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During the development of the sympathetic nervous system,
the p75 neurotrophin receptor (p75NTR) has a dual function:
promoting survival together with TrkA in response to NGF, but
inducing cell death upon binding pro or mature brain-derived
neurotrophic factor (BDNF). Apoptotic signaling through
p75NTR requires activation of the stress kinase, JNK. However,
the receptor also undergoes regulated proteolysis, first by amet-
alloprotease, and then by �-secretase, in response to pro-apo-
ptotic ligands and this is necessary for receptor mediated neu-
ronal death (Kenchappa, R. S., Zampieri, N., Chao, M. V.,
Barker, P. A., Teng, H. K., Hempstead, B. L., and Carter, B. D.
(2006) Neuron 50, 219–232). Hence, the relationship between
JNK activation and receptor proteolysis remains to be defined.
Here, we report that JNK3 activation is necessary for p75NTR
cleavage; however, following release of the intracellular domain,
there is a secondary activation of JNK3 that is cleavage depen-
dent. Receptor proteolysis and apoptosis were prevented in
sympathetic neurons from jnk3�/� mice, while activation of
JNKby ectopic expression ofMEKK1 induced p75NTR cleavage
and cell death. Proteolysis of the receptor was not detected until
6 h afterBDNF treatment, suggesting that JNK3promotes cleav-
age through a transcriptional mechanism. In support of this
hypothesis, BDNF up-regulated tumor necrosis factor-�-con-
verting enzyme (TACE)/ADAM17 mRNA and protein in wild-
type, but not jnk3�/� sympathetic neurons. Down-regulation of
TACE by RNA interference blocked BDNF-induced p75NTR
cleavage and apoptosis, indicating that this metalloprotease is
responsible for the initial processing of the receptor. Together,
these results demonstrate that p75NTR-mediated activation of
JNK3 is required for up-regulation of TACE, which promotes
receptor proteolysis, leading to prolonged activation of JNK3
and subsequent apoptosis in sympathetic neurons.

During early stages of sympathetic nervous system develop-
ment, an excess of neurons is produced; however, the neuronal
population is eventually decreased by apoptosis. The final num-
ber of neurons is finely tuned through a combination of neuro-
nal competition for limited amounts of trophic factors pro-
duced by the target organs and the activation of pro-apoptotic
receptors (1, 2). The elimination of sympathetic neurons during
development by apoptosis depends, in part, on the p75 neuro-
trophin receptor (p75NTR).2 The trophic factor produced in
sympathetic neuron target organs is nerve growth factor (NGF)
(3–5), which binds to a high affinity complex of p75NTR
and the tyrosine kinase receptor TrkA (6). The interaction of
p75NTR with TrkA not only enhances the binding affinity for
NGF, it also increases the efficacy of TrkA-mediated signaling
to promote survival (7–9).
Paradoxically, in addition to its pro-survival effects in con-

junction with TrkA, p75NTR can also initiate independent
signals that lead to axonal degeneration (10) and apoptotic
cell death in sympathetic neurons (11). p75NTR-mediated
apoptosis contributes to the normal developmental elimina-
tion of these neurons in vivo, as indicated by the fact that
p75ntr�/� mice exhibit excess neurons in the superior cer-
vical ganglia (SCG) during the apoptotic period (11, 12). It is
unclear which p75NTR ligand is responsible for sympathetic
neuron apoptosis in vivo; however, BDNF has been sug-
gested as a candidate, because this neurotrophin can kill
sympathetic neurons in vitro by binding to p75NTR, and
BDNF null mice have increased numbers of sympathetic
neurons (11). Recently, Ginty and colleagues demonstrated
that BDNF is synthesized by SCG neurons upon NGF expo-
sure, resulting in BDNF binding to p75NTR on neighboring
neurons to eliminate them (2).
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How p75NTR mediates such divergent responses is poorly
understood. However, activation of the stress kinase, c-Jun
N-terminal kinase (JNK) is an essential component of the
receptor’s apoptotic signal (13–15). Recently, p75NTR was
shown to undergo regulated intramembrane proteolysis by the
�-secretase complex (16, 17), and this cleavage could be initi-
ated in sympathetic neurons in response toBDNFor pro-BDNF
(18). The release of the intracellular domain of p75NTRallowed
nuclear translocation of the DNA-binding protein Neurotro-
phin receptor interacting factor (NRIF), which was necessary
for receptor-mediated apoptosis (18, 19). The mechanism by
which p75NTR proteolysis is regulated and how it relates to
JNK activation in sympathetic neurons remains unknown.
Here, we report that BDNF binding to p75NTR in sympathetic
neurons activates JNK3, which is necessary and sufficient to
up-regulate the metalloprotease TACE/ADAM17, resulting in
receptor cleavage by this enzyme and, subsequently, by the
�-secretase complex. Release of the intracellular domain (ICD)
of p75NTR then triggers further activation of JNK3, ultimately
leading to cell death.

EXPERIMENTAL PROCEDURES

Cell Culture—All experiments using animals were approved
by the Animal Care and Use Committee at Vanderbilt Univer-
sity. SCGwere isolated frompostnatal day 4 (P4) Sprague-Daw-
ley rats, wild-type, traf6�/�, and jnk3�/� mice, and sympa-
thetic neurons were cultured as previously described (20).
Briefly, SCGs were first dissociated using 0.25% trypsin
(Worthington, Freehold, NJ) and 0.3% collagenase (Sigma),
then the neurons were cultured on poly-L-ornithine and lami-
nin (Nalge Nunc, Naperville, IL) in Ultraculture medium (Bio-
Whittaker, Walkersville, MD) containing 3% fetal bovine
serum, 2 mM L-glutamine,100 units/ml penicillin, 100 �g/ml
streptomycin, 1 �g/ml gentamicin, and 20 ng/ml NGF (Harlan,
Indianapolis, IN). Neurons were maintained in the presence of
NGF before using for p75NTR activation. HEK293 cells were
cultured and maintained in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 10% fetal bovine
serum, 2 mM L-glutamine 100 units/ml penicillin, 100 �g/ml
streptomycin, and were transfected using the standard calcium
phosphate method.
p75NTR Activation and Western Blotting—Sympathetic

