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Evidence That �Np73 Promotes Neuronal Survival by
p53-Dependent and p53-Independent Mechanisms
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The p53 family member, p73, is essential for the survival of sympathetic neurons during the developmental period of naturally occurring
neuronal death. Here, we have asked whether �Np73, which is the only p73 isoform expressed in sympathetic neurons, mediates this
survival by p53-dependent and/or p53-independent mechanisms. Initially, we used a genetic approach and crossed p53�/� and p73 �/�

mice. Quantitation of neurons in the sympathetic superior cervical ganglion during the period of naturally occurring cell death revealed
that the loss of p53 partially rescued the death of neurons seen in p73�/� animals. Moreover, exogenous expression of �Np73 in cultured
p53 �/� sympathetic neurons rescued these neurons from apoptosis after NGF withdrawal. Biochemical studies asking how �Np73
inhibited NGF withdrawal-induced apoptosis in wild-type neurons demonstrated that it prevented the upregulation of the direct p53
targets p21 and Apaf-1 as well as cleavage of caspase-3. It also inhibited events at the mitochondrial apoptotic checkpoint, suppressing the
induction of BimEL and the release of mitochondrial cytochrome c. Interestingly, �Np73 expression also inhibited one very early event
in the apoptotic cascade, the activation of c-Jun N-terminal protein kinase (JNK), likely by binding directly to JNK. Finally, we show that
neuronal cell size is decreased in p73�/� mice, and that this decrease is not rescued by the lack of p53, suggesting a role for p73 in
regulating cell size that does not involve interactions with p53. Thus, �Np73 promotes neuronal survival via p53-dependent and
-independent mechanisms, and it does so at multiple points, including some of the most proximal events that occur after NGF withdrawal.
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Introduction
During development, the nervous system is confronted with the
problem of establishing appropriate neuronal connectivity, a
problem that is partially solved by overproducing neurons and
then eliminating those cells that do not successfully compete for
target territory (Oppenheim, 1991). This process of naturally oc-
curring cell death is perhaps best understood in sympathetic neu-
rons of the peripheral nervous system, where the ultimate sur-
vival of any given neuron is determined by its ability to sequester
sufficient amounts of target-derived NGF. NGF then mediates a
retrograde survival signal through interactions with the tyrosine
receptor kinase A (TrkA)/NGF receptor on the terminal arbor
(Miller and Kaplan, 2001). Interestingly, recent studies indicate
that a second neurotrophin receptor (NTR), the p75 neurotro-
phin receptor (p75NTR), plays a functionally antagonistic role in
this system and actually promotes the rapid elimination of those

sympathetic neurons that do not compete successfully for target-
derived NGF (Bamji et al., 1998; Majdan et al., 2001). Thus, the
ultimate survival of any given neuron during this period is deter-
mined by the interaction between TrkA and p75NTR, a func-
tional interaction that is best exemplified by studies in animals
mutant in one or both of these genes (Smeyne et al., 1994; Bamji
et al., 1998; Majdan et al., 2001).

The signaling pathways that underlie these interactions have
been examined by focusing on cultured neonatal sympathetic
neurons, which are dependent on NGF for their survival in cul-
ture as they are in vivo. The TrkA receptor mediates its prosur-
vival effects in these neurons by activating the phosphatidylino-
sitol 3 (PI3)-kinase-Akt pathway, whereas p75NTR mediates its
proapoptotic effects via a c-Jun N-terminal protein kinase (JNK)-
p53-Bax pathway (Kaplan and Miller, 2000). As would be pre-
dicted, this p75NTR-activated apoptotic pathway is similar to
that induced when NGF is withdrawn from sympathetic neurons,
although it is clear that there is a p75NTR-independent compo-
nent to NGF withdrawal (Bamji et al., 1998; Majdan et al., 2001;
Palmada et al., 2002), which likely involves cell cycle dysregula-
tion (Freeman et al., 1994; Park et al., 1996, 1997).

The apoptotic pathway that is activated after NGF withdrawal
in sympathetic neurons has been well characterized. Some of the
earliest events involve activation of the JNKs and a robust in-
crease in levels of and phosphorylation of the JNK target c-jun
(Estus et al., 1994; Ham et al., 1995; Eilers et al., 1998). This early
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phase is followed by increases in the levels of the proapoptotic
Bcl-2 family member BimEL (Putcha et al., 2001; Whitfield et al.,
2001), translocation of Bax to the mitochondrion, and subse-
quent release of cytochrome c (Putcha et al., 1999). Cytochrome
c, along with Apaf-1 and the initiator caspase-9, form the apop-
tosome that leads to activation of the downstream caspase-3 and
ultimately neuronal apoptosis (Li et al., 1997). This whole process
is relatively prolonged, taking �48 hr, and can be reversed by the
readdition of NGF for time points up to 12 hr after initial NGF
withdrawal (Deckwerth and Johnson, 1993).

We demonstrated previously a key role for the p53 family in
these pathways. With regard to p53 itself, animals lacking even a
single allele of p53 display a deficit in developmental sympathetic
neuron death in vivo and the adenoviral protein early region 18
55K, which binds to and inhibits p53 (Kao et al., 1990; Yew and
Berk, 1992), inhibits NGF withdrawal-induced apoptosis in cul-
ture (Aloyz et al., 1998). Surprisingly, a second member of the
p53 family, p73 (Jost et al., 1997; Kaghad et al., 1997), plays a
prosurvival role; p73�/� sympathetic neurons demonstrated en-
hanced apoptosis in vivo, and an N-terminal truncated isoform of
p73, �Np73, completely inhibited NGF withdrawal-induced ap-
optosis (Pozniak et al., 2000). One of the ways that �Np73 may
mediate this prosurvival effect is by acting as a naturally occur-
ring dominant-inhibitory antagonist of p53, because we have
shown previously that �Np73 binds to p53 and inhibits p53-
mediated sympathetic neuron apoptosis (Pozniak et al., 2000).
This prosurvival role for �Np73 may well generalize to other
populations of neurons, because overexpression of �Np73 can
rescue cortical neurons from apoptotic insults, and there is on-
going apoptotic death in the cortex of postnatal p73�/� animals
(Pozniak et al., 2002).

In this study, we have asked, first, whether p73 mediates its
prosurvival effects on sympathetic neurons by antagonizing the
proapoptotic effects of p53 and, second, how �Np73 inhibits the
proapoptotic cascade that is initiated after NGF withdrawal. Our
data indicate that �Np73 mediates survival by p53-dependent
and -independent mechanisms, and that it does so at multiple
points in the mitochondrial apoptotic cascade, including the in-
hibition of JNK activation, one of the most proximal apoptotic
events that occur after NGF withdrawal.

Materials and Methods
Animal analysis. Maintenance and genotyping of C57/Bl6 p53 �/� and
C129 p73 �/� mice were performed as described previously (Aloyz et al.,
1998; Pozniak et al., 2000). Initially, p53 �/� and p73 �/� mice were
crossed to generate mice heterozygous for both genes. These mixed back-
ground double heterozygotes were then bred to produce progeny for
analysis. Histological analysis was performed essentially as described pre-
viously (Aloyz et al., 1998; Majdan et al., 2001). Briefly, ganglia were
drop-fixed in fresh 4% paraformaldehyde in 0.1 M phosphate buffer, pH
7.4, cryoprotected in 30% sucrose, and then cryosectioned at 7 �m on a
Leica (Nussloch, Germany) cryostat. Sections were stained with cresyl
violet and analyzed with a Zeiss (Thornwood, NY) Axioplan microscope
using a 20� objective and the Northern Eclipse computer-based image
analysis software (Empix, Ontario, Canada). Neuronal numbers were
determined by counting all neuronal profiles with nucleoli on every third
section and multiplying the obtained number by three, as per Coggeshall
et al. (1984). This method does not correct for split nucleoli. Neuronal
soma size was determined by measuring the mean cross-sectional area of
50 –100 neurons with nucleoli per animal. Superior cervical ganglia
(SCG) volume was determined by summing the SCG cross-sectional
areas of every third section, multiplying by the section thickness (7 �m)
to obtain the volume for one-third of the SCG, and then multiplying by
three to obtain the whole SCG volume. Statistical results were expressed
as the mean � SEM and were tested for significance by Student’s t test.

