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The data presented here demonstrate that sympathetic neu-
rons have the potential to activate two alternative caspase-
dependent pathways either of which is capable of mediating
death induced by NGF deprivation and that these neurons have
the potential to switch from one pathway to the other. The
presence of these two alternative pathways to trophic factor
deprivation-induced death may have implications for ensuring
the correct development of the nervous system. In wild-type
neurons, a caspase-2-dependent pathway is required for
death, and a caspase-9-dependent pathway appears to be
suppressed by endogenous inhibitors of apoptosis proteins
(IAPs). In contrast, for caspase-2-null neurons, death is depen-
dent on the caspase-9 pathway. The mechanism underlying the
shift is the result of a threefold compensatory elevation of

caspase-9 expression and a doubling of levels of direct IAP
binding protein with low pI (DIABLO)/second mitochondria-
derived activator of caspase (Smac), an IAP inhibitor, both at
the mRNA and protein levels. These findings resolve seemingly
discrepant findings regarding the roles of various caspases
after NGF deprivation and raise a cautionary note regarding the
interpretation of findings with caspase-null animals. The choice
of the death-mediating caspase pathway in the sympathetic
neurons is thus dependent on the regulated relative expression
of components of the pathways including those of caspases,
IAPs, and IAP inhibitors.
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During development, neurons that fail to find appropriate targets
and sources of target-derived neurotrophic factors undergo apo-
ptotic cell death (Pettmann and Henderson, 1998). The elimina-
tion of improperly connected neurons constitutes a critical step in
the formation of specific connections in the nervous system. Data
from caspase-null and apoptotic protease activating factor 1
(Apaf1)-null mice support a role for the caspase-9 pathway in
mediating death occurring early in the development of the ner-
vous system (Kuida et al., 1996, 1998; Hakem et al., 1998; Yoshida
et al., 1998), when mainly neuroblasts are being removed. It is not
clear which caspases are necessary for the removal of neurons that
occurs later in development. It has been reported that the caspase
dependency of a pathway can be altered in caspase-null mice
(Zheng et al., 2000), but no mechanism was provided for the
observations described. Studies of the caspases required to exe-
cute trophic factor deprivation (TFD)-induced death of NGF-
dependent neurons have given apparently conflicting results. In
the case of cultured rat and mouse sympathetic neurons, as well as
of neuronal pheochromocytoma 12 (PC12) cells, there is evi-
dence that caspase-2 is necessary for TFD-induced death. Both

acute downregulation of caspase-2 expression with an antisense
oligonucleotide (Troy et al., 1997) and chronic downregulation of
caspase-2 in PC12 cells by stable transfection with antisense
caspase-2 (Haviv et al., 1998) protect these cells from NGF
deprivation. In contrast, sympathetic neurons cultured from
caspase-2-null mice retain sensitivity to NGF deprivation and die
(Bergeron et al., 1998). Other studies have demonstrated a delay
in TFD-induced death in sympathetic neurons from caspase-9-
null embryos (Deshmukh et al., 2000). In an attempt to reconcile
these apparently contradictory data, we have investigated the
mechanism of TFD-induced death in sympathetic neurons cul-
tured from both wild-type and caspase-2-null mice with attention
to the levels of expression of caspases and caspase regulators in
these mice. Caspases are an evolutionarily conserved family of
proteins with at least 14 mammalian members (Thornberry and
Lazebnik, 1998). Evidence suggests that caspases are activated in
cascades in which upstream (activator) caspases lead to activation
of downstream (effector) caspases. One of the most studied cas-
cades is that of caspase-9 that leads to activation of caspase-3
and -7. Activation of the caspase-9-dependent apoptotic pathway
is tightly regulated by both the regulatory adaptor molecule
APAF1, which recruits caspase-9 to the apoptosome, and the
inhibitors of apoptosis proteins (IAPs) (Salvesen, 1999; Hengart-
ner, 2000). The human IAP XIAP has been shown to inhibit
caspase-9 as well as the downstream caspases caspase-3 and -7
(Deveraux et al., 1997). Recent work has revealed a mammalian
inhibitor of IAPs, direct IAP binding protein with low pI
(DIABLO)/second mitochondria-derived activator of caspase
(Smac), that inhibits the IAPs and thus promotes caspase-9, -3,
and -7 activities (Du et al., 2000; Verhagen et al., 2000). Similar
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regulation of the caspase-2 pathway has not been found. The
death adaptor protein receptor interacting protein-associated
ICH-1 homologous protein with a death domain (RAIDD) acti-
vates caspase-2 (Duan and Dixit, 1997), but, to date, no IAPs
have been found that bind caspase-2 (Deveraux et al., 1999b). The
position of caspase-2 in an activation cascade has not been clar-
ified. It has been proposed to act as either an activator or an
effector. In any event, it does appear to be independent of the
caspase-9 pathway.