neurons fromP4 rats, wild-type, jnk3�/�, and traf6�/� P4mice
were cultured and maintained in NGF for 48 h, then NGF was
removed, cells were rinsed, and switched tomediumcontaining
anti-NGF (0.1 �g/ml, Chemicon, Temecula, CA) together with
12.5 mM KCl, to promote survival, with or without the addition
of 200 ng/ml BDNF (generously provided by Regeneron Inc.)
for p75NTR activation for various times, as indicated. In some
experiments, the neurons were pre-treated for different times
with 10 �M of the JNK inhibitor SP600125 (catalogue no.
420119, Calbiochem), 100 nM of the �-secretase inhibitor Com-
pound E (kindly provided by Dr. Todd Golde, Mayo Clinic,
Jacksonville, FL andDr.GrahamCarpenter, Vanderbilt Univer-
sity, Nashville, TN), 10 �M of the metalloprotease inhibitor
TAPI-1 (catalogue no. 579051, Calbiochem) or 100 ng/ml the
protein synthesis inhibitor cycloheximide (Sigma), in the pres-
ence and absence of 200 ng/ml BDNF. The cells were harvested

and lysed in Nonidet P-40 lysis buffer (10% glycerol, 50 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 1 mM

Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 2 �g/ml leupep-
tin and aprotinin). Lysates were subjected toWestern blot anal-
ysis using antibodies to p-JNK (1:500, catalogue no. 9251, Cell
Signaling Technology), total-JNK (1:500, catalogue no. SC-474,
Santa Cruz Biotechnology, Santa Cruz, CA), TACE/ADAM-17
(1:500, catalogue no. PC491, Calbiochem), Presenilin1 (1:1000,
catalogue no. SC-7860, Santa Cruz Biotechnology), HA (1:500,
clone 12CA5, Roche Applied Science), TRAF6 (1:1000, cata-
logue no. SC-8409, Santa Cruz Biotechnology), and tubulin
(1:1000, catalogue no. CP06, Calbiochem).
For p75NTR ICD Western blotting, neurons were also

treatedwith 10�Mproteasome inhibitor ZLLLH (Peptide Insti-
tute Inc., Osaka, Japan), which was required to detect the ICD.
The proteasome inhibitorwas addedwith orwithout 200 ng/ml
BDNF, and the cells were harvested and lysed in Laemmli buffer
and subjected to p75NTR ICD Western blotting (1:2000,
p75NTR antiserumwas generated using a fusion protein of glu-
tathione S-transferase and the full-length intracellular domain)
as performed before (18). To detect the p75NTR cleavage in
vivo, whole SCG from wild-type or jnk3�/� mice were isolated
at P4, lysed in Laemmli buffer, and subjected to Western blot-
ting using p75ICD and tubulin antibodies.
In some of the experiments, 293 cells stably expressing

p75NTR (293-p75NTR cells) were transfected with JNK1,
JNK2, or JNK3, and 36 h later treated with 10 �M ZLLLH for
12 h. The cells were then harvested, lysed in Nonidet P-40 lysis
buffer, and subjected to p75NTR ICD, TACE/ADAM-17, and
tubulin Western blotting.
Adenoviral Infection of Sympathetic Neurons—Sympathetic

neurons from P4 rat SCGs were cultured as described above in
NGF (20 ng/ml) for 48 h, then incubated with adenovirus
expressing GFP, MEKK1, p75NTR ICD, or DN-JNK at dilu-
tions sufficient to give similar levels of infection, based on
immunofluorescent detection of the expressed protein. 24 h
after infection, the neurons were harvested for phospho-JNK,
total-JNK, p75NTR ICD, TACE/ADAM17, and tubulin West-
ern blotting or fixed in 4% paraformaldehyde for counting apo-
ptotic nuclei. In some of the experiments the neurons were
treated with 200 ng/ml BDNF as described above, then lysed in
Nonidet P-40 lysis buffer and subjected to phospho-JNK and
total-JNK Western blotting. For p75NTR ICD Western blot-
ting, the cells were lysed in Laemmli buffer at the indicated time
after BDNF and ZLLLH treatment. For treatment with the
�-secretase inhibitor Compound E (100 nM) or JNK inhibitor
SP600125 (10 �M), the neurons were pretreated 1 h before
infection with adenovirus expressing MEKK1 and also treated
during incubation with adenovirus.
Transfection of Sympathetic Neurons—Sympathetic neurons

from P4 rats were isolated and cultured in 20 ng/ml NGF as
described above, then 24 h later transfected with RNAi to
TACE (TACE: duplex RNA with following sequence: duplex-
01, sense sequence (CGUCAGAGCCGAGUUGAUAUU) and
antisense sequence (5�-PUAUCAACUCGGCUCUGACGUU);
duplex-02, sense sequence (UAUGGGAACUCUUGGAUU-
AUU) and antisense sequence (5�-PUAAUCCAAGAGUUCC-
CAUAUU); neurons were co-transfected with duplex-01 and
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-02) or a control, scrambled RNAi by using a transfection rea-
gent (catalogue no. T-2003, Dharmacon RNA Technologies,
Chicago, IL). 24 h after transfection, the neurons were treated
with 200 ng/ml BDNF, as indicated. The cells were then lysed
and subjected to TACE, p75NTR ICD, and tubulin Western
blotting.
For some experiments, the sympathetic neurons were trans-

fected immediately after dissociation with wild-type or catalyt-
ically inactive mutant TACE (generously provided by Dr. Peter
Dempsey,University ofMichigan), wild-type p75NTR,�-secre-
tase-resistant p75NTR (p75FasTM), or an empty vector by
electroporation using a rat neuron Nucleofector kit (cat no.
VGP-1003, Amaxa Biosystems, Walkersville, MD) and pro-
gramO-003 on anAmaxaNucleofector device. 36 h after trans-
fection, the neuronswere left untreated or treatedwith 10�Mof
proteasome inhibitor ZLLLHwith orwithout 200 ng/ml BDNF,
and then lysed and subjected to Western blotting. In some
experiments neurons were electroporated as described above
with GFP together with RNAi to TACE or control RNAi (RNAi
raised to GFP had no effect on GFPwe used) or GFP alone. 36 h
later cells were left untreated or treated with 200 ng/ml BDNF
for 48 h, and then fixed in 4% paraformaldehyde, and GFP-
positive neurons were scored for apoptosis. Approximately 150
neurons were counted for each condition.
JNK Assay—Cultured sympathetic neurons from wild-type

