a percentage of all 
mitochondrial profiles. Bars, 1 �m.
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increase with time and most probably shows nonspecific
death. Virtually all NGF-maintained neurons had normal
nuclei (unpublished data). Thus, we did not observe nuclear
changes in the GDNF-deprived neurons.

Discussion
We found that removal of GDNF from the cultured sympa-
thetic neurons triggers a novel nonmitochondrial MLK-,
c-Jun–, and caspase-dependent death pathway, although re-
moval of NGF from the sympathetic neurons activates the
mitochondrial pathway. To our knowledge, this is the first
description of a nonmitochondrial pathway activated by
withdrawal of a survival factor.

GDNF deprivation-induced death requires MLK–c-Jun 
pathway, caspase-2 and -7, and involves 
increased autophagy
The mitochondrial pathway is not activated in GDNF-
deprived sympathetic neurons. Indeed, cytochrome c is not
released from the mitochondria to cytosol; Bax and caspase-9
and -3 are not involved in death execution; overexpression
of Bcl-xL does not protect the neurons; and the ultrastruc-
ture of the mitochondria in GDNF-deprived neurons is not
changed. We have currently found several proteins involved
in the death of GDNF-deprived neurons. MLK and c-Jun
are activated and seem to be similarly required for death of
both NGF- and GDNF-deprived neurons. Surprisingly, we
did not detect increase in phosphoserine 63 immunoreactiv-
ity of c-Jun in GDNF-deprived neurons, although both
serines 63 and 73 were phoshorylated in NGF-deprived
neurons. The kinases that phosphorylate c-Jun in GDNF-
deprived neurons remain to be studied.

Caspase-2 and -7 are involved in the death of GDNF-
deprived sympathetic neurons. Very little is known about the
mechanism of caspase-2 activation. However, it is tempting
to speculate that caspase-2 functions as an initiator and cas-
pase-7 as an executioner in these neurons. Recent reports
that caspase-2 is activated upstream of mitochondrial events
in some apoptotic cell types (Guo et al., 2002; Lassus et al.,
2002; Read et al., 2002) are in accordance with our data.
Overexpressed XIAP did not rescue GDNF-deprived neu-

rons, although XIAP can inactivate caspase-7 in cell-free sys-
tems (Deveraux et al., 1997), suggesting that caspase-7 is not
available for XIAP in the GDNF-responsive sympathetic
neurons. It should also be stressed that, although the domi-
nant-negative caspase isoforms used here should be specific
for given caspases, some nonspecific effects cannot be com-
pletely excluded.

Many cells in which the main mitochondrial death path-
way is genetically or pharmacologically disabled can still die
via an alternative, autophagic pathway that is often caspase
independent and with increased autophagy leading to largely
vacuolized cytoplasm (Sperandio et al., 2000; Oppenheim et
al., 2001; Yaginuma et al., 2001; Zaidi et al., 2001; Marsden
et al., 2002). However, dying GDNF-deprived neurons
seem to differ from those “classical” autophagic death pat-
terns because the caspases are clearly involved. Indeed, we
observed markedly increased autophagy in the GDNF-
deprived neurons, but no remarkable vacuolization of the
cytoplasm was found, at least before the short final death ex-
ecution phase. Few neurons in the terminal state of death
that were retained in our electron microscopic preparations
showed typical features of secondary necrosis, similar for
both GDNF- and NGF-deprived neurons (unpublished
data). We found increased autophagy also in the NGF-
deprived neurons, as described previously (Martinou et al.,
1999; Xue et al., 1999; Kirkland et al., 2002). Thus, both
NGF- and GDNF-deprived neurons die in a caspase-depen-
dent manner with enhanced autophagy.

NGF-deprived sympathetic neurons die via the 
mitochondrial pathway
We confirmed the published data that NGF-deprived neu-
rons die via the mitochondrial pathway, including cytosolic
localization of cytochrome c (Deshmukh and Johnson,
1998; Neame et al., 1998; Martinou et al., 1999), involve-
ment of Bax (Deckwerth et al., 1996; Putcha et al., 1999)
and caspase-9 and -3 (Deshmukh et al., 2000, 2002), and
inhibition of death by Bcl-xL (Gonzalez-Garcia et al., 1995).
In addition, we showed for the first time that caspase-6 and -7
are also necessary for NGF deprivation–induced death, and
we confirmed the role of caspase-2 (Troy et al., 2001).

Our overexpression studies (Yu et al., 2003; this paper)
are in agreement with the current concept that in NGF-
responsive sympathetic neurons, critical caspases are blocked
with inhibitor of apoptosis proteins, e.g., XIAP. Withdrawal
of NGF releases caspases from that block by proteasome-
mediated degradation, but also by removal of XIAP from the
caspases by Smac/DIABLO that is released from the mito-
chondria together with cytochrome c (Troy et al., 2001;
Deshmukh et al., 2002; Yu et al., 2003). Most probably, a
large amount of overexpressed XIAP replaces the degraded
bulk and keeps the caspases inactivated in our experiment.