Immunohistochemistry was performed on alternate sections to those
used for neuronal counts. Sections were washed with PBS, blocked and
permeabilized for 1 hr at room temperature with 3% normal goat serum
(Jackson ImmunoResearch, West Grove, PA), and 0.25% Triton X-100
in PBS. Sections were immunostained overnight at room temperature
with rabbit anti-tyrosine hydroxylase (TH) (1:1000; Chemicon, Te-
mecula, CA), washed three times in PBS, and then incubated for 1 hr at
room temperature with goat anti-rabbit antibody conjugated with Alexa
488 (1:1000; Molecular Probes, Eugene, OR) before coverslipping.

Primary neuronal cultures. Mass cultures of neonatal rat sympathetic
neurons were cultured as described by Ma et al. (1992). Briefly, postnatal
day 1 (P1) SCGs were dissected and treated with 0.1% trypsin for 30 min
at 37°C, followed by treatment with DNase (0.01 mg/ml) for 1 min.
Ganglia were dissociated into single cells in Ultraculture media and then
plated onto rat tail collagen-coated four-well chamber slides or six-well
biochemistry dishes in Ultraculture media (Cambrex, East Rutherford,
NJ) containing 2 mM glutamine, 100 U/ml penicillin, 100 �g/ml strepto-
mycin, 3% rat serum (Wisent, Saint Jean-Baptiste de Rouville, Quebec,
Canada), 0.7% cytosine arabinoside, and 50 ng/ml mouse 2.5S NGF
prepared from mouse salivary glands (Cedarlane, Hornby, Ontario,
Canada).

Mass cultures of mouse sympathetic neurons were cultured by a mod-
ification of the above method, as described previously (Majdan et al.,
2001). Specifically, after dissociation of ganglia, neurons were plated in
Ultraculture medium containing 2 mM glutamine, 100 U/ml penicillin,
100 �g/ml streptomycin, 3% FBS, and 50 ng/ml mouse salivary gland
2.5S NGF. The next day, neurons were fed with the same media plus 0.5%
cytosine arabinoside.

Primary cortical neuron cultures were obtained from embryonic day
16 (E16) to E17 mouse embryos, dissociated enzymatically with 10 U/ml
papain and 0.1% DNase for 30 min at 37°C, and then dissociated me-
chanically with a glass Pasteur pipette. Cells were plated in Neurobasal
medium containing penicillin/streptomycin (1%), L-Gln (0.25%), and
B-27 supplement (2%) on poly-D-lysine-coated biochemistry dishes. On
day 3 in vitro (DIV3), one-quarter of the media was replaced with fresh
media containing cytosine arabinoside (final concentration, 3 �M) to
eliminate non-neuronal cells. On DIV7, cells were harvested for Western
blot analysis.

Adenoviral gene transfer. Established cultures of neonatal sympathetic
neurons were infected overnight with 50 or 100 multiplicity of infection
of replication-deficient recombinant adenovirus in the presence of Ul-
traculture media, 3% rat serum, 50 mM KCl, and 50 ng/ml NGF. Twenty-
four hours later, media was replaced with fresh Ultraculture containing
10 ng/ml NGF but no KCl. Established cortical neurons were infected in
a similar manner to sympathetic neurons, except the media used was
Neurobasal medium containing penicillin/streptomycin (1%), L-Gln
(0.25%), and B-27 supplement (2%), and no KCl. Adenoviruses used in
these experiments have been described previously and included Ad5p53
(Slack et al., 1996), which expresses human p53, Ad5LacZ (Toma et al.,
2000), and Ad5�Np73� or Ad5�Np73� (Pozniak et al., 2000), the latter
two of which coexpress green fluorescent protein (GFP).

p53�/� sympathetic neuron cultures. SCGs from P1 progeny of C57/Bl6
p53 �/� matings were individually dissected, dissociated, and main-
tained as described previously for mass mouse sympathetic neuron cul-
tures. Each SCG was plated into a separate well of a 96-well collagen-
coated culture dish. After performing PCR on tail DNA to confirm p53
genotype (Aloyz et al., 1998), p53 �/� or p53 �/� neurons were infected
on DIV4 overnight with Ad5GFP or Ad5�Np73��GFP. On DIV6, neu-
rons were withdrawn from NGF for 48 hr. Control neurons were main-
tained in NGF for the entirety of the experiment. Cells were fixed with 4%
paraformaldehyde for 15 min, washed three times with PBS, stained with
Hoechst dye for 10 min (1:3000), and washed three additional times with
PBS. Nuclear morphology was then analyzed with a Zeiss Axiovert in-
verted microscope (20� objective) and the Northern Eclipse image anal-
ysis software (Empix).

Biochemical analysis. For Western blot analysis of cultured neurons,
neurons were lysed and analyzed as described previously (Aloyz et al.,
1998; Vaillant et al., 1999). The following primary antibodies were used
for these analyses: rabbit polyclonal anti-phospho-JNK (1:1000; Bio-
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source, Camarillo, CA), rabbit polyclonal anti-JNK1 (1:1000; Santa Cruz
Biotechnology, Santa Cruz, CA), rabbit anti-Blm (Bcl-2 interacting me-
diator of cell death) (1:500; StressGen, Victoria, British Columbia, Can-
ada), rabbit anti-cleaved caspase-3 (1:1000; Cell Signaling Technology,
Beverly, MA), rabbit anti-ERK-1 (extracellular signal-regulated kinase)
(1:5000; Santa Cruz Biotechnology), rabbit anti-�-galactosidase (1:1000;
ICN Biochemicals, Costa Mesa, CA), rat monoclonal anti-Apaf-1 (1:
1000; Chemicon, Boronia, Australia), and mouse anti-pan-p73 (clone
ER-15, 1:200; NeoMarkers, Fremont, CA). As secondary antibodies, goat
anti-mouse HRP (Bio-Rad, Hercules, CA), goat anti-rabbit HRP
(Chemicon), or goat anti-rat HRP (Jackson ImmunoResearch) were
used at a dilution of 1:5000. The blots were visualized using the ECL
system (Amersham Biosciences, Arlington Heights, IL) and XAR
X-OMAT AR film (Kodak, Rochester, NY). The films were digitized, and
densitometry analysis was performed with NIH ImageJ 1.31v software.
Specifically, the background was subtracted, and the density of each band
was measured. The values of each band were normalized to loading con-
trol before calculating fold induction (i.e., the ratio of band densities
between two conditions).

