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The survival of neurons is maintained primarily by neurotrophic factors that suppress the apoptotic program. Axotomy or removal of
peripheral targets causes neuronal cell death, but the mechanisms involved in the induction of this type of cell death remain poorly
understood. Here, we show that DP5/Harakiri, a Bcl-2 homology domain 3-only member of the Bcl-2 family, is induced in motoneurons
after transection of the hypoglossal nerve in mice and in sympathetic neurons after nerve growth factor (NGF) withdrawal. To assess the
role of DP5 in neuronal cell death, mutant mice deficient in DP5 were generated by gene targeting. DP5�/� mice were viable and exhibited
normal postnatal development. Notably, motoneurons from DP5�/� mice were highly protected from cell death induced by resection of
the hypoglossal nerve compared with motoneurons from DP5�/� littermate mice. In addition, deficiency of DP5 in superior cervical
ganglia (SCG) neurons resulted in delayed neuronal cell death triggered by NGF withdrawal. Analysis of SCG neurons from DP5�/� mice
revealed increased preservation of mitochondrial membrane potential and reduced activation of caspase-3 compared with neurons from
wild-type mice. These results indicate that DP5 plays an important role in neuronal cell death induced by axotomy and NGF deprivation
through the regulation of mitochondrial function and caspase-3 activation.
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Introduction
Cell death plays an essential role during embryonic development
and tissue homeostasis in multicellular organisms (Baehrecke,
2002). The cell-death mechanism is genetically controlled by a
evolutionarily conserved program that is activated in the dying
cell and serves to eliminate unnecessary and damaged cells
(Strasser et al., 2000; Baehrecke, 2002). In the vertebrate nervous
system, 20 – 80% of all neurons produced die during embryogen-
esis and early postnatal development (Oppenheim, 1991). Neu-
ronal cell death appears to occur through competition for trophic
factors derived from target tissues, which may serve to select the
proper set of neuronal connections (Oppenheim, 1991). Re-
moval of factors such as nerve growth factor (NGF) in vivo and in
vitro induces apoptosis in populations of neurons that depend on
the trophic factor for survival (Oppenheim, 1991; Deshmukh and

Johnson, 1997). Similarly, axotomy or removal of peripheral tar-
gets causes neuronal cell death (Oppenheim, 1996; Goldberg and
Barres, 2000).

Induction of apoptosis requires new gene expression in cer-
tain models of neuronal cell death, including that triggered by
NGF deprivation (Oppenheim, 1991; Deshmukh and Johnson,
1997). NGF withdrawal in neonatal sympathetic neurons induces
the expression of bim and dp5/harakiri, two proapoptotic Bcl-2
homology domain 3 (BH3)-only members of the bcl-2 family
(Imaizumi et al., 1997; Putcha et al., 2001). Recent studies have
shown that bim deletion conferred transient and partial protec-
tion against apoptosis triggered by NGF or K� withdrawal in
susceptible populations of neurons (Putcha et al., 2001). These
results suggest that BIM has a redundant function in mediating
the death of neurons induced by NGF deprivation. Dp5/harakiri
was originally identified when screening for genes induced after
NGF withdrawal in rat sympathetic neurons and for binding
partners of prosurvival Bcl-XL (Imaizumi et al., 1997; Inohara et
al., 1997). Studies from several laboratories have revealed that
BH3-only proteins such as BIM and DP5/HRK function up-
stream of BAX and BAK to induce neuronal cell death (Bouillet
and Strasser, 2002). BAX is essential for the death of sympathetic
neurons induced by NGF withdrawal and the release of cyto-
chrome c from the mitochondria, an event that mediates activa-
tion of caspases through apoptotic protease-activating factor-1
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(Deckwerth et al., 1996; Putcha et al., 1999). The death of mo-
toneurons triggered by transection of peripheral nerves has also
been associated with the induction of gene expression (Tanabe et
al., 1999; Honma et al., 2002). Here, we report that DP5 contrib-
utes to neuronal apoptosis triggered by NFG withdrawal and
mediates the death of motoneurons induced by resection of the
hypoglossal nerve.