The studies we report reveal specific upregulation in brains and
sympathetic neurons of caspase-2-null mice of both caspase-9 and
DIABLO/Smac. As a consequence of these changes, TFD-
induced death, which is normally dependent on caspase-2,
switches to an alternative pathway dependent on caspase-9. These
results show the tight regulation of caspase activities in neurons.
When caspase-2 is removed early in development, as in the null
animals, the redundancy of caspases allows the compensations
that we have described. The shift from the caspase-2 to the
caspase-9 pathway would ensure the elimination of neurons that
are superfluous. This regulated expression of caspases and IAP
inhibitors is likely to be important in neurodegenerative disorders
as well as in neurodevelopment.

MATERIALS AND METHODS
Sympathetic neuron cultures. Sympathetic neuron cultures were prepared
from 1-d-old wild-type and caspase-2 2/2 mouse pups (Bergeron et al.,
1998), generous gifts from L. Bergeron and J. Yuan (Harvard Universi-
ty), as described previously (Troy et al., 2000). Cultures were grown in
24-well collagen-coated dishes for survival experiments and in 6-well
collagen-coated dishes for RNA and protein extraction in RPMI 1640
medium plus 10% horse serum with mouse NGF (100 ng/ml). One day
after plating, uridine and 5-fluorodeoxyuridine (10 mM each) were added
to the cultures and allowed to remain for 3 d to eliminate non-neuronal
cells (,1% non-neuronal cells remain after 3 d). For survival experi-
ments, on the sixth day after plating, NGF was removed by washing the
cultures three times with RPMI 1640 medium plus 10% horse serum,
followed by the addition of medium containing anti-mouse NGF (1:200;
Sigma, St. Louis, MO). Caspase inhibitors (Enzyme Systems Products,
Livermore, CA) were added as indicated. Each culture was scored, as
described previously (Troy et al., 1997), for numbers of living, phase-
bright neurons present in the same field at various times. Three replicate
cultures were assessed for each condition, and data are normalized to
numbers of neurons present in each culture at the time of NGF depri-
vation and reported as the mean 6 SEM. For RNA and protein extrac-
tion on the sixth day after plating, RNA and protein were extracted using
the Trizol reagent according to the manufacturer’s protocol.

Synthesis of antisense oligonucleotides. Oligonucleotides containing an
SH group at the 59 end and an NH group at the 39 end were synthesized
by Operon (Alameda, CA). As described previously (Troy et al., 1996),
oligonucleotides were resuspended in deionized water, an equimolar
ratio of Penetratin1 (Oncor) was added, and the mixture was incubated
at 37°C for 1 hr. The yield of the reaction, estimated by SDS-PAGE
followed by Coomassie blue staining, was routinely .50%. As a control,
a scrambled sequence of the antisense oligonucleotide (same base com-
position; different order) was used. The antisense sequences used were as
follows: antisense caspase-1 (ACasp1), CCTCAGGACCTTGTCGGC-
CAT; ACasp2, GCTCGGCGCCGCCATTTCCCAG; ACasp3, GTT-
GTTGTCCATGGTCACTTT; ACasp6, TGTTTCCATCATGCTTTA-
TTG; ACasp7N1, ATCGTCTGTCATCGTTCCCAC; ACasp7N2,
CTCGAAGTCCATACGGTACAG; ACasp8, GTGGAAATCCATTC-
TTACCAA; ACasp9, CTGCCGGTCCGCCTCGTCCAT; ADIABLO,
AGAGCCGCCATCCCGCGGCCA; AAPAF1, CTTTGCATCCATT-
GTGCCTCA; and AMIAP3, GTTAAAAGTCATCTTCTCTGG.

Western blotting. Postnatal day 1 mouse brains were harvested in sample
buffer. For antisense downregulation studies, PC12 cells, grown as de-
scribed previously, were treated with various antisense constructs for 5 hr
and harvested in sample buffer. Equal amounts of protein were separated
by 15% PAGE, transferred to nitrocellulose, and immunostained as de-
scribed previously (Troy et al., 2000). Anti-caspase-9 (Medical and Biolog-
ical Laboratories Co., Nagoya, Japan) was used at 1:1000, anti-APAF1

(StressGen) was used at 1:1000, anti-Smac (a generous gift of X. Wang,
Howard Hughes Medical Institute and University of Texas Southwestern
Medical Center, Dallas, TX) was used at 1:2000, anti-XIAP (StressGen)
was used at 1:1000, anti-RAIDD (StressGen) was used at 1:500, and
anti-actin (Sigma) was used at 1:200. Visualization was with ECL, using
goat anti-rabbit peroxidase at 1:1000. The relative intensities of the protein
bands were quantified using Scion NIH Image 1.55 software.

Quantitative PCR. Primers were designed to amplify a 300–400 base
piece of each gene of interest. cDNA from brains of wild-type and
caspase-2-null mice or cDNA from cultured sympathetic neurons was
added to a reaction mix together with appropriate primers at 0.5 mM
each. The reaction mix for the Roche Light Cycler was DNA Master
SYBR Green 1 (Roche Molecular Biochemicals, Indianapolis, IN). The
reaction mix for the Cepheid Smart Cycler (Fisher Scientific, Houston,
TX) was PCR ready-to-go beads (Amersham Pharmacia Biotech, Arling-
ton Heights, IL) with SYBR Green (Molecular Probes, Eugene, OR).
Levels of gene transcripts were analyzed using the Roche Light Cycler or
the Cepheid Smart Cycler following the manufacturers’ specifications.
Real-time fluorescence of SYBR green indicated that double-stranded
DNA was measured. Melting curve analysis was used for each protocol to
characterize and identify the specific amplicon. In each case quantifica-
tion was made from the linear portion of the amplification curve. Actin
was used to normalize input cDNA.