For JNK activity assays, cells were lysed in 1% NP-40 lysis buffer with
protease inhibitor mixture (Roche, Hertforshire, UK), supplemented
with 10 mM NaF, 1 mM PMSF, and 1 mM sodium orthovanadate, rocked
for 10 min at 4°C, and then spun at 10,000 � g for 10 min to eliminate
insoluble debris. Protein levels were standardized by BCA assay (Pierce,
Rockford, IL). Ten percent of the lysate was kept for loading control, and
200 �g of total protein was incubated with rabbit anti-JNK1 C-17 anti-
body (1:100; Santa Cruz Biotechnology) for 1 hr at 4°C, followed by
incubation with protein A Sepharose beads (Amersham Biosciences) for
1 hr. Immune complexes bound to beads were spun down and washed
three times with NP-40 lysis buffer and two times with kinase buffer (25
mM HEPES, 25 mM MgCl2, 1 mM DTT). Beads were resuspended with 30
�l of kinase buffer containing 10 �Ci 32P-ATP, 50 �M ATP, and 1.5 �g of
glutathione S-transferase (GST) c-Jun (1–169; Upstate Biotechnology,
Lake Placid, NY) as a JNK substrate. Reactions were performed at 30°C
for 30 min and then stopped with 4� Laemmli sample buffer. Reactions
were boiled for 5 min and then loaded onto 7.5% SDS-PAGE. The gel was
transferred to a nitrocellulose membrane, and the membrane was
exposed to XAR x-ray film. The membrane was then probed with
anti-JNK-1 antibody to confirm JNK immunoprecipitation. The
original lysate was analyzed by Western blot analysis with rabbit anti-
ERK-1 (1:3000; Santa Cruz Biotechnology) and anti-JNK-1 antibodies to
demonstrate equal loading.

Cortical neuron lysates enriched for nuclear proteins were prepared by
collecting cells in AT buffer (60 mM KCl, 14 mM �-mercaptoethanol, 2
mM EDTA, 15 mM HEPES, pH 7.9, and 0.3 M sucrose) containing 15 mM

NaCl and protease inhibitors. Cells were sonicated and spun down, and
the pellet was washed with AT buffer with 15 mM NaCl. The pellet was
resuspended in AT buffer containing 150 mM NaCl, 0.1% NP-40, and
protease inhibitors and then sonicated again. The samples were spun
down, and the supernatants (enriched for nuclear proteins) were used for
GST pull-down assays and immunoprecipitations.

GST pull-downs and immunoprecipitations. For GST pull-downs, cor-
tical neuron lysates (0.5–1.0 mg) were mixed with 25 �g of recombinant
GST-�Np73� bound to glutathione beads (Pozniak et al., 2000) and
rocked for 1 hr at 4°C. As a control for specificity, lysates were also
incubated with GST alone. After extensively washing the beads with lysis
buffer, the beads were boiled for 5 min in 1� Laemmli sample buffer. The
supernatant was then loaded onto 10% SDS-PAGE, and Western blot
analysis was performed as above. To test for the direct interaction be-
tween GST-�Np73� and JNK, GST pull-downs were performed using
0.1– 0.5 �g of purified recombinant active JNK�1 (14 –327; Upstate Bio-
technology) or unactive JNK�1 (14 –328; Upstate Biotechnology) as sub-
strates. For immunoprecipitations, samples were processed in a similar
manner to the pull-downs, except Ad5�Np73� or Ad5�Np73� infected
cortical neuron lysates were incubated with anti-p73 ER-15 mouse im-
munoclonal antibody bound to protein A-Sepharose beads.

Immunocytochemistry and confocal microscopy. For immunocyto-
chemical analysis of cytochrome c, neurons were fixed in 4% paraformal-
dehyde for 15 min, washed with PBS three times, permeabilized with

0.5% Triton X-100 in PBS, and then blocked at room temperature for 1
hr with 0.5% BSA and 6% normal goat serum in PBS. Antibodies were
diluted in 0.25% BSA and 3% NGS in PBS. The following primary anti-
bodies were used in this study: rabbit polyclonal anti-�-galactosidase
(1:1000; ICN Biochemicals), rabbit polyclonal anti-p53 FL-393, which is
specific for the adenovirally driven human p53 (1:1000; Santa Cruz Bio-
technology), chicken polyclonal anti-GFP, mouse monoclonal anti-
cytochrome c (clone 6H2.B4; 1:500; PharMingen, San Diego, CA), and
mouse monoclonal anti-cytochrome oxidase subunit IV (1:1000; Molec-
ular Probes). After three washes with PBS, cells were incubated for 1 hr at
room temperature in goat anti-rabbit antibody conjugated to Alexa 488,
goat anti-chicken antibody conjugated to Alexa 488, or goat anti-mouse
antibody conjugated to Alexa 555 (all 1:1000; Molecular Probes).
Hoechst dye (1:3000) was added for 1 min to visualize nuclei. Cells were
then washed three times with PBS before coverslipping. Cells were ana-
lyzed and quantitated with a Zeiss Axioplan microscope (40� water
immersion objective) and the Northern Eclipse image analysis software.

For confocal microscopy, cells were treated as above and then analyzed
with the Zeiss LSM5 PASCAL system and a 63� oil immersion lens. To
capture red fluorescence, an excitation wavelength of 543 nm and a 560 –
615 nm bandpass filter were used. The images were then processed with
the software provided by Zeiss.

Results
p53 and p73 interact genetically to partially determine
sympathetic neuron survival in vivo
Our previous studies on p53�/� and p73�/� mice demonstrated
that the two proteins had opposite roles in the nervous system.
Mice lacking one or both p53 alleles had increased sympathetic
neuronal number after naturally occurring cell death, consistent
with the loss of a proapoptotic protein (Aloyz et al., 1998). In
contrast, p73, found in the nervous system only as an anti-
apoptotic isoform (�Np73), has a prosurvival role; mice lacking
both alleles of p73 had decreased sympathetic neuron numbers
(Pozniak et al., 2000). Because these two proteins can interact
biochemically in some situations (Pozniak et al., 2000), these
results suggested that their functionally antagonistic interactions
might regulate naturally occurring sympathetic neuron death.
We addressed this idea using the genetic approach of crossing
p53�/� and p73�/� animals. In these experiments, if p73 sup-
ported neuronal survival only by inhibiting the p53 death path-
way, then loss of p53 should completely rescue the enhanced
death of p73�/� neurons in vivo. Conversely, if p73 supports
neuronal survival via a p53-independent mechanism, then the
genetic loss of p53 should have no effect on p73�/� neuronal
death. A third alternative is that p73 inhibits apoptosis by both
p53-dependent and -independent mechanisms, in which case
loss of p53 would only partially rescue the p73�/� phenotype.

To perform these experiments, we crossed p53�/� mice in a
C57/Bl6 background to p73�/� mice in a C129 background to
generate p53�/�, p73�/� progeny in a mixed genetic back-
ground. We then crossed these double heterozygotes and ana-
lyzed their progeny by examining sympathetic neuron number in
the SCG during the developmental death period. Genotyping of
�100 animals resulting from these crosses revealed that the ex-
pected Mendelian ratio of progeny was obtained for males only;
p53�/� females were rarely obtained regardless of p73 status, as
reported previously (Armstrong et al., 1995; Sah et al., 1995). In
addition, as reported previously (Pozniak et al., 2000; Yang et al.,
2000), the majority of the p73�/� animals died within the first 2
weeks after birth, and this shortened lifespan was not rescued by
loss of either one or both p53 alleles. We therefore analyzed the
SCG of these mice at P10. At this time point, developmental
neuron death is ongoing.