Materials and Methods
Generation of DP5-deficient mice. DP5-null mice were generated by tar-
geted disruption of dp5 through homologous recombination using a
targeting vector designed to replace the single coding exon of dp5 with a
neomycin-resistant cassette. The pTV targeting vector (Suzuki et al.,
2002) was linearized with PacI and electroporated into 129/SV embry-
onic stem (ES) cells. Clones resistant to G418 and ganciclovir were se-
lected and screened for homologous recombination by Southern blot
and PCR analysis. Targeted ES clones were injected into C57BL/6J blas-
tocysts. The resulting chimeric mice were backcrossed to C57BL/6J mice
to generate DP5 �/� heterozygous mice. Interbreeding of heterozygous
mice was performed to generate homozygous DP5-deficient mice.

Genotype analysis. Genomic DNA was extracted from the tails of mice,
and the dp5 genotype was analyzed by PCR analysis. For PCR amplifica-
tion, the following primers were used: sense primer, 5�-GGAGCTG-
GAGCAAAACTGGATTGG-3�; antisense primer Neo2, 5�-GCAGGAG-
CAAGGTGAGATGACAGGAGAT-3�; and internal antisense primer,
5�-GACAGCCTCCGCACCTGTCAGCC-3�. The cycle parameters were
5 min at 95°C, 1 min at 95°C, 20 sec at 63°C, and 1 min at 72°C for 35
cycles, followed by 72°C for 10 min. PCR products were analyzed by
agarose gel electrophoresis. Southern blot analysis was performed using a
0.4 kb genomic 32P-labeled probe (see Fig. 1 A).

Cell culture and cell labeling. Superior cervical ganglia (SCG) neurons
from 1-d-old mice were isolated and cultured as described previously
(Imaizumi et al., 1997). The collected cells were plated on collagen-
coated dishes in DMEM containing 10% fetal calf serum (FCS), 2 mM

glutamine, 20 �M fluorodeoxyuridine, 20 �M uridine, and 50 ng/ml NGF
(Promega, Madison, WI). The neurons were maintained for 5 d in the
presence of NGF before being subjected to reverse transcriptase (RT)-
PCR or cell-death assay. NGF withdrawal was performed by changing the
medium to DMEM and 10% FCS lacking NGF and containing anti-NGF
antibodies (CIDtech Research, Cambridge, Canada), as reported previ-
ously (Imaizumi et al., 1997). To monitor mitochondrial membrane
potential, cells that were deprived of NGF were loaded with 20 nM tetra-
methylrhodamine methylester (TMRM) (Molecular Probes, Eugene,
OR) in PBS for 20 min at 37°C. To assess the expression of activated
caspase-3, SCG neurons were stained at the indicated times with rabbit
anti-active caspase-3 antibody (Promega), followed by incubation with
FITC-conjugated secondary antibody.

RT-PCR assay. Aliquots of 3 �g of total RNA purified from plated SCG
cultures or 10 �g from mouse tissues were reverse-transcribed with Molo-
ney murine leukemia virus reverse transcriptase (Invitrogen, San Diego, CA)
and subjected to PCR amplification. The oligonucleotide primers used for
dp5, bim, neurofilament-M (NF-M), and glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) cDNAs were as follows: dp5-5�, 5�-AGACCCAGC-
CCGGACCGAGCAA-3�; dp5-3�, 5�-ATAGCACTGGGGTGGCTCTC-3�;
bim-5�, 5�-TCAGGAGGAACCTGAAGATCTG-3�; bim-3�, 5�-TCAATGC-
CTTCTCCATACCAGAC-3�; NF-M-5�, 5�-GTGGTCACTAATGGCTTA-
GATGAG-3�; NF-M-3�, 5�-GTTGAGACCAGCTTCTCCTCAAAG-3�;
GAPDH-5�, 5�-AGCTGTGGCGTGATGGCCGTGGGG-3�; and GAPDH-
3�, 5�-GAGGGAGATGCTCAGTGTTGGGGC-3�, respectively. Cycle pa-
rameters were 1 min at 95°C, 1 min at 60°C, and 30 sec at 72°C for 25–30
cycles, followed by 72°C for 5 min. PCR products were analyzed by PAGE.
Control experiments were performed to determine the range of PCR cycles
over which amplification efficiency remained constant. Quantification was
performed as reported previously (Honma et al., 2002).