Immunocytochemistry. Sympathetic neurons were grown on collagen-
coated eight-well LabTek chamber slides. After indicated treatments, cells
were fixed with 4% paraformaldehyde and immunostained as described
previously (Troy et al., 1997). Cells were double labeled with anti-actin
(Sigma) at 1:250 and anti-activated caspase-3 (New England Biolabs, Bev-
erly, MA) at 1:100. Western blotting showed that the lot of the activated
caspase-3 antibody used for these studies detected activated caspase-3 but
not caspase-3 zymogen. Secondary antibodies were goat anti-rabbit Alex-
afluor 546 and goat anti-mouse Alexafluor 488 (Molecular Probes), both at
1:1000. Cells were examined with a PerkinElmer Spinning Disc confocal
imaging system mounted on a Nikon inverted microscope.

RESULTS
Caspase-2-null neurons use an alternative caspase
path to death after trophic factor deprivation
Caspase-2 has been identified as critical for trophic factor death
in sympathetic neurons and PC12 cells (Troy et al., 1997; Haviv et
al., 1998). However, cultured sympathetic neurons from caspase-
2-null mice die when deprived of NGF (Bergeron et al., 1998). To
ascertain that TFD-induced death in the caspase-2-null neurons
was caspase dependent, both wild-type and caspase-2-null cells
were treated with the pseudosubstrate caspase inhibitors BAF
and DEVD-fluoromethylketone (DEVD-FMK). Figure 1 shows
that the broad-spectrum caspase inhibitor BAF protects caspase-
2-null neurons as well as wild-type neurons, confirming that the
death process is caspase-mediated in both sets of neurons. How-
ever, DEVD-FMK, used at a concentration (10 mM) that is
relatively specific for caspase-3 family members, provided protec-
tion only for caspase-2-null neurons (Fig. 1B). This suggested that
although caspase activity was required for death in both cases
after removal of NGF, different caspases were used in each case.
The rescue of the caspase-2-null neurons from TFD by DEVD-
FMK suggested that this was a member of the caspase-3 family.

Caspase-2-null mice brains and sympathetic neurons
have increased expression of caspase-9
and DIABLO/Smac
The differential effects of DEVD-FMK led us to investigate
whether the targeted knock-out of caspase-2 resulted in changes
in expression of other caspases or other constituents of cell death
pathways that would preserve vulnerability to TFD. Brains, not
including cerebella, from wild-type and caspase-2-null postnatal
day 1 (P1) mice were harvested for RNA and protein, and the
relative expression of various caspases was determined using
quantitative PCR and Western blotting. These studies revealed

5008 J. Neurosci., July 15, 2001, 21(14):5007–5016 Troy et al. • Caspase-2 and -9 Pathways in Neuronal Death



that caspase-2 and -9 transcripts are differentially expressed in the
two groups of animals; caspase-2-null animals have no caspase-2
mRNA but have more than three times the levels of caspase-9
mRNA, relative to actin expression (Fig. 2A). No significant
changes were observed for transcripts encoding caspase-1, -3, -6,
-7, -8, -11, or -14. The increase in caspase-9 mRNA was confirmed
by Northern blotting (data not shown). Western blotting also
revealed changes only in caspase-2 and -9 levels. Caspase-9 pro-
tein was increased approximately threefold in the caspase-2-null
mouse brain (Fig. 2B), and as expected, caspase-2 protein was
absent (data not shown). Other caspases (caspase-1, -3, -6, -7, -8,
and -11) were unchanged (caspase-3 levels are shown in Fig. 2B).
The increase in caspase-9 expression was confirmed in cultured
sympathetic neurons as well. Sympathetic neurons from wild-type
and caspase-2-null P1 animals were cultured for 5 d and harvested
for total cellular RNA and protein assays. Quantitative PCR
showed a more than fivefold increase in caspase-9 expression
(Fig. 2E). Western blotting confirmed the increase in caspase-9
protein in the neurons (data not shown).

We next investigated whether loss of caspase-2 resulted in
changes in other molecules known to modulate the caspase-2 or
caspase-9 pathways. These include RAIDD for caspase-2 and
APAF1, MIAP3, and DIABLO/Smac for caspase-9. There were
no changes in expression of either message or protein for
RAIDD, the death adaptor protein for caspase-2 (Duan and
Dixit, 1997), or APAF1, the mammalian ced-4 homolog that
activates caspase-9 (Zou et al., 1997) (Fig. 2C,D). However, in the
case of the recently discovered DIABLO/Smac, an inhibitor of
IAPs that is permissive for caspase-9 activation (Chai et al., 2000;
Du et al., 2000; Verhagen et al., 2000), both mRNA and protein
were increased by approximately twofold in brain as well as in
sympathetic neurons (Fig. 2C–E). MIAP3, a mouse homolog of
XIAP (Farahani et al., 1997), an IAP that has been shown to
inhibit the activity of caspase-3, -7, and -9 (Deveraux et al., 1997,
1999a; Takahashi et al., 1998), was unchanged (Fig. 2C–E).