We initially asked whether the perturbations in neuronal
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number we had previously reported for p53�/� and p73�/�

SCGs were maintained in this mixed genetic background. To
perform this analysis, ganglia were dissected from mice at P10,
cryostat sectioned, cresyl violet stained, and the number of neu-
rons per section counted at 21 �m intervals throughout the en-
tirety of the ganglion. As reported previously, p53�/�, p73�/�

ganglia were smaller in size than ganglia from their wild-type
littermates (Fig. 1A) with a mean ganglion volume of 0.057 �
0.003 mm 3 relative to a mean volume of 0.124 � 0.005 mm 3 for
wild-type ganglia. Quantitation of sympathetic neurons also con-
firmed that numbers were decreased in p53�/�, p73�/� ganglia
in this mixed genetic background (Fig. 2A), as they were in the
pure C129 background (Pozniak et al., 2000); wild-type neuron
numbers were 22,304 � 2147 (n � 6), whereas p53�/�, p73�/�

neuron numbers were 15,304 � 1419 (n � 3) ( p 	 0.05). Inter-
estingly, a careful morphological analysis revealed that the size of
the p53�/�, p73�/� neurons was also decreased by �30% (Fig.
2B) (126.0 � 13.5 vs 188.4 � 12.4 �m 2 for p53�/�, p73�/� vs
p53�/�, p73�/� neurons; p 	 0.05), a decrease that, along with
the lower neuron number, would explain the large decrease in
ganglion size. Confirmation that these smaller cells were in fact
sympathetic neurons was obtained by immunostaining ganglia
for tyrosine hydroxylase, a marker for the noradrenergic neuron
phenotype (Fig. 1C). Thus, the lack of p73 not only caused en-
hanced neuronal apoptosis but also caused decreased neuron
size.

We performed a similar analysis for p53�/�, p73�/� and
p53�/�, p73�/� ganglia. We reported previously that sympa-
thetic neuron number is increased to the same level in animals
lacking either one or two p53 alleles (Aloyz et al., 1998). In the

mixed genetic background used here, SCG
size was approximately similar for
p53�/�, p53�/�, and p53�/� animals
(Fig. 1A). Moreover, neuron morphology
(Fig. 1B) and size (Fig. 2B) were also sim-
ilar. However, quantitation of neuron
number confirmed that the lack of one or
both alleles of p53 led to a similar increase
in neuron number relative to p53�/� lit-
termates (Fig. 2B). More specifically,
whereas wild-type littermates had
22,304 � 2147 (n � 6) neurons in the P10
SCG, neuron numbers were significantly
increased to 30,757 � 553 (n � 4) in
p53�/�, p73�/� ganglia ( p 	 0.05). Sim-
ilarly, p53�/�, p73�/� neuron numbers
were increased to 29,111 � 2650 (n � 4), a
number that was not significantly differ-
ent from that obtained with p53�/�,
p73�/� ( p � 0.05) ganglia.

Having established the baseline for our
crosses, we then asked whether p53 and
p73 interacted genetically during develop-
mental sympathetic neuron death by
quantifying neuron number in p73�/�

animals lacking one or both p53 alleles.
Analysis of two p53�/�, p73�/� animals
that were obtained revealed that p53�/�,
p73�/� ganglia were smaller than wild-
type ganglia (Fig. 1A), and quantitation
revealed that p53�/�, p73�/� neurons
were also smaller than wild-type neurons
but were similar in size to p53�/�, p73�/�

neurons (Figs. 1B, 2B). However, whereas the size of neurons was
similar, p53�/�, p73�/� ganglia contained more neurons than
did the p53�/�, p73�/� ganglia (Fig. 2A). Specifically, p53�/�,
p73�/� SCGs contained on average 17,894 � 1130 neurons (n �
2), whereas p53�/�, p73�/� ganglia contained 15,304 � 1419
(n � 3) neurons. Thus, the coincident absence of p53 had no
effect on the smaller neuron size but partially rescued the loss of
neurons seen in p73�/� animals.

Because sympathetic neuron number is similar in animals
lacking one or both alleles of p53 (Fig. 2A), we examined p53�/�,
p73�/� ganglia to confirm the numbers obtained in two
p53�/�, p73�/� animals. This analysis revealed that, as seen with
p53�/�, p73�/� ganglia, neurons in p53�/�, p73�/� ganglia
were smaller than wild-type neurons but similar in size to the
p53�/�, p73�/� neurons (Figs. 1B, 2B) (125.9 � 11.4 vs 126.0 �
13.5 �m 2 for p53�/�, p73�/� vs p53�/�, p73�/� neurons).
Moreover, p53�/�, p73�/� ganglia contained more neurons
than did the p53�/�, p73�/� ganglia (Fig. 2A) (20,141 � 999,
n � 5, vs 15,304 � 1419, n � 3, for p53�/�, p73�/� vs p53�/�,
p73�/� neurons; p 	 0.05). However, this number was signifi-
cantly lower than that of p53�/�, p73�/� animals (30,757 � 553;
n � 4; p 	 0.05). Thus, the absence of one or both p53 alleles
partially rescues the decreased neuron number seen in p73�/�

ganglia, indicating that p73 must mediate neuronal survival by
both p53-dependent and p53-independent mechanisms. In ad-
dition, the finding that neuronal cell size is decreased in p73�/�

neurons and that this decrease is not rescued by the lack of p53
suggests a role for p73 in regulating cell size that does not involve
interactions with p53.

Figure 1. The coincident absence of p53 partially rescues the phenotype of the p73 �/� sympathetic superior cervical gan-
glion. A, Photomicrographs of cryosections of SCGs isolated from P10 progeny of different genotypes deriving from crosses of
p53 �/�, p73 �/� animals. Representative cross-sections from the center of the SCGs were stained with cresyl violet and photo-
graphed at the same magnification. Scale bar, 100 �m. B, Photomicrographs of neurons within cryosections similar to those
shown in A. The arrowheads indicate single neurons. Scale bar, 25 �m. C, Immunocytochemical analysis for TH in sections of the
SCG from a p53 �/�, p73 �/� animal to demonstrate that sympathetic neurons have an appropriate noradrenergic phenotype in
the absence of p73. The arrowheads indicate TH-positive neurons.
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�Np73 rescues p53 �/� sympathetic neurons from NGF
withdrawal-induced apoptosis
If, as indicated by the genetic data, p73 inhibits neuronal apopto-
sis by both p53-dependent and -independent mechanisms,
�Np73 should be able to rescue p53�/� sympathetic neurons
from apoptosis. To test this prediction, we cultured neonatal
p53�/� neurons, infected them with recombinant adenoviruses
that express either GFP alone (Ad5GFP) or �Np73� plus GFP
(Ad5�Np73�), and asked whether they survived after NGF with-
drawal. Initially, we characterized the time course of apoptosis of
p53�/� neurons by culturing sympathetic neurons from p53�/�

and p53�/� littermates, establishing them in NGF for 5 d, and
withdrawing them from NGF. After NGF withdrawal, we
counted defined fields of phase-bright neurons daily for 4 d. This
analysis revealed that, as reported previously (Vogel and Parada,
1998; Besirli et al., 2003), p53�/� neonatal sympathetic neurons
were only modestly resistant to apoptosis after NGF withdrawal
(data not shown). We then infected similar cultures with
Ad5GFP or Ad5�Np73�, withdrew NGF, and quantified the
number of surviving infected cells by examining nuclear mor-
phology of the infected neurons 48 hr after NGF withdrawal (Fig.
3A). As seen in uninfected neurons, p53�/� sympathetic neurons
that were transduced with GFP underwent apoptosis after NGF
withdrawal. However, these neurons showed modest and some-
what variable enhanced survival relative to p53�/� neurons that
were transduced with GFP and withdrawn from NGF (Fig. 3B).
In contrast, p53�/� sympathetic neurons that were transduced
with �Np73� plus GFP were completely rescued from apoptosis
induced by NGF withdrawal (Fig. 3B), supporting the conclusion
that p73 can rescue neurons from apoptosis by a p53-
independent mechanism(s).