Hypoglossal nerve injury model. Eight-week-old DP5 �/� and DP5 �/�

littermate mice were anesthetized with pentobarbital and put in the su-
pine position. The right hypoglossal nerve of each mouse was then cut
with scissors. For in situ hybridization, the operated and uninjured sides

of the hypoglossal nuclei were dissected 7 d after surgery. For quantifica-
tion of cell numbers after axotomy, mice were killed 35 d after the sur-
gery, brains were collected, and 18 �m sections were taken through the
hypoglossal nuclear region and subjected to thionine staining. The num-
ber of motor neurons (neurons �20 �m in diameter) on both control
and operated sides was counted using 24 consecutive sections per mouse,
and the percentage of surviving neurons within the injured and control
sides was calculated as described previously (Honma et al., 2002).

Northern blotting and in situ hybridization. Northern blot analysis was
performed using a 32P-labeled 844 bp DP5 cDNA fragment as a probe
(Imaizumi et al., 1997). For in situ hybridization, animals were decapi-
tated and brains were removed and quickly frozen in powdered dry ice. In
situ hybridization was performed as described previously (Kiryu et al.,
1995).

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling assay. Fresh-frozen sections of mouse brains (n � 3 for each
developmental stage analyzed) were fixed with 4% formaldehyde for 15
min and permeabilized with 0.5% (v/v) Triton X-100 in PBS for 10 min
at room temperature. After washing and incubating in equilibration
buffer (Promega), the terminal deoxynucleotidyl transferase (TdT) reac-
tion mix containing fluorescein-12-deoxyUTP was applied, and the sec-
tions were incubated for 60 min at 37°C and washed in PBS. Sections
were examined under a fluorescence microscope.

Results
Generation of mice deficient in DP5/HRK
To assess the role of DP5 in neuronal apoptosis, we generated
DP5-deficient mice by homologous recombination of embryonic
stem cells. A gene-targeting vector was constructed to replace the
single coding exon of DP5 with a neomycin-resistant cassette
(Fig. 1A). Homologous recombination was confirmed by South-
ern blot (Fig. 1B) and PCR analyses (Fig. 1C). The absence of DP5

Figure 1. Generation of DP5-deficient mice. A, Schematic representation of the genomic dp5
locus (top), the gene-targeting construct (middle), and the targeted dp5 locus (bottom). DP5-
null mice were generated by targeted disruption of dp5 through homologous recombination.
The targeting vector (Tg Construct) was designed to replace the single coding exon of dp5 with
a neomycin-resistant cassette. The probe used for Southern blot analysis is indicated. Nucleo-
tide primers for PCR screening (arrowheads) are shown. S, SpeI; H, HindIII; N, NotI; B, BamHI; X,
XbaI. B, Genomic tail DNA was digested with SpeI, and blots were hybridized with the probe
indicated in A. Two mice of the indicated genotype are shown. C, Detection of normal and
targeted alleles in genomic DNA by PCR analysis. D, Expression of dp5 transcripts in various
tissues from DP5 �/� and DP5 �/� mice by RT-PCR analysis. WT, Wild type; hsv-TK, herpes
simplex virus-thymidine kinase; Bone M., bone marrow.
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expression was verified in homozygous mutant animals by RT-
PCR (Fig. 1D) and Northern blot analyses (data not shown).
Intercrosses of DP5�/� heterozygous mice produced DP5-
deficient mice at the expected Mendelian ratio. DP5-deficient
mice were fertile, showed no gross abnormalities, and appeared
normal. Histological examination of tissue sections from 8-week-
old DP5�/� brains showed no apparent abnormalities compared
with DP5�/� littermates (data not shown).