Specific inhibition of the caspase-9 pathway protects
caspase-2-null neurons but not wild-type neurons
from TFD
We next assessed whether, as indicated by the above findings,
TFD-induced death of caspase-2-null and wild-type sympa-
thetic neurons uses different sets of caspases. Because none of
the available pharmacologic caspase inhibitors are completely
specific for an individual caspase, we turned to antisense
oligonucleotides to decrease expression of specific caspases.
This was achieved by using antennapedia peptide
(Penetratin1)-mediated intracellular delivery of antisense oli-
gonucleotides, which i s a technique
that has been widely and successfully used for such purposes
(Allinquant et al., 1995; Troy et al., 1996; Pooga et al., 1998;
Nakagawa et al., 2000). By this means, we have been able to
achieve 50–80% downregulation of individual caspases in cul-
tured neuronal cells without affecting levels of other caspases
(Troy et al., 1997, 2000) (Fig. 3A, representative blots). Control
(scrambled) oligonucleotides had no discernable effect on expres-
sion. Antisense oligonucleotides were designed to downregulate
caspase-1, -2, -3, -6, -7, -8, and -9 and linked to Penetratin1. The
specificity of sequences was verified by BLAST search (National
Center for Biotechnology Information, Bethesda, MD). The ef-
ficacy of downregulation was evaluated by Western blotting of the
target caspase in PC12 cell cultures with or without exposure to
the Penetratin1-linked oligonucleotides [Fig. 3A for caspase-6, -7,
-8, and -9; Troy et al. (1997) for caspase-2; Troy et al. (2000) for
caspase-1 and -3]. PC12 cell cultures were used because of the
greater amount of material available for the biochemical mea-
surements. Our previous work supports the concurrence of mech-
anisms in PC12 cells and sympathetic neurons (Farinelli et al.,
1996; Troy et al., 1997, 2000; Park et al., 1998; Stefanis et al.,
1998). All antisense oligonucleotides provided .50% downregu-
lation of the targeted caspase within 5 hr of treatment. Levels of
the other nontargeted caspases were not affected (data not
shown). Sympathetic neurons from wild-type and caspase-2-null
mice were deprived of NGF in the presence and absence of each
of these antisense oligonucleotides, and survival was assessed
daily for 3 d (Fig. 3B,C). As we have shown previously, the
Penetratin1-linked antisense oligonucleotide to caspase-2 (V-
ACasp2, previously called V-ANedd) protected wild-type neu-
rons from NGF withdrawal. As anticipated, there was no protec-
tion of caspase-2-null neurons by this construct. In contrast,
caspase-2-null neurons were protected by V-ACasp3, V-ACasp7,
and V-ACasp9. These antisense constructs, however, provided no

Figure 1. Differential inhibition of TFD-induced death by DEVD-FMK
in wild-type and caspase-2-null neurons. Sympathetic neurons from wild-
type (A) and caspase-2-null ( B) mice were cultured for 5 d and then
washed and treated with anti-NGF in the presence and absence of BAF
(50 mM) or DEVD-FMK (10 mM). Cultures were counted daily, and
survival is reported relative to that in the same cultures before NGF
deprivation and is given as the mean 6 SEM (n 5 3). Error bars are
sometimes too small to be visible. This is a representative experiment;
similar results were obtained in four independent experiments.
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protection for wild-type neurons. No protection was afforded for
either wild-type or caspase-2-null neurons by control (scrambled)
oligonucleotides (data not shown) or by downregulation of
caspase-1, -6, or -8.

Downregulation of DIABLO/Smac or APAF1 selectively
protects caspase-2-null neurons from TFD
We next tested whether downregulation of additional compo-
nents of the caspase-9 pathway would bring about differential