p53 induces only some aspects of the NGF withdrawal-
induced apoptotic cascade
To characterize the underlying p53-dependent and p53-
independent mechanisms by which �Np73 mediates sympa-
thetic neuronal survival, we initially characterized the apoptotic
changes in sympathetic neurons induced by p53 itself. We dem-
onstrated previously that p53 induction is sufficient to cause
sympathetic neuron apoptosis in the presence of NGF (Slack et
al., 1996). Moreover, we have shown that although p53 overex-
pression does not cause JNK activation, an early apoptotic signal-

ing event after NGF withdrawal of sympathetic neurons, it does
induce one of its direct gene targets, the cyclin-dependent kinase
p21WAF1 (Aloyz et al., 1998). To extend this analysis, we asked
whether increased p53 was sufficient to cause alterations in sym-
pathetic neuron gene expression that were associated with neu-
ronal apoptosis, focusing on Apaf-1, an apoptosome component
that is a known downstream target of p53 in DNA damage-
induced neuronal apoptosis (Fortin et al., 2001), and on BimEL,
a proapoptotic BclII family member that is induced after NGF
withdrawal (Putcha et al., 2001; Whitfield et al., 2001). Sympa-
thetic neurons were infected with adenoviruses expressing either
p53 (Ad5p53) or �-galactosidase (Ad5LacZ), maintained in
NGF, and then analyzed at time points ranging from 27 to 56 hr
after infection. Western blot analysis revealed that p53 caused a
small but reproducible increase in Apaf-1 levels (Fig. 4A). In
contrast, BimEL levels were unchanged by p53 overexpression, in
contrast to the upregulation observed after NGF withdrawal (Fig.
4B). Thus, in sympathetic neurons, p53 induces expression of
two of its known direct targets, Apaf-1 and p21WAF1 (Aloyz et
al., 1998) but not BimEL.

We next examined the mitochondrial apoptotic transition
based on a number of recent reports indicating that p53 mediates
apoptosis directly at the mitochondrial level (Schuler et al., 2000;
Mihara et al., 2003; Chipuk et al., 2004). More specifically, we
examined cytochrome c release, a critical cell death checkpoint in
the process of NGF withdrawal-induced apoptosis. To assay for

Figure 2. Loss of p53 partially rescues the loss of sympathetic neurons in p73 �/� ganglia.
A, Quantitation of the mean sympathetic neuron number in P10 SCGs of different genotypes
deriving from crosses of p53 �/�, p73 �/� animals. With the exception of p53 �/�, p73 �/�

genotype, the bars represent the mean neuron numbers � SEM (n � 3). For the p53 �/�,
p73 �/� neurons, the bar indicates the average neuron number of two SCGs�SEM (*p	0.05
relative to p53 �/�, p73 �/�; **p 	 0.05 relative to p53 �/�, p73 �/�). B, Quantitation of
sympathetic neuron size in P10 SCGs of the progeny of p53 �/�, p73 �/� crosses. Loss of p53
does not rescue the reduced neuron size seen in p73 �/� mice (*p 	 0.05 relative to p53 �/�,
p73 �/�)

Figure 3. �Np73 rescues p53 �/� neurons from NGF withdrawal-induced apoptosis. A,
Fluorescence micrographs of p53 �/� sympathetic neurons infected with a recombinant ade-
novirus expressing both �Np73� and GFP (Ad5�Np73��GFP) withdrawn from NGF for 48 hr
and then counterstained with Hoechst to show the nuclear morphology. The arrowhead indi-
cates an uninfected neuron with a pyknotic, apoptotic nucleus, whereas the arrow denotes one
of several infected GFP-positive neurons in the field that show round, healthy nuclei. B, Bar
graphs showing quantitation of two representative experiments (of 3 in total) similar to that
shown in A. p53 �/� and p53 �/� neurons cultured from neonatal littermates were infected
either with an adenovirus expressing only GFP (Ad5GFP) or with one expressing both �Np73�
and GFP (Ad5�Np73�) withdrawn from NGF for 48 hr and analyzed as in A. Scale bar, 50 �m.
Data were normalized so that the survival of GFP-infected p53 �/� neurons in NGF was 100%,
and GFP-infected p53 �/� neurons withdrawn from NGF for 48 hr was 0%. Note that �Np73�
completely rescued p53 �/� neurons from apoptosis, and that survival of p53 �/� neurons
was higher than that of their wild-type counterparts, although the magnitude of this increase
was variable.
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cytochrome c release, we used an immunocytochemical assay
previously used extensively for sympathetic neurons (Neame et
al., 1998; Deshmukh et al., 2000; Whitfield et al., 2001). By fluo-
rescence microscopy, a bright, punctuate, cytochrome c staining
pattern in these neurons corresponds to intact mitochondrial
cytochrome c, whereas a faint, diffuse, staining pattern corre-
sponds to cytochrome c that has been released from mitochon-
dria (Fig. 4C). As a control for the specificity of this assay, we
assessed mitochondrial structural integrity by immunostaining
cells for the mitochondrial protein cytochrome oxidase subunit
IV (COX IV) (Fig. 4D), which is not released during apoptosis.
COX IV staining was bright and punctate in sympathetic neurons
regardless of whether they were maintained in or withdrawn
from NGF (Fig. 4D). Having established the assay, we then in-
fected sympathetic neurons with recombinant adenoviruses ex-
pressing either p53 or GFP. Forty-eight hours postinfection, we
performed double immunostaining for cytochrome c and for ei-
ther p53 or GFP. Immunocytochemical analysis revealed that
30 – 60% of the p53-expressing neurons showed diffuse cyto-
chrome c immunoreactivity, indicative of mitochondrial cyto-
chrome c release (Fig. 4E). In contrast, the vast majority of neu-
rons infected with the GFP adenovirus exhibited punctate
cytochrome c immunoreactivity, with none or few showing a

diffuse pattern (Fig. 4E), a pattern similar
to that seen for uninfected neurons (Figs.
4C, 6A). Thus, p53 overexpression is suf-
ficient to cause cytochrome c release and
neuronal apoptosis accompanied by in-
creases in p21 and Apaf-1 but is not suffi-
cient to induce either JNK activation or
BimEL upregulation, two of the most prox-
imal events seen after NGF withdrawal.

�Np73 blocks the induction of the p53
target genes p21WAF1 and Apaf-1 as it
inhibits neuronal apoptosis after
NGF withdrawal
Having shown that p53 induces only a
subset of the alterations associated with
NGF withdrawal-induced apoptosis, we
then asked which aspects of this apoptotic
cascade were inhibited by �Np73. We
have shown previously that when sympa-
thetic neurons are cultured in NGF to pro-
mote their survival, �Np73 levels are in-
creased. Withdrawal of NGF dramatically
decreases�Np73 levels coincident with neu-
ronal apoptosis, and this apoptosis can be
inhibited by rescuing the decrease in �Np73
(Pozniak et al., 2000). We therefore overex-
pressed �Np73� or �Np73� in cultured
sympathetic neurons, withdrew them from
NGF, and asked how this inhibited apopto-
sis. Cells rescued by either �Np73 isoform
remained healthy in the absence of NGF for
at least 4 d, as demonstrated by phase mi-
croscopy and MTT staining (data not
shown). For all of the ensuing biochemical
studies, similar results were obtained with
both isoforms.

We initially examined expression of
the direct p53 target genes p21WAF1 and
Apaf-1. In this regard, although we have

shown previously that p21WAF1 is increased after NGF with-
drawal and p53 overexpression (Aloyz et al., 1998; Deshmukh et
al., 2000), Apaf-1 has not been examined. We therefore first asked
whether Apaf-1 levels were increased after NGF withdrawal, as
they were after p53 overexpression (Fig. 4A). Western blot and
densitometric analyses of mouse sympathetic neurons estab-
lished in NGF for 5 d and then switched into media with or
without NGF for 24 hr revealed that Apaf-1 levels were consis-
tently but modestly increased during NGF withdrawal-induced
apoptosis (Fig. 5A), as were levels of p21WAF1 (Fig. 5B).