Absence of DP5 delays neuronal cell death induced by
NGF deprivation
DP5 and BIM are induced in cultured SCG neurons from neona-
tal rats after NGF withdrawal (Imaizumi et al., 1997; Putcha et al.,
2001). To assess whether these proapoptotic BH3-only genes are
similarly upregulated in mouse SCG neurons, we examined the
expression of dp5 and bim by semiquantitative RT-PCR analysis.
In mouse SCG neurons, the expression levels of both dp5 and bim
mRNAs were undetectable or low in the presence of NGF (Fig.
2A). By 15 hr of NGF withdrawal, dp5 was induced �14-fold, and
bim was induced threefold, whereas the expression levels of
neurofilament-M mRNA remained unchanged compared with
neurons cultured in the presence of NGF (Fig. 2A and data not
shown). To determine whether DP5 plays a role in neuronal cell
death, we compared the survival of SCG neurons from DP5�/�,
DP5�/�, and DP5�/� mice after NGF withdrawal. By 24 hr of
NGF deprivation, neurons from wild-type mice underwent sig-
nificant cell death, which increased to �60% after 36 hr of NGF
deprivation. At 36 hr, �65% of the wild-type sympathetic neu-

rons were dead, whereas only �45% of DP5-deficient neurons
underwent apoptosis (Fig. 2B) ( p � 0.01; Student’s t test; n �
9 –14). The protective effect of DP5 against apoptosis was tran-
sient in that the great majority of neurons from DP5�/�,
DP5�/�, and DP5�/� mice were dead by 48 hr of NGF depriva-
tion (Fig. 2B). Thus, DP5 deletion delays but does not prevent
neuronal cell death triggered by NGF withdrawal. The slight and
transient protective effect observed with DP5 deficiency is similar
to that reported for BIM (Putcha et al., 2001), suggesting func-
tional redundancy among proapoptotic BH3-only Bcl-2 family
members in the induction of neuronal apoptosis associated with
NGF withdrawal.

Absence of DP5 promotes loss of mitochondrial membrane
potential and activation of caspase-3 in SCG neurons
BH3-only proteins have been proposed to act upstream of the
mitochondria to regulate caspase activation. To determine
whether DP5 regulates the mitochondrial function, primary SCG
neurons from DP5�/� and DP5�/� mice were deprived of NGF
and loaded with tetramethylrhodamine ethyl ester perchlorate
(TMRE), a potentiometric dye that accumulates within polarized
mitochondria, from which it is released on depolarization (Loew
et al., 1993). In the absence of NGF deprivation, the great major-
ity of SCG neurons from mutant and wild-type mice were labeled
with TMRM (Fig. 2C). By 24 hr of NGF withdrawal, �50% of the
SCG neurons from DP5�/� mice were stained by TMRE, which
decreased to �30% after 36 hr of NGF deprivation. TMRE label-
ing was significantly reduced in SCG neurons from DP5�/� mice
compared with neurons from wild-type mice (Fig. 2C). Con-
versely, expression of activated caspase-3 was higher in SCG neu-
rons from DP5�/� mice than in neurons from DP5�/� mice
after NGF deprivation (Fig. 2D). Thus, the absence of DP5 pro-
tects SCG neurons from the loss of mitochondrial transmem-
brane potential and inhibits the expression of activated caspase-3
induced by NGF deprivation.

DP5 is induced in the hypoglossal nucleus after axotomy
The death of motoneurons triggered by axotomy is thought to
result from the deprivation of target-derived survival factors
(Oppenheim, 1996; Goldberg and Barres, 2000). To examine the
role of DP5 in axotomy-induced motoneuron cell death, we used
the hypoglossal nerve injury model (Honma et al., 2002). In this
model, motoneurons of the hypoglossal nucleus from neonatal
animals undergo rapid cell death after hypoglossal nerve transec-
tion, whereas adult mice demonstrate delayed induction of cell
death (H. Kiyama, unpublished observations). The expression
level of dp5 was low or undetectable in the uninjured hypoglossal
nucleus as assessed by in situ hybridization; however, dp5 expres-
sion in adult neurons was clearly induced 7 d after axotomy (Fig.
3A). Similar to the induction of dp5, the expression of bim mRNA
was also increased in motoneurons of the injured side, but the
intensity of the induced signal appeared relatively weak com-
pared with uninjured neurons (Fig. 3A).