P4 rats were treated with or without 200 ng/ml BDNF, as
described above, and after the indicated time harvested and
lysed in Nonidet P-40 lysis buffer. The immunoprecipitation
kinase assays for JNK1, -2, and -3 were performed as described
previously (14, 21).
Neuronal Apoptosis Assay—Sympathetic neurons from P4

wild-type and jnk3�/� mice were cultured in 20 ng/ml NGF for
2 days, then NGF was removed, and the cells were rinsed and
switched tomedium containing anti-NGF (0.1 �g/ml) together
with 12.5 mM KCl, to promote survival, with or without the
addition of 200 ng/ml BDNF. After 48 h the neurons were fixed
in 4% paraformaldehyde and mounted using Vectashield with
4�,6-diamidino-2-phenylindole to score the nuclei as apoptotic
or non-apoptotic. Approximately 150 neurons were counted
for each condition in every experiment.
Total RNA Isolation, First Strand cDNA Synthesis, Primer

Validation, andQuantitative PCR—Sympathetic neurons from
P4 rats were cultured and treated with 200 ng/ml BDNF, as
described above, and 4 h later total RNA was isolated using
TRIzol (Invitrogen). Total RNA (200 ng) from each sample was
reverse transcribed to cDNA using the High Capacity cDNA
Archive Kit (Applied Biosystems, Foster City, CA). Real-time
PCR was performed with an ABI Prism 7300 System (Applied
Biosystems) using 2 ng of cDNA per 50-�l reaction volume, 2�
SYBR green master mix, and gene-specific primers. The prim-
ers were as follows: rat Adam17 (NM_020306, 89-bp PCR)
forward (5�-actggatcaccagaggatgg-3�) and reverse (5�-ggaaggg-
gtccttctcaaag-3�); rat Pgk1 (phosphoglycerate kinase 1 NM_
053291, 98 bp PCR) forward (5�-ggctcgagctaagcagattg-3�) and
reverse (5�-gctttcaccacctcatccat-3�); rat Actb (beta actin
NM_031144, 104-bp PCR) forward (5�-gtagccatccaggctgtgtt-
3�) and reverse (5�-ccctcatagatgggcacagt-3�). All samples were
run in quadruplicate. Data from the PCR reactions were ana-

lyzed using the comparative cycle number determined as
threshold (Ct) method (User Bulletin No. 2, PerkinElmer Life
Sciences) (22). Differential expression was calculated as ��Ct
against expression of Actb and Pgk1 as normalizers.
NGF Withdrawal—Sympathetic neurons from P4 rats were

cultured and maintained in NGF for 48 h, then rinsed with
medium containing anti-NGF (0.1 �g/ml, Chemicon Interna-
tional), andmaintained inmedium lackingNGF and containing
ZLLLH for various times as indicated. For some experiments,
the neurons were kept in medium lacking NGF in the presence
of the pan-Caspase inhibitor boc-aspartyl-(OMe)-fluoro-
methyl ketone (40 �M, MP Biomedicals) then lysed and sub-
jected to Western blot analysis, as indicated.

RESULTS

Activation of JNK Is Necessary and Sufficient to Induce
p75NTR Proteolysis in Sympathetic Neurons—Recent studies
from our laboratory revealed that p75NTR-mediated apoptosis
in sympathetic neurons requires regulated proteolysis of the
receptor (18). Because previous studies demonstrated that the
activation of the stress kinase JNKwas necessary for p75NTR to
induce cell death (21–24), we investigated whether these sig-
nals are in a common pathway. To selectively activate p75NTR
without any influence from TrkA, sympathetic neurons cul-
tured with NGF were switched to medium lacking NGF and
containing 12.5 mM KCl to promote survival. BDNF treatment
activated JNKwithin 30min and the kinase remained active for
at least 24 h (Fig. 1, A and B). In contrast, BDNF-induced
p75NTR cleavage by TACE, and �-secretase was not observed
until �6 and 12 h, respectively (Fig. 1C) (18). Therefore, we
hypothesized that JNK activation was upstream of receptor
processing.
To determine whether inhibition of JNK could block ligand-

induced p75NTR cleavage, sympathetic neurons were pre-
treatedwith the selective JNK inhibitor SP600125 for 1 h before
treatingwith BDNF. The proteasome inhibitor ZLLLHwas also
added to detect the intracellular domain fragment, because it is
rapidly degraded following cleavage (16–18). SP600125 com-
pletely blocked BDNF-induced JNK phosphorylation (Fig. 2A)
as well as the release of carboxyl-terminal fragment (CTF)
and ICD of p75NTR receptor (Fig. 2B). To confirm a require-
ment for JNK activation prior to ligand-dependent p75NTR
cleavage, a DN-JNK (DN-JNK), which was previously shown to
inhibit p75NTR-mediated apoptosis (21, 23), was ectopically
expressed in the neurons using adenovirus. In Adeno-GFP-in-
fected neurons, BDNF activated JNK and induced p75NTR
cleavage; however, Adeno-DN-JNK completely blocked both
activation of the kinase and release of the CTF and ICD of
p75NTR (Fig. 2, C and D). These results demonstrate that
p75NTR-mediated activation of JNK is required for receptor
proteolysis.
We next investigated whether activation of JNK, indepen-

dent of p75NTR, was sufficient to promote receptor proteoly-
sis. MEKK1, the upstream activator of JNK, or GFP was over-
expressed in sympathetic neurons using adenovirus. As was
expected, overexpression of MEKK1 was sufficient to activate
JNK and induce apoptotic death in sympathetic neurons (Fig. 3,
A and B). In addition, receptor fragments were generated cor-
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responding to themolecularweights of themetalloprotease and
�-secretase cleavage products (Fig. 3C). The generation of the
smaller MEKK1-induced p75NTR fragment was �-secretase-
and JNK-dependent, because it was not detected in the pres-
ence of the �-secretase inhibitor Compound E and JNK inhib-
itor SP600125 (Fig. 3, D and E). Taken together, these results
demonstrate that JNK activation precedes and is necessary for
ligand-dependent p75NTR cleavage in sympathetic neurons.
p75NTR Activates JNK in a Biphasic Manner, First Prior to