We found remarkable ultrastructural changes in the mito-
chondria of many NGF-deprived neurons; they gradually
become round, clustered, and their cristae change consider-
ably. Appearance of round mitochondria as a result of in-
creased fission has been described previously in the NGF-
deprived neurons (Martinou et al., 1999) and in other cells
(Karbowski et al., 2002). Also, the clustering of mitochon-

Figure 9. GDNF deprivation does not induce chromatin conden-
sation and nuclear fragmentation in the sympathetic neurons. 
6 DIV neurons were deprived of or maintained with GDNF or NGF. 
The cultures were fixed daily and stained with Hoechst 33258. 
The neurons with fragmented nuclei and condensed chromatin 
were counted and expressed as a percentage of all neurons. The 
mean � SEM of four independent experiments is shown.
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dria in NGF-deprived neurons has been described previ-
ously (Tolkovsky et al., 2002), although the mechanism re-
mained obscure. However, our observation that the cristae
in the small clustered mitochondria of NGF-deprived neu-
rons were often round, vesicular, and reduced, whereas the
inner membrane was sometimes found to be missing, have
not been described previously (Martin et al., 1988; Marti-
nou et al., 1999; Xue et al., 1999; Kirkland et al., 2002). We
do not know whether this discrepancy results from differ-
ences in the culture conditions, genetic background of the
animals, or from other conditions; but this ultrastructural
pattern was repeatedly observed in our cultures. Mitochon-
dria with orthodox and altered ultrastructure were found in
the same sample, sometimes even in the same neuron, ruling
out the possibility of a processing artifact. The mitochon-
drial cristae are dynamic structures that can considerably
change their shape (Frey et al., 2002). In the apoptotic cells,
these changes are proposed to facilitate the release of cristae-
associated cytochrome c into the intermembrane space
(Scorrano et al., 2002). It is tempting to speculate that the
mitochondria with altered cristae have already released their
cytochrome c. We also stress that our data do not support
the release of apoptotic proteins from the mitochondria via
their swelling and rupture.

In summary, we propose that GDNF-deprived sympa-
thetic neurons die by caspase-dependent nonmitochondrial
death pathway that has not been described previously. More
studies are required to characterize the molecular and cellu-
lar components of this pathway. How an exposure of SCG
neurons to different neurotrophic factors dictates the death
program, is currently unknown. It was recently shown that
an apoptotic fragment, generated from unligated Ret by cas-
pase-3, can trigger apoptosis in some cell lines (Bordeaux et
al., 2000). However, overexpression of Ret or apoptotic
fragment of Ret in the sympathetic neurons did not induce
their death in our model (unpublished data), suggesting that
death-promoting activity of unligated Ret is not manifested
in the sympathetic neurons. Ret, similarly to deleted in colo-
rectal cancer (Forcet et al., 2001), may be able to recruit and
activate caspases directly, so that mitochondrial pathway is
not required. Alternatively, exposure of the neurons to
GDNF for 6 d may differentiate the neurons so that the mi-
tochondrial pathway is nonfunctional. Whether and how
the nonmitochondrial death pathway is used in vivo is cur-
rently unknown, as virtually nothing is yet known about the
biological role of GDNF for the SCG neurons.

Materials and methods
Culture of sympathetic neurons and the survival assays
Culture of the SCG neurons was performed as described previously (Ham-
ner et al., 2001; Lindahl et al., 2001; Sun et al., 2001). In brief, the neurons
of postnatal day 1–2 Han/Wi strain rats were grown 6 DIV on polyorni-
thine-laminin–coated dishes or glass coverslips with 100 ng/ml of human
GDNF (PeproTech) or 30 ng/ml of 2.5 S mouse NGF (Promega). Four to
five times more neurons were initially plated for GDNF experiments com-
pared with NGF controls, so that by the day of neurotrophic factor depri-
vation, the number of neurons in both groups was similar. To reduce the
number of nonneuronal cells, 1 �M cytosine arabinoside (Sigma-Aldrich)
was always included the next day after plating, but was not added to fac-
tor-deprived neurons. To deprive GDNF, the cultures were washed gently
three times with GDNF-free culture medium. To remove NGF, the cultures
were washed once with NGF-free medium and function-blocking anti-

NGF antibodies (Roche) were added. The compounds of interest were
added and initial neurons were counted immediately after neurotrophic
factor deprivation. Living neurons were counted daily by a “blind” experi-
menter who was not aware of the identity of experimental groups. Com-
pounds were assayed as follows: broad-range caspase inhibitor BAF (En-
zyme Systems Products) at 50 �M; CEP-1347 (Cephalon, Inc.) at 500 ng/
ml; and V5 and I5 peptides (a gift of S. Matsuyama, Medical College of
Wisconsin, Milwaukee, WI) at 200 �M. When the compounds were dis-
solved in DMSO, the same amount of DMSO was always added to the
control cultures.