We next asked whether �Np73 antagonized these p53-
dependent alterations; sympathetic neurons were established in
NGF and then transduced with adenoviruses expressing either
�Np73 (Ad5�Np73) or �-galactosidase (Ad5LacZ). Neurons
were then withdrawn from NGF and analyzed 24 hr later. Western
blot and densitometry analyses revealed that overexpression of
�Np73 but not �-galactosidase prevented the increased levels of
Apaf1 seen after NGF withdrawal (Fig. 5A). Similar results were
obtained for p21WAF1, except that p21 levels were even lower than
baseline control levels in the �Np73-expressing neurons (Fig. 5B).
�Np73 also inhibited the cleavage and activation of the effector
caspase, caspase-3 (Fig. 5C), consistent with the observed rescue of
neuronal survival (Pozniak et al., 2000). Thus, �Np73 inhibits neu-

Figure 4. p53 induces increased levels of Apaf-1 as well as cytochrome c release from mitochondria but has no effect on
expression of BimEL. A, B, Western blot analysis of cultured neonatal mouse ( A) or rat ( B) sympathetic neurons that were
established in the presence of NGF, transduced with the recombinant adenoviruses Ad5p53 or Ad5LacZ as indicated, and main-
tained in NGF for various time points after infection. Controls were withdrawn from NGF for 24 hr. Western blots were then probed
with antibodies specific for Apaf-1 ( A) or BimEL ( B). Blots were then reprobed for the ERKs to demonstrate equal loading (p42/p44
ERK). C, Confocal micrographs of sympathetic neurons that were either maintained in NGF (�NGF; left) or withdrawn from NGF for
24 hr (�NGF; right) and then fixed and immunostained for cytochrome c, demonstrating the patterns of staining that were
defined as punctate (localized to mitochondria; left) or diffuse (released from mitochondria; right) for quantitation. Scale bar, 10
�m. D, Confocal micrographs of sympathetic neurons that were either maintained in NGF (�NGF; left) or withdrawn from NGF
(�NGF; right) on DIV 5 and then immunostained 24 hr later for COX IV, a mitochondrial marker. Note that COX IV staining remains
bright and punctate after NGF withdrawal. E, Quantitation of diffuse cytochrome c distribution, indicative of cytochrome c that has
been released from mitochondria in sympathetic neurons 48 hr after infection with recombinant adenoviruses expressing either GFP or
p53. Infectedneuronswerefixedandimmunostainedforp53andcytochrome c,nucleiwerevisualizedbyHoechstdye,andthepercentage
of infected neurons showing diffuse cytochrome c immunostaining was determined. Data represent the percentage of infected cells with
diffuse cytochrome c staining in two independent experiments.
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ronal apoptosis upstream of p21, Apaf-1, and caspase-3, possibly by
antagonizing the transcriptional actions of p53.

�Np73 blocks mitochondrial activation after
NGF withdrawal
Because both NGF withdrawal and p53 overexpression (Fig. 4E)
directly induce a mitochondrial apoptotic transition, we asked
whether �Np73 would inhibit cytochrome c release. Neurons
were established in NGF, infected with adenoviruses expressing

either �Np73 or �-galactosidase, and were then withdrawn from
NGF for 24 hr. Control neurons were maintained in NGF for the
entirety of the experiment. Immunocytochemistry and quantita-
tive analysis revealed that in neurons expressing control
�-galactosidase and maintained in NGF, cytochrome c staining
was punctate and nuclei were intact, as was expected (punctuate,
86 � 9.8%; diffuse, 13 � 9.8%) (Fig. 6A). Similar staining pat-
terns were observed in neurons expressing �Np73� and main-
tained in NGF (punctuate, 80 � 3.2%; diffuse, 20 � 3.2%) (Fig.
6A). Conversely, in neurons withdrawn from NGF and express-
ing �-galactosidase, most cells exhibited faint, diffuse, cyto-
chrome c staining and had pyknotic nuclei, indicating that these
apoptotic cells had indeed released cytochrome c (punctuate,
27 � 4.3%; diffuse, 72.8 � 4.3) (Fig. 6A). Interestingly, when
neurons expressing �Np73 were withdrawn from NGF, cyto-
chrome c staining in the transduced neurons was primarily bright
and punctate (punctate, 74 � 4.5%; diffuse, 26 � 4.5%) (Fig.
6A), a similar pattern to that observed in NGF-maintained neu-
rons. Thus, �Np73 acts to inhibit the release of cytochrome c
after NGF withdrawal.

Proapoptotic and anti-apoptotic Bcl-2 family members such
as Bim participate in maintaining mitochondrial integrity. Be-
cause �Np73 was acting upstream of mitochondrial cytochrome
c release, we asked whether �Np73 modulated the levels of
BimEL. Western blot analysis demonstrated that the upregula-
tion of BimEL seen after NGF withdrawal was completely pre-
vented by overexpression of �Np73 isoforms (Fig. 6B). Because
p53 is not sufficient to induce BimEL, we conclude that �Np73
acts potentially by inhibiting p53-dependent actions at the mito-
chondrion as well as p53-independent upregulation of BimEL.

�Np73 binds to JNK and inhibits JNK activation after
NGF withdrawal
The induction of BimEL is thought to be downstream of JNK
activation after NGF withdrawal (Putcha et al., 2001; Whitfield et
al., 2001). Because �Np73 inhibited this induction, we examined
the activation of JNK, one of the most proximal apoptotic events
to occur after NGF withdrawal (Estus et al., 1994; Ham et al.,
1995; Eilers et al., 1998). To assess JNK activation, we used two
approaches; Western blot analysis with a phospho-specific JNK
antibody and an in vitro immune complex kinase assay using
GST-c-jun (1–169) as a substrate. For both, sympathetic neurons
were established in NGF, infected with either Ad5�Np73 or
Ad5LacZ, and then withdrawn from NGF. Eight hours later, ly-
sates were collected for biochemical analysis. Western blot anal-
ysis with the phospho-specific JNK antibody revealed that, as
previously reported, JNK activation was increased 8 hr after NGF
withdrawal, and this activation was unaffected by infection with
Ad5LacZ (Fig. 7A). In contrast, overexpression of �Np73 inhib-
ited the increased phosphorylation of JNK seen using this assay
(Fig. 7A). The immune complex kinase assay confirmed this
result; JNK activity was increased after NGF withdrawal, as evi-
denced by increased in vitro phosphorylation of the GST-c-jun
substrate, an increase that was inhibited by �Np73 but not
�-galactosidase (Fig. 7B).