Receptor Proteolysis, Then through a Cleavage-dependent
Process—Treatment of sympathetic neurons with BDNF leads
to activation of JNK within 30 min, but the kinase remained
active for at least 24 h (Fig. 1, A and B). In contrast, p75NTR
cleavage by TACE and �-secretase occurred at 6 and 12 h,
respectively (Fig. 1C), which was prevented by JNK inhibition
(Fig. 2). Because JNK remained active after receptor cleavage,
we investigated whether this long term activation was depen-
dent on p75NTR proteolysis. Therefore, neurons were treated
with the �-secretase inhibitor Compound E for 1 h before treat-
ing with BDNF for 1, 6, 12, and 24 h, and the effect on JNK
activationwasmeasured. Compound E had no effect on BDNF-
induced JNK activation at 1, 6 and 12 h; however, it completely
blocked the stimulation of JNK at 24 h (Fig. 4A), suggesting that
the later activation of JNKwas dependent on p75NTR cleavage.
To confirm that it is the specific cleavage of p75NTR by

�-secretase that is required for long term JNK activation, we
used a mutant p75NTR (p75FasTM) resistant to �-secretase.

Thismutant acts as a dominant neg-
ative, preventing the cleavage of the
endogenous receptor (25, 26), and
preventing receptor-mediated cell
death (18). We transfected the neu-
rons with empty vector, wild-type
p75NTR, or p75FasTM by electro-
poration, and 36 h later the cells
were treated with BDNF for 1 or
24 h. As anticipated, BDNF induced
JNK activation in neurons trans-
fected with empty vector and wild-
type p75NTR at 1 and 24 h; however,
in neurons expressing p75FasTM the
activation of JNK was only detected
at 1 h andwas completely blocked at
24 h (Fig. 4B). Taken together these
results indicate that JNK is initially
activated independently of p75NTR
cleavage but later, long term activa-
tion is dependent on p75NTR
proteolysis.
To determinewhether the release

of p75NTR ICD by �-secretase is
sufficient for JNK activation, we
expressed the free ICD in sympa-
thetic neurons using adenovirus.
The expression of this construct in
PC12 cells (27) and in sympathetic
neurons (18) was previously shown
to induce apoptosis. We found that

expression of the p75NTR ICD in sympathetic neurons acti-
vated JNK (Fig. 4C). Compound E had no effect on this activa-
tion (Fig. 4D), suggesting that the release of the p75NTR ICD is
sufficient to stimulate the kinase and to induce cell death with-
out contribution from other �-secretase substrates.
JNK3 Is Preferentially Activated by p75NTR and Is Required

for ReceptorCleavage andApoptosis—There are threemamma-
lian genes for JNK1, -2, and -3; therefore, to investigate which
JNK is required for p75NTR cleavage, we initially transfected
JNK1, -2, or -3 into HEK293 cells stably expressing p75NTR
and assessed receptor processing byWestern blot. Overexpres-
sion of each of the JNKs resulted in their activation (sup-
plemental Fig. 1A), and all three forms of the kinasewere able to
induce p75NTR cleavage (supplemental Fig. 1B). However,
JNK3 was reported to be the specific isoform mediating the
p75NTR apoptotic signal in oligodendrocytes (21). Therefore,
we investigated which JNKwas activated by p75NTR in sympa-
thetic neurons. The neurons were treated with BDNF for vari-
ous times, the lysates were immunoprecipitated using selective
antibodies to different JNKs, and an in vitro kinase assay was
performed. In concordance with the results in oligodendro-
cytes (21), BDNF selectively activated JNK3 at 1, 6, 12, and 24 h
(Fig. 5A). Some marginal JNK1 activation was also detected;
however, this was not significant. There was never any activa-
tion of JNK2 observed (data not shown). Taken together with
the preceding results (Fig. 4), these findings indicate that the

FIGURE 1. Kinetics of JNK activation and p75NTR cleavage by BDNF in sympathetic neurons. Sympathetic
neurons from P4 rats cultured for 2 days with 20 ng/ml NGF were rinsed to remove the NGF and refed with
medium containing 12.5 mM KCl, to promote survival, and 200 ng/ml BDNF for various times (A). To detect
p75NTR cleavage, the neurons were treated with 10 �M proteasome inhibitor ZLLLH with or without the
addition of 200 ng/ml BDNF for various times (C). After the indicated times, the neurons were lysed and
subjected to Western blot analysis using antibodies to phospho-JNK (p-JNK), total-JNK (A), p75NTR ICD (C), or
tubulin. B, p-JNK Western blots were quantified and expressed as percent of control. Data are means � S.D., n �
3 independent experiments (*, p � 0.009).
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full-length receptor stimulates JNK3 at early time points and
the released ICD leads to prolonged JNK3 activation.
To determine whether JNK3was specifically required for the

apoptotic signal of p75NTR, sympathetic neurons were cul-
tured from jnk3�/� mice and treated with BDNF. The cell
death induced by this neurotrophin was significantly decreased
in the null neurons, demonstrating the requirement for this
signaling component in the apoptotic pathway (Fig. 5B). The
preceding findings suggested that p75NTR cleavage would also
be attenuated in the absence of JNK3. To test this hypothesis,
we measured receptor processing in neurons from wild-type
and jnk3�/� mice following BDNF treatment. Although both
the CTF and ICD of p75NTR were detected in wild-type neu-
rons, no proteolytic fragments were found in jnk3�/� neurons
(Fig. 5C). Given that p75NTR contributes to developmental
apoptosis in the SCG in vivo (11, 28, 23), and receptor cleavage
was previously observed in the SCG during the period of nor-
mal cell death (18), we predicted that receptor proteolysis
would be reduced in the ganglia from the JNK3 null mice.
Indeed, neither the free CTF nor the ICD were detectable in