Figure 2. Differential expression of caspases and caspase regulatory molecules in wild-type and caspase-2-null mice. A, Relative expression of caspase
mRNAs in wild-type and caspase-2-null P1 mouse brains. mRNA was prepared from six wild-type and nine caspase-2-null mouse brains. cDNA from
each brain was analyzed individually, using serial dilutions in duplicate, with real-time PCR. Each sample was analyzed three times. Results were
normalized to actin mRNA levels. For each caspase, expression in wild-type brains was set at a value of 1. Data are the means 6 SEM (n 5 6 for wild
type; n 5 9 for caspase-2 null). B, Western blots of caspase-9 and -3. Wild-type and caspase-2-null P1 mouse brains were homogenized in sample buffer,
and equal amounts of protein (determined by the Bradford protein assay) were subjected to Western blotting using the indicated antisera. Actin staining
confirmed equal loading. These are representative blots; similar results were obtained in six independent blots for caspase-9 and three independent blots
for caspase-3. C, Relative expression of DIABLO, Apaf1, RAIDD, and MIAP3 mRNA in wild-type and caspase-2-null mouse brains. mRNA from six
wild-type and nine caspase-2 mouse brains was analyzed using real-time PCR as described in A. Results were normalized to actin mRNA levels. For each
transcript, results in the wild type are set at a value of 1. Data are the means 6 SEM (n 5 6 for wild type; n 5 9 for caspase-2 null). D, Western blots
of DIABLO/Smac, APAF1, and MIAP3. Wild-type and caspase-2-null P1 mouse brains were homogenized in sample buffer, and equal amounts of
protein were subjected to Western blotting using the indicated antisera. Actin staining confirmed equal loading. These are representative blots; similar
results were obtained in six independent blots for DIABLO/Smac and three independent blots for APAF1 and MIAP3. E, Relative expression of
caspase, DIABLO/Smac, and MIAP3 mRNAs in wild-type and caspase-2-null P1 cultured sympathetic neurons. mRNA was prepared from wild-type
and caspase-2-null sympathetic neurons grown in culture for 6 d. cDNA was analyzed with real-time PCR using serial dilutions in duplicate. Each sample
was analyzed three times. Results were normalized to actin mRNA levels. For each mRNA, expression in wild-type brains was set at a value of 1. Data
are the means 6 SEM (n 5 3 for wild type; n 5 3 for caspase-2 null).
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protection. Antisense-mediated downregulation of either
DIABLO/Smac (Fig. 4 A,B) or APAF1 (Fig. 4 D,E) provided
complete protection against NGF withdrawal for caspase-2-
null neurons but had no effect on the survival of wild-type
neurons. Figure 4C shows the efficacy of downregulation by
these constructs. The photomicrographs in Figure 5 show that
inhibition of APAF1 (Fig. 5D), DIABLO/Smac (Fig. 5C),
caspase-9 (Fig. 5E), or caspase-3 (Fig. 5F ) expression in
caspase-2-null neurons protected not only cell bodies but also
neurites.

Downregulation of DIABLO/Smac, APAF1, caspase-9,
or caspase-3 suppresses elevation of activated
caspase-3 in NGF-deprived neurons from caspase-2-
null mice
The preceding findings point to the activation of the caspase-9
pathway in caspase-2-null neurons, with consequent activation of
caspase-3 and -7. Using an antibody that specifically recognizes
activated caspase-3 (see Materials and Methods), we assessed the
cellular localization of this enzyme in caspase-2-null neurons
after various treatments. The confocal micrographs in Figure 6
depict cultures of sympathetic neurons from caspase-2-null mice
double-labeled for actin ( green) and activated caspase-3 (red).
Control cells show only minimal staining for activated caspase-3
in either cell bodies or neurites (Fig. 6A). After 5 hr of TFD,
there is substantial activation of caspase-3. In the two cells shown
in Figure 6B, it is clear that, as activation of caspase-3 increases,
actin immunostaining decreases, likely because of actin degrada-
tion during the death process. The induction of activated
caspase-3 seen in caspase-2-null neurons after TFD is blocked by
downregulation of either DIABLO or APAF1 with the appro-
priate antisense oligonucleotide. Downregulation of caspase-9 or
-3 (Fig. 6E,F) substantially decreased the amount of activated
caspase-3 detectable by immunostaining but did not completely
block it.

The caspase-9 pathway is suppressed in wild-type
neurons by IAPs
Our previous findings have indicated that although NGF depri-
vation induces DEVDase activity in wild-type sympathetic neu-
rons and PC12 cells, this is neither necessary nor sufficient to
induce death (Troy et al., 1997; Stefanis et al., 1998). In addition,
endogenous suppressors of caspases are likely to play an impor-
tant role in the regulation of caspase activity and death. The IAP
family of caspase inhibitors has been shown to block caspase-3, -7,
and -9 activities (Deveraux et al., 1997, 1999b). To reduce IAP
activity in cultured sympathetic neurons, we designed a
Penetratin1-linked antisense oligonucleotide (V-AMIAP3) to
MIAP3. MIAP3 was chosen because it is the mouse homolog of
XIAP, the IAP that has been most closely linked with the
caspase-9 pathway. V-AMIAP3 promotes 70% downregulation
of MIAP3 within 6 hr (Fig. 7A). To determine whether in vivo

Figure 3. Differential effects of downregulation of specific caspases on
TFD-induced death of wild-type and caspase-2-null sympathetic neurons.
A, Penetratin1-linked antisense oligonucleotides specifically downregu-
late targeted caspases. PC12 cells were treated with the indicated anti-
sense oligonucleotides (240 nM) for 6 hr. Cells lysates containing equal
amounts of protein were subjected to Western blotting using the corre-
sponding antisera. Actin staining confirmed equal loading. These are
representative blots; similar results were obtained in two independent
experiments. B, C, Sympathetic neurons from P1 wild-type ( B) and
caspase-2-null (C) mice were cultured for 5 d. Cultures were then washed
and treated with anti-NGF in the presence and absence of the indicated