We next asked whether the prevention of JNK activation by
�Np73 was attributable to a direct interaction between the two
proteins. To answer this question, we performed GST pull-down
assays by incubating GST-�Np73� (Pozniak et al., 2000) with
nuclear extracts of cortical neurons, which express abundant
JNK. This approach revealed that GST-�Np73� was able to in-
teract with JNK in cortical neuron lysates (Fig. 7C). GST alone
did not interact with JNK, demonstrating the specificity of this

Figure 5. �Np73 blocks the increases in p21WAF1 and Apaf-1 and cleavage of caspase-3 in
sympathetic neurons withdrawn from NGF. A–C, Western blot analysis of cultured neonatal
mouse ( A) or rat (B, C) sympathetic neurons that were established in the presence of NGF,
transduced with the recombinant adenoviruses Ad5�Np73�, Ad5�Np73�, or Ad5LacZ as
indicated, withdrawn from NGF on DIV5, and lysed 24 hr later. Controls were maintained in NGF
for the entirety of the experiment. Western blots were then probed with antibodies specific for
Apaf-1 ( A), for p21WAF1 ( B), or for cleaved activated caspase-3 ( C). All blots were then re-
probed for the ERKs to demonstrate equal loading (p42/p44 ERK). Adenoviral gene transfer was
confirmed by performing Western blots on the same lysates with antibodies specific for
�-galactosidase and for p73. The average fold-induction � SEM of the relevant protein from
two independent experiments is also graphed, demonstrating the consistency of the rescue
with �Np73. The asterisk (*) in the p73 reprobe denotes a nonspecific band.
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interaction (Fig. 7C). We then confirmed that �Np73 could interact
with endogenously expressed JNK in cortical neurons. Cortical neu-
rons were infected with Ad5�Np73� or Ad5�Np73�, and �Np73
was immunoprecipitated from an enriched nuclear lysate with an
antibody specific to p73. Western blotting of the immunoprecipi-
tated proteins with a JNK antibody showed that JNK associated
with immunoprecipitated �Np73 in cortical neurons (Fig. 7D).

Because all of these assays involved neuronal lysates, it was
possible that the interaction between �Np73 and JNK was medi-
ated indirectly by another associated protein. To address this
possibility, we directly mixed GST-�Np73� with purified JNK1
that was either phosphorylated (active) or not (inactive). We then
pulled down the GST-�Np73� and asked whether it was associ-
ated with JNK. This analysis revealed that both active and inactive
JNK�1 directly associated with GST-�Np73� but not with GST
alone (Fig. 7E). Thus, �Np73 inhibits JNK activation after NGF
withdrawal, likely by directly interacting with JNK itself.

Discussion
The data presented here support the hypothesis that �Np73 me-
diates its neuronal survival effects via p53-dependent and
-independent mechanisms, and that it does so upstream of the
mitochondrial apoptotic transition. Specifically, our findings
support four major conclusions. First, our genetic study shows
that loss of p53 is sufficient to partially rescue the enhanced sym-
pathetic neuron death seen in p73�/� mice, demonstrating that
these two proteins interact in a functionally antagonistic manner
during naturally occurring neuronal death. However, this rescue

is only partial, indicating that p73 must
mediate neuronal survival via other tar-
gets as well. Interestingly, our genetic
study also suggests that p73 plays a role in
cell size regulation, and that it might do so
in a p53-independent manner. Second,
the studies we report here with p53�/�

neurons, together with our previous stud-
ies showing that �Np73 can directly res-
cue p53-mediated neuronal apoptosis
(Pozniak et al., 2000), strongly argue that
�Np73 mediates neuronal survival by
p53-dependent and -independent path-
ways. Third, our biochemical and cell bio-
logical studies indicate that �Np73 inhib-
its NGF withdrawal-induced neuronal
apoptosis at multiple points, including some
that are upstream of the mitochondrial apo-
ptotic transition. Some of these effects are
consistent with inhibition of the proapop-
totic actions of p53, whereas others, such as
the inhibition of JNK activation, likely rep-
resent p53-independent actions. Fourth,
our studies demonstrate that �Np73 can
directly bind to and inhibit JNK, thereby
identifying a novel target for this prosurvival
protein. Together, these findings support
a model where �Np73 acts as a potent
and early inhibitor of neuronal apoptotic
signaling cascades, mediating its effects both
via p53 and via at least one other target pro-
tein, JNK.

We demonstrated previously that the
�Np73 isoforms are highly potent survival
proteins, inhibiting the death of cultured
sympathetic and cortical neurons as medi-

ated by a variety of stimuli, including NGF withdrawal and DNA
damage (Pozniak et al., 2000, 2002). Moreover, we previously
demonstrated enhanced death of p73�/� postnatal sympathetic
and cortical neurons in vivo, indicating that this gene is essential
for the survival of at least some populations of developing neu-
rons. How then does �Np73 inhibit neuronal apoptosis? Data
presented here argue that �Np73 functions partially by antago-
nizing p53. Although p53 is best known for its proapoptotic ac-
tions in mature neurons after insults such as excitotoxicity and
axonal injury (Miller et al., 2000), we have shown previously that
it is also important for death of developing sympathetic neurons
(Aloyz et al., 1998). Our data suggest that one way �Np73 antag-
onizes p53 is at the transcriptional level, as described previously
in cell lines (Kartasheva et al., 2002; Stiewe et al., 2002). Specifi-
cally, �Np73 blocked the upregulation of two direct p53 tran-
scriptional targets, p21WAF1 (el-Deiry et al., 1993) and Apaf-1
(Fortin et al., 2001; Robles et al., 2001) after NGF withdrawal.
�Np73 coincidentally prevented the upregulation of BimEL, a
proapoptotic Bcl-2 family member. However, because Bim ex-
pression is not induced by p53 expression in sympathetic neu-
rons, and because Bim is not known to be a direct transcriptional
target of p53, we propose that this latter response is likely medi-
ated indirectly via inhibition of JNK.

In addition to blocking increases in p53 target gene products,
our data indicate that �Np73 inhibits apoptosis outside of the
nucleus. In particular, we show that �Np73 inhibited the mito-
chondrial apoptotic transition. In light of recent reports that sug-

Figure 6. �Np73 prevents cytochrome c release from mitochondria and BimEL upregulation in sympathetic neurons after NGF
withdrawal. A, Quantitation of cytochrome c distribution at 24 hr post-NGF withdrawal in established cultures of neonatal rat
sympathetic neurons that were infected with either LacZ or �Np73� adenovirus, the latter of which coexpresses GFP, and
withdrawn from NGF on DIV5. After 24 hr, cells were fixed and immunostained for �-galactosidase and cytochrome c (for Ad5LacZ)
or for GFP and cytochrome c (for Ad5�Np73�). Nuclei were visualized by Hoechst dye, and the percentage of infected neurons
showing punctate (black bars) versus diffuse (white bars) cytochrome c immunostaining was determined. Error bars indicate the
mean � SEM (n � 3 independent experiments). B, Western blot analysis for BimEL in cultured neonatal rat sympathetic neurons
that were established for 3 DIV, infected with Ad5LacZ, Ad5�Np73�, or Ad5�Np73�, withdrawn from NGF on DIV5, and then
analyzed 20 hr later. As a control, neurons were maintained in NGF for the entirety of the experiment. The positive controls are
lysates of cultured human embryonic kidney 293 cells or HeLa cells. The blots were reprobed for the ERK proteins to ensure equal
loading of protein (p44 ERK), and adenoviral gene transfer was confirmed by probing the same lysates with antibodies specific for
�-galactosidase and p73. These blots are representative of those obtained in three independent experiments. The fold-induction
of BimEL from two independent experiments is also graphed, demonstrating the consistency of the rescue with �Np73. The
asterisk (*) in the p73 reprobe denotes a nonspecific band. A background band (**) is present because of incomplete stripping of
the ERK blot.
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gest that p53 can act directly at the mito-
chondrion to cause cytochrome c release
as well as associate with proteins that reg-
ulate mitochondrial integrity (Schuler et
al., 2000; Mihara et al., 2003; Chipuk et al.,
2004), one possible role for �Np73 is to
directly inhibit the actions of p53 at the
mitochondrion. However, because
�Np73 also inhibited the increase in
BimEL, an increase that is involved in cy-
tochrome c release after NGF withdrawal,
and because p53 transcriptionally upregu-
lates other proapoptotic Bcl-2 family
members such as Puma and Noxa (Oda et
al., 2000; Nakano and Vousden, 2001; Yu et
al., 2001), these mitochondrial effects might
also be the indirect consequence of tran-
scriptional inhibition.