SCG from jnk3 �/� animals, unlike
wild-type (Fig. 5D). All together,
these results demonstrate that
p75NTR activation of JNK3 is
required for receptor cleavage and
apoptosis in sympathetic neurons.
p75NTR Activation of JNK3 Re-

sults in the Up-regulation of TACE/
ADAM17 in Sympathetic Neurons—
JNK is well characterized as an
activator of several AP-1 tran-
scription factors, which suggested
that one role of the early JNK acti-
vation in p75NTR signaling may
be to transcriptionally up regulate a
component necessary for cleaving
the receptor. A requirement for
macromolecular synthesis could also
explain why ligand-induced p75NTR
cleavage takes 6 h in sympathetic
neurons (Fig. 1C). We previously
demonstrated that p75NTR-medi-
ated apoptosis in sympathetic neu-
rons could be blocked by the protein
synthesis inhibitor cycloheximide
(20); therefore, we tested whether
p75NTR processing was also sensi-
tive to this inhibitor.When neurons
were treated with cycloheximide
and BDNF for 12 h no p75NTR
cleavage was detected (Fig. 6A),
indicating that BDNF-mediated
receptor proteolysis requires new
protein synthesis.
Cleavage of the p75NTR has been

suggested to occur in two steps: first
the metalloprotease TACE/ADAM17
sheds the extracellular domain of

the receptor, producing the CTF (29, 25), then the �-secretase
complex cleaves in the transmembrane domain to release the
ICD (16–18). Therefore, we evaluated the effects of BDNF on
the levels of TACE and presenilin 1, the catalytic subunit of the
�-secretase complex, in sympathetic neurons. Following BDNF
treatment, there was a 323% � 88% (n � 3, mean � S.D.)
increase in TACE protein (Fig. 6B), while the level of presenilin
1 remained unchanged (Fig. 6C). Note that the level of both the
mature, active form of TACE (lower band) and the precursor
(upper band) increased. This up-regulation of TACE protein
was also reflected by an increase in mRNA (Fig. 6D), further
supporting a transcriptional induction of the protease upon
p75NTR activation.
To determine whether BDNF activation of JNK was respon-

sible for the up-regulation of TACE in sympathetic neurons we
first blocked the kinase using DN-JNK. As shown in Fig. 7A,
expression of DN-JNK prevented BDNF-mediated TACE up-
regulation (Fig. 7A), indicating activation of the kinase was
required for the increase in TACE expression. In contrast, inhi-
bition of �-secretase did not prevent p75NTR-mediated TACE

FIGURE 2. Inhibition of JNK activation blocks BDNF-induced p75NTR cleavage in sympathetic neurons. A
and B, sympathetic neurons from P4 rats cultured and maintained for 2 days in 20 ng/ml NGF, were rinsed to
remove the NGF and refed with medium containing 12.5 mM KCl, to promote survival. The neurons were
treated for 1 h with 10 �M of the JNK inhibitor SP600125, and then treated with 200 ng/ml BDNF for 1 or 12 h (A).
For p75NTR cleavage, the neurons were treated with 10 �M ZLLLH in the presence and absence of JNK inhibitor
SP600125 (10 �M) with or without the addition of 200 ng/ml BDNF for 12 h (B). Then neurons were lysed and
subjected to Western blot analysis using antibodies to phospho-JNK (p-JNK), total-JNK (A), p75NTR ICD, or
tubulin (B). C and D, sympathetic neurons were infected with an adenovirus expressing GFP (Adeno-GFP) or
DN-JNK (DN-JNK). 24 h later the neurons were rinsed to remove NGF and refed with medium containing 12.5
mM KCl with or without the addition of 200 ng/ml BDNF for 1 or 12 h (C) or treated with 10 �M ZLLLH with or
without the addition of 200 ng/ml BDNF for 12 h (D). Lysates were subjected to Western blot analysis using
phospho-JNK, total-JNK (C), and p75NTR ICD and tubulin (D) antibodies. The full-length receptor (FL), CTF, and
the ICD are indicated. Data are the representative of three independent experiments.
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up-regulation (Fig. 7B).We then askedwhether JNK activation,
in the absence of receptor stimulation, was sufficient to induce
TACE. The neurons were infected with adenovirus expressing
MEKK1 or GFP, as a control, in the presence and absence of
JNK inhibitor SP600125 and TACE levels measured 24 h later.
As depicted in Fig. 7C, MEKK1 substantially up-regulated the
level of this protease, and the JNK inhibitor blocked MEKK1-
induced JNK activation and TACE up-regulation. This con-
firms that JNK activation is sufficient to increase the expression
of TACE. The ability of JNK activation to up-regulate TACE
was not specific to neurons; overexpression of JNK in HEK293

cells was also able to increase the amount of the protease
(supplemental Fig. 1).
Because our data indicated that BDNF binding to p75NTR

results in the activation of JNK3, which leads to receptor cleav-
age (Fig. 5), we hypothesized that the up-regulation of TACE
should be dependent on this isoform of the kinase. To this aim,
we treated jnk3�/� or 	/	 sympathetic neurons with BDNF
and, upon analysis of TACE levels, found up-regulation only in
wild-type neurons (Fig. 7, D and E). Together, these results
indicate that BDNF activates JNK3, resulting in increased