4

antisense oligonucleotides (open squares, control; closed squares, anti-
NGF; open diamonds, anti-NGF 1 V-ACasp1; closed triangles, anti-NGF
1 V-ACasp2; open circles, anti-NGF 1 V-ACasp3; closed circles, anti-
NGF 1 V-ACasp6; open triangles, anti-NGF 1 V-ACasp7; closed inverted
triangles, anti-NGF 1 V-ACasp8; squares with crosses, anti-NGF 1
V-ACasp9). Cultures were scored daily, and survival is reported relative
to the numbers of living neurons in the same cultures before NGF
deprivation and is given as the mean 6 SEM (n 5 3). Error bars are
sometimes too small to be visible. This is a representative experiment;
similar results were obtained in six independent experiments.
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activation of the caspase-9 pathway might be suppressed by IAPs
in wild-type neurons, we withdrew NGF in the presence of
V-ACasp2 and V-AMIAP3. We have shown previously that
simultaneous treatment with multiple Penetratin1-linked anti-
sense oligonucleotides does not alter the effects of the individual
oligonucleotides (Troy et al., 1996). As shown in Figure 7B, the
protection conferred by caspase-2 downregulation (by
V-ACasp2) was reversed by downregulation of MIAP3 (by co-
treatment with V-AMIAP3). This suggests that reduction of
MIAP3 levels permits death by an otherwise suppressed caspase-
9-dependent pathway. Consistent with this, the death induced by
V-ACasp2 plus V-AMIAP3 was prevented by downregulation of
either APAF1 or caspase-9 (Fig. 7B). This suggestion was further
supported when we examined immunostaining of activated
caspase-3 in these neurons. Withdrawal of NGF in the presence of
V-ACasp2 plus V-AMIAP3 induced a strong signal in both cell
bodies and neurites (Fig. 7C,D). This activated caspase-3 immu-
nostaining was suppressed by the downregulation of caspase-9
(Fig. 7E).

DISCUSSION
In an attempt to reconcile the apparently conflicting observations
that NGF withdrawal induces apoptosis in caspase-2-null sympa-
thetic neurons (Bergeron et al., 1998) but is unable to cause death

in neurons in which caspase-2 has been downregulated (Troy et
al., 1997), we examined the ability of caspase inhibitors to rescue
each of these cell types from death. Both cell types were rescued
by the broad-spectrum inhibitor BAF, but only the caspase-2-null
neurons were rescued by DEVD-FMK, which is relatively selec-
tive for caspase-3-like activities when used at 10 mM. This differ-
ential sensitivity to the caspase inhibitors led us to question
whether there were differences in the expression of caspases or
the regulators of caspase activity in these two cell types. We
found that caspase-9 mRNA and protein are selectively increased
by approximately threefold in the newborn caspase-2-null mouse
brain and more than fivefold in cultured sympathetic neurons.
Expression of the proapoptotic death regulator DIABLO/Smac
was also elevated.

The increases in the expression of these two proapoptotic
molecules suggest that they might compensate for the loss of
caspase-2 and enable neurons from caspase-2-null mice to die by
an alternative pathway mediated by caspase-9 and its downstream
targets such as caspase-3 and -7. This was confirmed in the series
of experiments showing that downregulation of caspase-2 sup-
presses TFD in wild-type neurons, but not in caspase-2-null
neurons. In contrast, downregulation of caspase-3, -7, and -9
rescues caspase-2-null neurons, but not wild-type neurons, from
NGF deprivation. Furthermore, interference with caspase-9 ac-

Figure 4. Caspase-2-null neurons use an alternative pathway to TFD-induced death. A, B, D, E, Sympathetic neurons from P1 wild-type (A, D) and
caspase-2-null (B, E) mice were cultured for 5 d. Cultures were then washed and treated with anti-NGF in the presence and absence of V-ADIABLO
(A, B) or V-AAPAF1 (D, E). Cultures were scored daily, and survival is reported relative to that in the same cultures before NGF deprivation and is
given as the mean 6 SEM (n 5 3). Error bars are sometimes too small to be visible. This is a representative experiment; similar results were obtained
in three independent experiments. C, Specific downregulation of DIABLO/Smac and APAF1 by antisense oligonucleotides is shown. PC12 cells were
treated with the indicated antisense oligonucleotides (240 nM) for 6 hr. Cells lysates containing equal amounts of protein were subjected to Western
blotting using the corresponding antisera. Actin staining confirmed equal loading. These are representative blots; similar results were obtained in two
independent experiments.
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tivation by downregulation of APAF1 provided protection for
caspase-2-null neurons, but not for wild-type neurons.