Our data showing only a partial rescue
of the p73�/� phenotype with the deletion
of one or two p53 alleles argues that
�Np73 has prosurvival targets other than
p53. What are these other targets? As dis-
cussed above, one additional target is JNK.
We show here that �Np73 inhibits JNK
activation, directly associates with JNK1,
and can be coimmunoprecipitated with
JNK directly from neuronal nuclei. Such a
direct inhibition of JNK activation has
broad implications, because this kinase is a
key mediator of cellular apoptosis in re-
sponse to many cues, including osmotic
shock (Galcheva-Gargova et al., 1994),
trophic factor withdrawal (Xia et al., 1995;
Eilers et al., 1998), UV irradiation (Deri-
jard et al., 1994; Tournier et al., 2000), and
excitotoxicity (Yang et al., 1997). Such an
interaction is not without precedent, be-
cause one study suggested that p53 binds
directly to JNK (Fuchs et al., 1998). Thus,
multiple members of the p53 family may
be able to bind to and regulate JNK, mak-
ing this an unexpected integration point
for cell survival.

In addition to JNK, we propose that the
third family member, p63 (Yang et al.,
1998, 1999), is another p53-independent
target of �Np73. This speculation derives
from the finding that, in vivo, p53�/� neu-
rons show a deficit in, but not an absence
of, apoptosis and that cultured p53�/�

sympathetic neurons apparently lose
much of their resistance to apoptosis dur-
ing late embryogenesis (Vogel and Parada,
1998) so that by birth, they display only a
modest decrease in the rate of apoptosis
after NGF withdrawal (Besirli et al., 2003;
our data). In addition, as confirmed in this study, our in vivo data
show that p53�/� animals do not have a further deficit in apo-
ptosis compared with p53�/� animals (Aloyz et al., 1998), sug-
gesting the existence of a compensatory mechanism in the p53
knock-out background. One potential explanation for all of these
findings is that the family member TAp63 collaborates with p53

to promote developmental sympathetic neuron apoptosis and
might actually compensate for the loss of p53 in a p53�/� back-
ground. In this regard, our recent studies (W. B. Jacobs, A. Mills,
F.D.M., and D.R.K., unpublished data) support this hypothesis
and show that cultured p63�/� sympathetic neurons display a
deficit in apoptosis after NGF withdrawal that is more dramatic

Figure 7. A, B, �Np73 binds to JNK and inhibits activation of JNK, an early apoptotic signaling event after NGF withdrawal of
sympathetic neurons. A, B, Established cultures of neonatal rat sympathetic neurons were infected with Ad5LacZ, Ad5�Np73�, or
Ad5�Np73� adenovirus, withdrawn from NGF after 5 DIV and then analyzed 8 hr later. A, Western blot analysis of neurons treated
as indicated and then probed with an antibody specific to the phosphorylated, activated form of JNKs 1 and 2 (P-p46/p54 JNK). The
blot was then reprobed first for total JNK protein (p46/p54 JNK) and then for ERK protein (p42/p44 ERK) to ensure that equal
amounts of protein were loaded in each lane. Adenoviral gene transfer was confirmed by probing the same lysates with antibodies
specific for �-galactosidase and p73. The fold induction of phosphorylated JNK from a second independent experiment is also
graphed, demonstrating the consistency of the rescue with �Np73. The asterisk (*) in the p73 reprobe denotes a nonspecific band.
B, In vitro JNK activity assay of neurons treated as indicated, using GST-c-jun (1–169) as a substrate (arrow). Autophosphorylated
JNK is marked with an asterisk (*). The blot was then probed for JNK to visualize the amounts of immunoprecipitated JNK (p46
JNK). The IgG heavy chain (IgG) is also present. C–E, �Np73 binds directly to JNK. C, Lysates of cultured cortical neurons were
incubated with a GST-�Np73� fusion protein or as a control with GST alone, and the GST fusion protein was then precipitated with
glutathione Sepharose beads. Precipitates were analyzed on Western blots, and the blots were probed with an antibody specific to
JNK. The input cortical neuron lysate is also shown for comparison. Note that JNK is present in the GST-�Np73� precipitate but not
in the GST-alone precipitates. D, Cortical neurons were infected with recombinant adenoviruses expressing either �Np73� or �,
and nuclear fractions were immunoprecipitated with an anti-p73 antibody. Immunoprecipitates were analyzed by Western blot
analysis with an antibody specific to JNK (p46 JNK). The blots were reprobed with an antibody specific for p73 (bottom). The input
cortical neuron lysate is also shown for comparison. Note that JNK associates with both �Np73 isoforms. E, Purified, active,
phosphorylated JNK�1 or inactive, nonphosphorylated JNK�1 was mixed with GST-�Np73� bound to glutathione Sepharose
beads. The beads were then precipitated and analyzed on Western blots. As a positive control, aliquots of the mixture containing
active or inactive JNK�1 were run on the same blot. Note that JNK�1 is present in the GST-�Np73� precipitates but not in the
GST-alone precipitates.
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than cultured p53�/� sympathetic neurons. On the basis of these
findings, we therefore propose a model where it is ultimately the
balance of full-length, proapoptotic p53/TAp73/TAp63 family
members relative to the prosurvival N-terminal truncated
�Np73/�Np63 isoforms that determines the life versus death of
any given neuron. This type of rheostat model is reminiscent of
models proposed for more downstream apoptotic checkpoints
such as that involving the Bcl-2 family (for review, see Chao and
Korsmeyer, 1998) and implies that even relatively modest alter-
ations in levels of these proteins could have profound implica-
tions for neuronal survival.

A somewhat unexpected finding reported here is the de-
creased neuronal size in the p73�/� animals, suggesting that p73
may have effects on cell growth as well as survival in the sympa-
thetic nervous system. Because the p73�/� animals we studied
lack all p73 isoforms in all tissues, we cannot conclude that this is
a cell-autonomous effect. However, reduced cell size has been
reported in organisms lacking other prosurvival proteins, such as
Akt in Drosophila and mouse models (Verdu et al., 1999; Tuttle et
al., 2001). Furthermore, our finding that p53 deletion can rescue
the survival of p73�/� neurons, but not the cell size, suggests that
the cell size phenotype is not attributable to an altered microen-
vironment. Other tumor suppressor genes, notably phosphatase
and tensin homolog deleted on chromosome 10 (PTEN), are
important in controlling cell size in neurons (Backman et al.,
2001; Kwon et al., 2001), and p53 itself can transcriptionally reg-
ulate PTEN expression (Stambolic et al., 2001). It will be inter-
esting to determine whether the other p53 family members play
any role in regulating PTEN.

Together, these data indicate that p73 comprises one of the
earliest checkpoints in the neuronal apoptotic cascade, acting as
far upstream as JNK activation. It will therefore be important to
elucidate the intracellular mechanisms that regulate the levels
and stability of �Np73. In this regard, although we have previ-
ously shown that withdrawal of NGF leads to a rapid decrease in
the levels of �Np73 (Pozniak et al., 2000), the signaling pathways
responsible for the NGF-induced upregulation and/or stabiliza-
tion of �Np73 have not yet been defined. A likely candidate for
this regulation is the PI3-kinase-Akt pathway, which comprises
the major NGF-mediated survival pathway in these neurons
(Kaplan and Miller, 2000). This pathway has been previously
shown to directly regulate the level and activation state of the
Bcl-2 family (Datta et al., 1997) and to regulate levels of the IAPs
(inhibitor of apoptosis) (Wiese et al., 1999; Jordan et al., 2001),
thereby providing multiple checkpoints at different levels to en-
sure that neurons are only eliminated when they have failed to
compete successfully for this trophic factor during the period of
naturally occurring neuronal death.
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