FIGURE 3. Overexpression of MEKK1 induces JNK activation, apoptosis,
and p75NTR cleavage in sympathetic neurons. Sympathetic neurons, cul-
tured for 2 days with 20 ng/ml NGF, were infected with an adenovirus
expressing GFP or MEKK1. After 24 h, the neurons were lysed and Western
blotted using phospho-JNK antibody (A). Some neurons were fixed 24 h after
adenoviral exposure and stained with 4�,6-diamidino-2-phenylindole, and
the apoptotic nuclei were quantified (B). Shown are the means � S.D., n � 3 (*,
p � 0.008). C–E, 12 h after infection with adenovirus expressing GFP or MEKK1,
the neurons were treated with 10 �M proteasome inhibitor ZLLLH alone (C)
and/or 100 nM of the �-secretase inhibitor Compound E (CpdE, D) or 10 �M of
the JNK inhibitor SP600125 (E). After 12 h the neurons were lysed and sub-
jected to Western blotting using p75NTR ICD antibody. Data are the repre-
sentative of three independent experiments.

FIGURE 4. p75NTR activates JNK in a biphasic manner, initially indepen-
dent of cleavage, then in a manner dependent on receptor proteolysis.
A, sympathetic neurons derived from P4 rats were cultured in NGF for 2 days.
The NGF was then removed and the neurons were cultured with medium
containing 12.5 mM KCl, and the cells were pretreated for 1 h with 100 nM

Compound E (CompdE) or left untreated or treated with 200 ng/ml BDNF for 1,
6, 12, and 24 h. Cells were then lysed and Western blotted using phospho-JNK
and total-JNK antibodies. Results are representative of three independent
experiments. B, sympathetic neurons were electroporated with pcDNA3
(empty vector), wild-type p75NTR, or �-secretase-resistant p75NTR
(p75FasTM). 36 h later, the neurons were left untreated or treated with 200
ng/ml BDNF for 1 or 24 h, and then cells were lysed and Western blotted using
p-JNK, total-JNK, and HA antibodies. C and D, sympathetic neurons were
infected with an adenovirus expressing GFP or p75NTR ICD. 24 h after infec-
tion the neurons were lysed and Western blotted using p75NTR ICD, phos-
pho-JNK, and total-JNK antibodies (C). In some experiments, 12 h after infec-
tion with p75NTR ICD-expressing adenovirus, the neurons were treated with
100 nM of the �-secretase inhibitor Compound E (CompdE) and 12 h later lysed
and subjected to Western blotting using phospho-JNK, total-JNK, and
p75NTR ICD antibodies (D). Data are representative of three independent
experiments.
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TACE expression, which then cuts off the extracellular domain
of the receptor, leaving the CTF to be cleaved by �-secretase.
BDNF Binding to p75NTR Induces TACE-dependent Cleav-

age of the Receptor, Which Is Necessary for Apoptosis—Al-
though shedding of the extracellular domain of p75NTR has
long been known to be mediated by a metalloprotease (30, 31),
only recently was TACE suggested to be the specific enzyme
responsible for this cleavage (29). However, this result was
based on fibroblasts ectopically expressing the receptor, and
TACE was shown to shed the ECD in a constitutive fashion or
following treatment with pervanadate or phorbol ester. It has
not been determined whether this metalloprotease cleaves

p75NTR in response to ligand binding in neurons. Because
our data demonstrated that BDNF increased the expression
of this protease in sympathetic neurons, we reasoned that
TACEwas carrying out the observed proteolysis. To determine
whether TACE up-regulation is sufficient to induce cleavage of
p75NTR, we overexpressed the wild-type enzyme or a catalyt-
ically inactivemutant (32) in the neurons. Interestingly, expres-
sion ofwild-typeTACEwas sufficient to release theCTFof p75;
however, it did not result in the release of the �-secretase prod-
uct (supplemental Fig. 2). Thus, although JNK activation alone
was sufficient to stimulate both proteolytic events (Fig. 3),
p75NTR cleavage by TACE alone is not enough to induce
�-secretase-mediated processing of the receptor in sympa-
thetic neurons.
Kanning et al. (17) previously demonstrated that phorbol

ester-induced cleavage of p75NTR in fibroblasts could be pre-
vented by TAPI-1, an inhibitor of several metalloproteases,
including TACE. Therefore, we tested the effects of TAPI-1 on
BDNF-induced proteolysis in sympathetic neurons. Pretreat-
ment of the neurons with TAPI-1 for 1 h before adding BDNF
for 12 h completely blocked the generation of p75NTRCTF and

FIGURE 5. JNK3 is selectively activated by p75NTR and is required for
receptor cleavage and apoptosis. A, P4 rat sympathetic neurons were cul-
tured in NGF for 48 h, then NGF was washed off, and the cells were treated
with medium containing 12.5 mM KCl alone or with 200 ng/ml BDNF for the
times indicated. The cells were then lysed and subjected to immunoprecipi-
tation using antibodies to JNK1 or -3, and an in vitro kinase assay was per-
formed using glutathione S-transferase-c-Jun as a substrate. The blots were
quantitated, and data are expressed as relative -fold increase over control,
untreated neurons. Shown are the means � S.D., n � 4 –5 independent
experiments (*, p � 0.05). B, sympathetic neurons from P4 wild-type (WT) and
jnk3�/� mice were cultured for 2 days in 20 ng/ml NGF, and then the NGF was
removed and the cells refed with medium containing 12.5 mM KCl alone
(Con), or 200 ng/ml BDNF (BDNF). 48 h later, the cells were fixed and stained
with 4�,6-diamidino-2-phenylindole, and apoptotic nuclei were quantified.
Shown are the means � S.D., n � 3 (*, p � 0.004). C, sympathetic neurons from
P4 wild-type (WT) and jnk3 �/� mice cultured in medium containing 12.5 mM

KCl were treated with 10 �M ZLLLH alone (Con) or in combination with 200
ng/ml BDNF for 12 h (BDNF). Then the neurons were lysed and immuno-
blotted using anti-p75NTR ICD. D, SCG were isolated at P4 from wild-type and
jnk3�/� mice and Western blotted with antibody to the p75NTR ICD. Data are
representative of three independent experiments.