Microinjections
The neurons were pressure-microinjected with 50 ng/�l of expression plas-
mids encoding the proteins of interest together with 10 ng/�l of enhanced
GFP-encoding plasmid as an indicator of successful injection. The relevant
empty vector (pcDNA3.1 or pCR3.1) without the insert, as well as un-
injected controls, were always included. When neurotrophic factor–
deprived neurons were analyzed, the factor-maintained uninjected neurons
were always included to show that the neurons do not die due to poor cul-
ture conditions. Neurons tolerating the injection procedure were counted
4–6 h later according to the map drawn with the help of squares scratched
to the bottom of the culture dish, and considered as initial neurons. The
next morning, the few living injected neurons that did not show GFP fluo-
rescence were subtracted from the initial neurons. On average, 25–80
neurons were successfully injected per experimental point. All experi-
ments were repeated at least three times on the independent cultures. The
results were expressed as the mean � the SEM and were tested for the sig-
nificance by either one-way ANOVA and post hoc Tukey’s honestly signif-
icant difference tests or two-tailed t test with two-sample unequal vari-
ance. The null hypothesis was rejected at P � 0.05.

The following expression plasmids were injected: full-length human
Bax and full-length human Bcl-xL expression plasmids were a gift from M.
Simonen (Novartis Pharma AG, Basel, Switzerland). Dominant-negative
FADD plasmid was a gift of C. Vincenz (University of Michigan, Ann Ar-
bor, MI). Cys287Ala mutant of caspase-9 was a gift of Y. Lazebnik (Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY). Cys320Ser mutant of
mouse caspase-2 was obtained from T. Örd (Estonian Biocentre, Tartu, Es-
tonia). Dominant-negative c-Jun pCD FLAG�169 plasmid was obtained
from J. Whitfield (Eisai London Research Laboratories Ltd., London, UK).
Plasmid for Ku70 was a gift of S. Matsuyama. Also, the expression plas-
mids for human XIAP (Yu et al., 2003) and dominant-negative mutants of
caspase-3, -6, -7, and -8 (active center cysteine mutated to alanine in all
cases; Forcet et al., 2001) were used.

Immunocytochemistry
The neurons were grown on round glass coverslips, fixed with fresh 4%
PFA in PBS, permeabilized with 1% Triton X-100, and blocked with 5% of
donkey serum (Jackson ImmunoResearch Laboratories) in PBS. Antibodies
to the following antigens were used: cytochrome c (BD Biosciences), phos-
phorylated serine 63 of c-Jun (Cell Signaling Technology), and phosphory-
lated serine 73 of c-Jun (Cell Signaling Technology). Cy3-conjugated sec-
ondary antibodies (Jackson ImmunoResearch Laboratories) were used for
visualization and the specimens were mounted in Vectashield (Vector Lab-
oratories). Images were captured at RT with an inverted microscope
(model DM-IRB; Leica) using PL FLUOTAR objective (63�/0.70) or, for
Fig. 2 A, HC PL FLUOTAR (10�/0.30), and a 3CCD color video camera
(model DXC-950P; Sony) under the control of Image-Pro Plus software ver-
sion 3.0 (Media Cybernetics). Individual images were processed and as-
sembled with Photoshop 7.0 (Adobe Systems). In some experiments, the
fixed cultures were treated with 1 �g/ml of Hoechst 33258 (Molecular
Probes) for 15 min, mounted, and observed for the nuclear morphology.

Electron microscopy
The neurons were grown in the 4-well plates (Nunc) and deprived of neu-
rotrophic factors. The medium of the control neurons was also changed
and the factors were added back. The cultures were fixed 48 h after neu-
rotrophic factor deprivation with 2% of glutaraldehyde. To avoid detach-
ment of loosely attached dying neurons, fixative with twofold strength was
carefully added to the culture medium. The cultures were processed for
transmission electron microscopy as described previously (Yu et al., 2003).
From each sample, we chose one section cut from the middle third of the
depth of the neuron, and all neurons within that section were analyzed by
transmission electron microscope (model FEI Tecnai F12; Philips Electron
Optics) operated at 80 kV. In two independent experiments, altogether 39
GDNF-deprived, 63 NGF-deprived, 25 GDNF-maintained, and 39 NGF-
maintained neurons were analyzed. Very similar results were obtained



996 The Journal of Cell Biology | Volume 163, Number 5, 2003

from two independent experiments. For estimation of the size of mitochon-
dria from GDNF- or NGF-deprived neurons, mitochondria at a final mag-
nification of 33,000 were manually traced onto transparencies that were
scanned. Cross-sectional area of the mitochondria was measured using Im-
age-Pro Plus version 3.0.
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