The compensatory switch to the caspase-9 pathway that we
observed in caspase-2-null mice appears to involve more than
simply elevation of caspase-9 levels. DIABLO/Smac is a recently
identified protein that enables activation of caspase-9 (and most
likely, caspase-3 and -7) by binding to members of the IAP family
(Chai et al., 2000; Du et al., 2000; Verhagen et al., 2000). We
observed that DIABLO/Smac levels are doubled in caspase-2-
null brains and sympathetic neurons and that downregulation of

DIABLO/Smac protects caspase-2-null, but not wild-type, sym-
pathetic neurons from NGF deprivation. Thus, the availability of
the caspase-9 pathway for induction of death in NGF-deprived
neurons may be at least in part dependent on its regulation by the
competing activities of IAPs and DIABLO/Smac. In caspase-2-
null neurons, the elevated levels of DIABLO/Smac might help
swing the balance in favor of enhanced activation of the caspase-9
pathway.

The apparent involvement of DIABLO/Smac in promoting
death of caspase-2-null neurons raised the issue of whether IAPs

Figure 5. Photomicrographs of SCGs from caspase-2-null mice rescued by downregulation of various components of the caspase-9 pathway. Sympathetic
neurons of caspase-2-null mice were cultured for 5 d. Cultures were then washed and treated with anti-NGF in the presence or absence of various
antisense oligonucleotides. The photomicrographs were taken after 2 d of treatment. A, 1NGF. B, Anti-NGF. C, Anti-NGF 1 V-ADIABLO. D,
Anti-NGF 1 V-AAPAF1. E, Anti-NGF 1 V-ACasp9. F, Anti-NGF 1 V-ACasp3. Scale bar, 100 mm.

Figure 6. Downregulation of various components of the caspase-9 pathway suppress caspase-3 activation in NGF-deprived sympathetic neurons from
caspase-2-null mice. Sympathetic neurons from caspase-2-null mice were cultured on chamber cover glass slides for 5 d. Cultures were then washed and
treated with anti-NGF in the presence and absence of various oligonucleotides. After 5 hr, cells were fixed, immunostained for actin ( green) and activated
caspase-3 (red), and examined by confocal microscopy. A, 1NGF. B, Anti-NGF. C, Anti-NGF 1 V-ADIABLO. D, Anti-NGF 1 V-AAPAF1. E,
Anti-NGF 1 V-ACasp9. F, Anti-NGF 1 V-ACasp3. Scale bar, 50 mm.
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may play a role in the repression of the caspase-9 pathway in
wild-type neurons. The IAPs effectively suppress activity of
caspase-3, -7, and -9 (Deveraux et al., 1997, 1998, 1999b). We
chose to investigate the role of MIAP3, the mouse homolog of
XIAP, because it is expressed in sympathetic neurons and can
inhibit all three of the above caspases (Farahani et al., 1997). We
found that although downregulation of caspase-2 protects wild-
type neurons from NGF deprivation, the simultaneous down-
regulation of MIAP3 results in death. This death appeared to
involve the caspase-9 pathway because it was inhibited in turn by
the additional downregulation of either caspase-9 or APAF1. The
simplest interpretation of these observations is that, when NGF
is removed from wild-type neurons in our system, caspase-2 is
activated and mediates death and that the caspase-9 pathway
is held in check by MIAP3. When MIAP3 is downregulated in
such neurons, the caspase-9 pathway is no longer suppressed, and
when caspase-2 is also downregulated, the caspase-9 pathway
mediates death. A schematic depiction of the alternative death
pathways is shown in Figure 8.

Taken together, our findings support the idea that wild-type
sympathetic neurons possess two alternative caspase pathways
that have the potential to mediate TFD-induced death. Under the

conditions of our experiments, the caspase-2 pathway is predom-
inant, and the caspase-9 pathway is held in check by IAPs. One
result of this arrangement is that various circumstances may
switch use of the two pathways. For instance, as we observed,
knock-out of caspase-2 results in compensatory enablement of the
caspase-9 pathway because, at least in part, of upregulation of
caspase-9 and of DIABLO/Smac. Another variable is develop-
mental stage. Although the existing literature is incomplete, it
appears that caspase 9 is highly expressed in the developing
mouse brain at embryonic day 7 and declines after that (Kuida et
al., 1998). In contrast, mouse caspase-2 [originally identified be-
cause of its downregulation in brain during development (Kumar
et al., 1994)] is barely expressed at embryonic day 8 and has peak
expression in the brain at embryonic day 12. However, rodent
sympathetic neurons show high expression of caspase-2 in P1
animals and a subsequent decrease so that expression is minimal
by P11 (Savitz and Kessler, 2000). Developmental expression
patterns for other elements of either the caspase-2 or caspase-9
pathways have yet to be established in sympathetic neurons, but
such time-dependent changes represent potentially important
variables in the choice of caspase death mechanisms. Similarly, it
is likely that additional factors can influence the expression of