FIGURE 6. BDNF-induced p75NTR cleavage in sympathetic neurons
requires protein synthesis and correlates with up-regulation of TACE.
A, sympathetic neurons were cultured in 20 ng/ml NGF for 2 days, then the
NGF was rinsed off and the neurons refed with medium containing 12.5 mM

KCl and 10 �M ZLLLH in the presence or absence of 200 ng/ml BDNF for 12 h,
with or without the protein synthesis inhibitor cycloheximide (CHX, 100
ng/ml). Cells were then lysed and Western blotted using p75NTR ICD and
tubulin antibodies. B and C, sympathetic neurons cultured in medium con-
taining 12.5 mM KCl were treated with or without BDNF (200 ng/ml) for vari-
ous times, as indicated. The neurons were then lysed and subjected to West-
ern blot analysis using TACE (B), presenilin-1 (PS1) (C), or tubulin antibodies.
D, neurons in medium containing 12.5 mM KCl were left untreated (empty bar,
Control) or treated with 200 ng/ml BDNF for 4 h (black bar, BDNF). Total RNA
was isolated and reverse-transcribed, and quantitative PCR was performed
for TACE, Pgk1, and actin using an ABI Prism 7300 system. Differential expres-
sion of TACE message was calculated as ��Ct against the expression of nor-
malizers Pgk1 and actin. Depicted is the relative expression level of TACE with
Pgk1 or actin set as 100%, as indicated. Data are representative of three inde-
pendent experiments.
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ICD (Fig. 8A). To specifically address the requirement for
TACE,we used RNAi to down-regulate its expression.Neurons
were transfected with control RNAi or TACE RNAi and after
24 h, treated with BDNF. After confirming TACE knockdown
(Fig. 8B), we assessed the effects on p75NTR cleavage and
receptor-induced apoptosis. As shown in Fig. 8 (C and D),
reducing TACE levels completely blocked BDNF-mediated
p75NTR proteolysis and receptor-mediated apoptosis, indicat-
ing that TACE up-regulation is essential for ligand-dependent
receptor processing and apoptosis.

DISCUSSION

The p75NTR is a critical regulator of sympathetic neuron
survival and target tissue innervation during development.
Gene deletion of p75NTR in mice causes a reduction in the
normal programmed cell death in sympathetic ganglia, result-
ing inmore neurons (11, 12, 23) and altered innervation of some
target tissues (10, 33–35). Unfortunately, the molecular mech-
anisms by which p75NTR signals cell death have yet to be fully

elucidated. In this study, we demonstrated that BDNF binding
to p75NTR in sympathetic neurons first activates JNK, pre-
dominantly JNK3, which then results in the transcriptional up-
regulation of the metalloprotease TACE/ADAM17, leading to
receptor cleavage. The freed ICD prolongs the activation of
JNK, ultimately resulting in apoptosis.
The stress kinase JNK plays an essential role in the apoptotic

pathway activated by the p75NTR (13–15). Of the three JNK
genes, we demonstrated that p75NTR preferentially stimulates
JNK3, and this gene was required for the up-regulation of
TACE (Fig. 7) and the apoptotic response (Fig. 5). A role for
JNK3 in p75NTR signaling is in agreement with a previous
report that cell death in oligodendrocytes by p75NTR involved
the activation of JNK3 (21).
Cell death induced by JNK activation has been shown to

occur through both transcription-dependent and -independent
mechanisms; for example, JNK activates members of the AP-1
family of transcription factors, leading to up-regulation of pro-
apoptotic genes such as Bim (36, 37), Bak (38), and Fas ligand

FIGURE 7. p75NTR-mediated TACE up-regulation is dependent on JNK3
activation not on p75NTR cleavage. A, sympathetic neurons were infected
with an adenovirus expressing GFP (Adeno-GFP) or DN-JNK (Adeno-DN-JNK).
24 h later the neurons were rinsed to remove the NGF and refed with medium
containing 12.5 mM KCl with or without the addition of 200 ng/ml BDNF for
6 h. The cells were then lysed and subjected to Western blot analysis using
TACE and tubulin antibodies. B, sympathetic neurons were left untreated or
treated with 200 ng/ml BDNF for 12 h in the presence or absence of 100 nM

Compound E (CE). The cells were then lysed and Western blotted using TACE
or tubulin antibodies. C, sympathetic neurons were infected with adenovirus
expressing GFP (Adeno-GFP) or MEKK1 (Adeno-MEKK1) in the presence or
absence of JNK inhibitor SP600125, and 24 h later lysed and subjected to
Western blotting using TACE, phospho-JNK, or tubulin antibodies. D, sympa-
thetic neurons from P4 wild-type (WT) and jnk3 �/� mice were cultured in NGF
for 2 days, and then NGF was removed, and the neurons were refed with
medium containing 12.5 mM KCl alone (Con) or in combination with 200
ng/ml BDNF (BDNF). After 6 h, the neurons were lysed and Western blotted
using TACE or tubulin antibodies. E, quantitation of TACE Western blots,
expressed as a percentage of control. Results are means � S.D. of three inde-
pendent experiments (*, p � 0.037).