DP5 deficiency protects motoneurons from axotomy-induced
cell death
We subsequently examined whether DP5 deficiency affects neu-
ronal cell death triggered by transection of the hypoglossal nerve.
In these experiments, the nerve was transected unilaterally in
8-week-old DP5�/� and DP5�/� mice, and the number of hy-
poglossal nucleus neurons in the injured and uninjured control
(contralateral) sides was determined by thionine staining. By 35 d
after axotomy, the number of neurons was reduced �50% in

Figure 2. DP5 deletion delays neuronal cell death induced by NGF deprivation. A, RT-PCR
analysis of dp5 and bim expression in SCG neurons from 1-d-old mice in the presence of 50 ng/ml
NGF (�) and 15 hr after NGF withdrawal (�). Expression of NF-M was used as a control. B, SCG
neurons from the indicated mice were maintained in NGF for 5 d, and then neuronal survival was
determined in the absence of NGF at the times indicated. Results are shown as means � SD
(n � 9 –14). Symbols denote statistically significant differences between DP5 �/� and
DP5 �/� neurons. *p � 0.05; **p � 0.01; Student’s t test. C, Primary SCG neurons prepared
from DP5 �/� and DP5 �/� mice were loaded with TMRM, the retention of which is propor-
tional to mitochondrial transmembrane potential. Results are presented as the mean percent-
ages of TMRM-positive cells � SD from 10 fields counted in three independent experiments.
*p � 0.05 and **p � 0.01 compared with wild-type; Student’s t test. D, Expression of active
caspase-3 was determined after NGF deprivation in SCG neurons using rabbit anti-active
caspase-3 antibody. Results are presented as the mean percentages of TMRM-positive cells �
SD from 10 fields counted in three independent experiments. *p � 0.05 and **p � 0.01
compared with wild-type; Student’s t test.
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wild-type mice compared with the uninjured side of the same
mice (Fig. 3B,C). In contrast, the motoneurons from DP5-
deficient mice were significantly protected from cell death, in that
the number of neurons was reduced only �10% after transection
of the hypoglossal nerve (Fig. 3B,C) ( p � 10�5; Student’s t test).
As a control, we determined the number of neurons in the unin-
jured hypoglossal nucleus of 8-week-old wild-type and DP5-
deficient mice. The number of neurons was similar in DP5�/�

and DP5�/� mice (Fig. 3D). We also assessed the percentage of
motor neurons undergoing apoptosis at embryonic day 18 (E18)
and at postnatal day 0 (P0) and P7 in the hypoglossal nuclei of
DP5�/� and DP5�/� mice. We found undetectable or very low
levels of neuronal apoptosis as detected by TdT-mediated biotin-
ylated UTP nick end labeling in the hypoglossal nucleus at all
developmental stages examined, and no significant differences
were found between DP5�/� and DP5�/� mice (data not
shown). Thus, although DP5 deficiency protects neurons from
axotomy-induced cell death, developmental apoptosis and neu-
ronal cell number in the hypoglossal nucleus are not affected by
DP5 deletion.

Discussion
The partial and transient protection afforded by DP5 deficiency
against cell death induced by NGF deprivation is consistent with
a redundant function of DP5 and BIM during NGF deprivation,
because BIM deficiency also delays this type of neuronal cell
death (Putcha et al., 2001). Such an interpretation is compatible
with our finding that there is reduced but not a total loss of
caspase-3 activation in SCG neurons from DP5�/� mice com-
pared with wild-type mice after NGF deprivation. In this model
of neuronal cell death, SCG neurons from BAX-deficient mice
are completely protected from cell death and caspase activation
(Deckwerth et al., 1996; Putcha et al., 1999). Thus, the results
suggest that both HRK and BIM play an important but redundant
role upstream of BAX during neuronal cell death induced by
NGF deprivation. Analysis of mice lacking both DP5 and BIM
should provide insight in this regard.