Figure 7. Downregulation of MIAP3 permits caspase-9-dependent TFD-induced death of wild-type SCGs. A, Specific downregulation of MIAP3 is
shown. PC12 cells were treated with V-AMIAP3 (240 nM) for 6 hr. Cells lysates containing equal amounts of protein were subjected to Western blotting
using the corresponding antisera. Actin staining confirmed equal loading. These are representative blots; similar results were obtained in two
independent experiments. B, Sympathetic neurons from wild-type mice were cultured for 5 d. Cultures were then washed and treated with anti-NGF in
the presence and absence of the indicated antisense oligonucleotides. Cultures were scored daily, and survival is reported relative to that in the same
cultures before NGF deprivation and is given as the mean 6 SEM (n 5 3). Error bars are sometimes too small to be visible. This is a representative
experiment; similar results were obtained in three independent experiments. C–E, Activation of caspase-3 in NGF-deprived sympathetic neurons is
dependent on caspase-9. Sympathetic neurons from wild-type mice were cultured on chamber cover glass slides for 5 d. Cultures were then washed and
treated with anti-NGF in the presence and absence of various oligonucleotides. After 5 hr, cells were fixed, immunostained for actin ( green) and activated
caspase-3 (red), and examined by confocal microscopy. C, 1NGF. D, Anti-NGF 1 V-ACasp2 1 V-AMIAP3. E, Anti-NGF 1 V-ACasp2 1 V-AMIAP3
1 V-ACasp9. Scale bar, 50 mm.
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specific caspases and caspase regulatory molecules and, thereby,
switch cells from one death pathway to another.

Because of our findings, it is not surprising that circumstances
may occur in which TFD-induced death of sympathetic neurons
is dependent on the caspase-9 pathway. It was reported recently
that sympathetic neurons from caspase-9-null embryos undergo
delayed TFD-induced death (Deshmukh et al., 2000), and on this
basis, it was suggested that caspase-9 plays a critical role in death
caused by NGF deprivation. These studies used E17 embryos, a
developmental stage at which the expression of caspase-9 may
normally be higher and that of caspase-2 may be lower than that
in the postnatal (P1) neurons used in our studies. It is also
possible that the knock-out of caspase-9 also leads to depression
of the caspase-2 pathway and delay of death.

The failure of caspase 3 activation to cause death in the
wild-type neurons in which caspase-2 has been downregulated
suggests that the level of activation falls below a critical level for
inducing apoptosis. This possibility is supported by the observa-
tion that increasing the activity of the caspase-9 pathway further
by downregulation of MIAP3 leads to death and by the increased
concentrations of both caspase-9 and DIABLO/Smac in the
caspase-2-null mouse brains and neurons. It is possible that “sub-

apoptotic” activation of the caspases in the caspase-9 pathway
serves one or more important functions, such as mediating cy-
toskeletal breakdown.

In contrast to the caspase 9 pathway, relatively little is known
about the mechanisms by which caspase-2 is activated and how
such activation leads to death. Our previous work indicates that
caspase-2 is not downstream of caspase-3-like activity in NGF-
deprived sympathetic neurons and visa versa (Stefanis et al.,
1998). Caspase-2 possesses a long caspase recruitment domain
(CARD)-containing prodomain that appears important for acti-
vation via specific association with CARD-containing adapter
proteins such as RAIDD (Duan and Dixit, 1997). However, little
is known about how NGF deprivation might trigger interaction
between caspase-2 and RAIDD and/or other activators. Several
types of evidence indicate that cytochrome C release from mito-
chondria is required for TFD-induced death of sympathetic neu-
rons (Deshmukh and Johnson, 1998; Neame et al., 1998). Because
of the importance of caspase-2 in TFD-induced death, this raises
the yet untested possibility that activation of caspase-2 lies down-
stream of mitochondrial perturbation. In this regard, it may be
relevant that procaspase-2 has been reported to be present within
mitochondria and to be released during the apoptotic process
(Susin et al., 1999). Also in contrast to the caspase-9 pathway,
there are no currently known negative regulators of caspase-2
activity. Thus it is possible that, unlike caspase-3, -7, and -9 that
are subject to inhibition by IAPs, caspase-2, after it is activated,
inevitably leads to death.

Our findings raise a note of caution regarding interpretation of
data from knock-out animals and emphasize the flexibility and
redundancy of apoptotic pathways. We uncovered two compen-
satory changes in expression of apoptosis-related proteins that
occur in response to loss of caspase-2, and these appear to
contribute to enablement of an alternative apoptotic caspase
pathway in sympathetic neurons. It is conceivable that similar or
additional changes also occurred in other tissues and that these
may affect other aspects of the phenotype of caspase-2-null mice.
It has been reported recently that compensatory changes in
caspase activation occur in caspase-9- and caspase-3-null animals
(Zheng et al., 2000). Although the latter study did not identify
specific molecular changes that underlie the compensatory acti-
vation of alternative caspases, it does underscore the point raised
here that cells possess multiple apoptotic caspase pathways and
the means to switch from one to another.

In summary, the data presented here show that TFD-induced
death of sympathetic neurons has the potential to proceed by
either of two distinct pathways and that the decision concerning
which pathway to use in a given situation can be regulated by
alterations in the relative levels of the components of each of the
pathways. It is of particular interest that such regulation included
both caspases and an IAP inhibitor. Although we have manipu-
lated these levels by genetic and antisense approaches, it is likely
that they are regulated to similar effect both during development
and in neurodegenerative disorders.
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