The mechanism involved in neuronal cell death induced by
axotomy is poorly understood. Delivery of neurotrophic factors
can rescue motoneurons from axotomy-induced cell death (Op-
penheim, 1996), suggesting that these survival factors block the
induction of the cell-death program. We show that DP5 is up-
regulated in neurons after transection of the hypoglossal nerve
and that DP5 deficiency protected motoneurons from axotomy-
induced cell death. Because deficiency of DP5 greatly inhibits the
death of motoneurons, the results suggest that neurotrophic fac-
tors promote cell survival at least in part by repressing the induc-
tion of DP5. Nonetheless, our results do not rule out that factors
other than DP5 also play a role in the death of axotomized mo-
toneurons, because a small but reproducible reduction in neuro-
nal survival was observed after axotomy in DP5-deficient mice.
Furthermore, it is possible that DP5 deletion delays but does not
prevent hypoglossal neuronal cell death. We observed a more
robust effect of DP5 deficiency in the axotomy model than in the
culture NGF model of neuronal cell death. This could reflect
differences in the expression levels of DP5 and/or other apoptosis
regulatory genes in motoneurons versus SCG neurons and/or
differences between the cell-death pathway activated through
axotomy and NGF deprivation. We found no evidence for a role
of DP5 in naturally occurring cell death in the hypoglossal nu-
cleus. Pyknotic cells with features of apoptosis can be detected at
E17–E19 in the mouse hypoglossal nucleus, and Bax deficiency
delays this neuronal cell death (Sun et al., 2003). Thus, it is pos-
sible that Bim and/or another BH3-only protein could function
upstream of Bax to regulate developmental neuronal apoptosis in
the hypoglossal nucleus. However, the ultimate number of post-
natal neurons in the hypoglossal nucleus is not affected by the
deficiency of Bax, caspase-3, or caspase-9 (Oppenheim et al.,
2001; Sun et al., 2003), indicating that neuronal cell death pro-
ceeds in the absence of these factors.

Proapoptotic BH3 proteins appear to function upstream of
the mitochondria linking death stimuli to BAX and BAK (Bouil-
let and Strasser, 2002), because a deficiency of BAX (Deckwerth et
al., 1996) and overexpression of Bcl-2 and Bcl-XL (Farlie et al.,
1995; Blomer et al., 1998; Parsadanian et al., 1998) are known to
protect neurons from axotomy-induced cell death. Consistent
with this, we found that the absence of DP5 inhibited the loss of
mitochondrial membrane potential and activation of caspase-3
in SCG neurons after NGF deprivation. DP5 may promote neu-
ronal cell death by interacting with and inhibiting prosurvival
Bcl-2 family members such as Bcl-2 and Bcl-XL. Such inhibition
would allow proapoptotic Bax to oligomerize and to insert into
the outer mitochondria, an event leading to mitochondrial dys-

Figure 3. DP5 deletion protects motoneurons from axotomy-induced cell death. A, In situ
hybridization of hypoglossal nuclei from 8-week-old mice with dp5- and bim-labeled probes 7 d
after hypoglossal nerve transection. Injured and uninjured (control) sides are shown. The fold
induction of dp5 and bim in injured neurons (compared with the uninjured side) calculated by
image scanning is indicated. B, Coronal sections of the hypoglossal nuclei from DP5 �/� and
DP5 �/� mice 35 d after axotomy. The injured and control (contralateral) sides are shown.
Motoneurons were stained with thionine. cc, Central canal. C, Survival of motoneurons from
DP5 �/� and DP5 �/� mice 35 d after hypoglossal nerve transection. The number of neurons in
the injured and uninjured hypoglossal nuclei was determined by counting seven different sec-
tions per animal. Results represent the number of motoneurons in each axotomized nucleus as
a percentage of the number in its contralateral (uninjured) nucleus. The DP5 �/� (n � 7) and
DP5 �/� (n � 6) mice were significantly different ( p � 10 �5; Student’s t test). D, Number of
neurons in hypoglossal nuclei (uninjured side) from 8-week-old DP5 �/� and DP5 �/� mice.
Values (number of neurons) represent the means � SD derived from seven sections per animal.
Results derived from two DP5 �/� and two DP5 �/� mice are shown.
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function and caspase activation. In an alternative model, BH3-
only proteins such as DP5 and BIM may activate BAX directly or
indirectly without a need for repressing prosurvival Bcl-2 family
members. Notably, the human DP5 ortholog HRK is induced in
the spinal neurons of patients with amyotrophic lateral sclerosis
(ALS) (Shinoe et al., 2001). Future studies will determine whether
DP5/HRK plays a role in neuronal cell death associated with ALS
in mouse models of this disease.
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