FIGURE 8. Inhibition or down-regulation of TACE blocks ligand-depen-
dent p75NTR cleavage and apoptosis in sympathetic neurons. A, sympa-
thetic neurons were cultured in NGF for 2 days, and then the NGF was rinsed
off and the neurons were treated with medium containing 12.5 mM KCl and 10
�M ZLLLH alone or together with 200 ng/ml BDNF in the presence or absence
of the metalloprotease inhibitor TAPI-1 (10 �M) for 12 h. The cells were then
lysed and subjected to Western blot analysis using p75NTR ICD and tubulin
antibodies. B, sympathetic neurons were cultured in 20 ng/ml NGF for 2 days,
and then transfected with control RNAi or TACE RNAi using Dharmafect. 24 h
after transfection, NGF was rinsed off, and the cells were cultured with
medium containing 12.5 mM KCl alone (Control) or in combination with 200
ng/ml BDNF. 6 h later the cells were lysed and subjected to TACE and tubulin
Western blotting. C, 24 h after RNAi transfection, the neurons were cultured in
12.5 mM KCl and treated with 10 �M ZLLLH alone (Control) or together with
200 ng/ml BDNF for 12 h. The cells were then lysed and subjected to p75NTR
ICD and tubulin Western blotting. Data are representative of three indepen-
dent experiments. D, sympathetic neurons were transfected by electropora-
tion with GFP alone or co-transfected with control RNAi or TACE RNAi and
36 h later treated with 200 ng/ml BDNF for 48 h. The cells were then fixed and
stained with 4�,6-diamidino-2-phenylindole, and apoptotic nuclei were
quantified. Shown are the means � S.D., n � 3 (*, p � 0.0031).
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(39), but it also promotes apoptosis through phosphorylation of
cell death factors such as p53 (40), BAD (41), and Bim (42, 43).
Similarly, p75NTR-mediated cell death was demonstrated to
involve JNK phosphorylation of Bim (43), Bad (41), and p53
(44). However, protein synthesis inhibitors blocked p75NTR-
dependent apoptosis in sympathetic neurons, suggesting that
transcription may have a role (20), although the genes required
for inducing cell death have not been identified nor have the
specific isoforms of JNK involved.
In our efforts to understand the mechanisms of p75NTR-

mediated apoptosis in sympathetic neurons, we recently dem-
onstrated that the receptor undergoes proteolytic cleavage in
response to apoptotic ligands (18). The cleavage facilitated
ubiquitination of the DNA binding protein NRIF by the E3
ligase TRAF6, resulting in nuclear translocation ofNRIF, which
was necessary for cell death (18, 19). How receptor processing,
NRIF nuclear shuttling, and JNK activation were related was
not known.
Here we demonstrate that JNK activation by p75NTR

transcriptionally up-regulates TACE/ADAM17, which is
necessary for cleavage to occur. Surprisingly, in addition to
the initial activation of the kinase prior to receptor proteo-
lysis, there is also a subsequent, cleavage-dependent activa-
tion of JNK. The molecular mechanisms underlying JNK acti-
vation by p75NTR are not well understood. Numerous
p75NTR-interacting proteins have been linked to JNK activa-
tion, including Rac (21), NRAGE (45, 24), NRIF (46), and
TRAF6 (23, 47). Recently, the activation of JNK by BDNF was

shown to be significantly reduced at
the 1-h time point in sympathetic
neurons from nrage�/� mice (45),
implicating this interactor in the
early, pre-cleavage phase of JNK
stimulation. In contrast, BDNF
treatment of traf6�/� sympathetic
neurons activates JNK at the 1-h
time point (supplemental Fig. 4),
but, at 24 h BDNF failed to activate
JNK in traf6�/� mice (23). However,
p75NTR still underwent proteolysis
by TACE and �-secretase in TRAF6
null neurons (18), suggesting that
TRAF6 is critical for the post-cleav-
age activation of JNK. Similarly, in
sympathetic neurons from nrif�/�

mice, therewas no activation of JNK
at the 24-h time point (46). Because
TRAF6 and NRIF directly interact
(48), it is likely that a complex forms
involving these two proteins and the
released p75NTR ICD, which is
then responsible for the later phase
JNK activation. In summary, we
propose the model shown in Fig. 9
for p75NTR-mediated apoptosis in
sympathetic neurons. Pre-existing
dimers of p75NTR become acti-
vated upon ligand binding, leading

to recruitment of various interactors (49); notably, NRAGE
associates with the receptor, which we suggest is required for
JNK3 activation, leading to up-regulation of TACE. This met-
alloprotease then cleaves p75NTR allowing �-secretase-medi-
ated cleavage. Upon release of the ICD, NRIF and TRAF6 pro-
mote JNK3 activation and NRIF nuclear translocation, all of
which lead to apoptosis.
Previous studies suggested that p75NTR is a substrate of

TACE/ADAM17 (29, 50); however, none have shown this spe-
cific enzyme responsible for the ligand-induced proteolysis.
Hence, this is the first demonstration that TACE cleaves the
receptor in response to ligand activation. Moreover, we found
that TACE is transcriptionally up-regulated through p75NTR
activation of JNK. Several other cytokines and growth factors
have been shown to increase TACE transcription (51, 52), and
the mitogen-activated protein kinases p38 and ERK have been
implicated in transducing the signal from some of these ligands
(53), although the mechanisms remain largely unknown. Inter-
estingly, JNK overexpression in 293 cells was also sufficient to
induce the protein (supplemental Fig. 1), suggesting that this
kinase could mediate the response to other receptors as well.
The requirement for TACE transcription prior to p75NTR

cleavage accounts, at least in part, for the long time between
ligand binding to the receptor and the subsequent proteolysis
byTACE and�-secretase in sympathetic neurons (Fig. 1C) (18).
Typically, receptor activation leads to rapid cleavage; for exam-
ple, neuregulin binding to ErbB4 induces cleavage byTACEand
�-secretase within 30 min (54). The relative basal levels of

FIGURE 9. Schematic illustration of p75NTR-mediated apoptotic signaling. In sympathetic neurons bind-
ing of pro-apoptotic ligands, such as pro-BDNF and mature-BDNF, to pre-existing p75NTR dimers (1) recruits
cytosolic interactors like NRAGE to the intracellular domain (ICD) of the receptor, resulting in activation of JNK3
(2). Stimulation of the kinase (3) leads to up-regulation of TACE (4), which cleaves the extracellular domain of
p75NTR (5) and allows �-secretase mediated release of the receptor’s intracellular domain (p75NTR ICD) (6).
The liberated p75NTR ICD forms a ternary complex with NRIF and TRAF6 (p75NTR ICD-NRIF-TRAF6) to promote
TRAF6-dependent ubiquitination of NRIF (7) and nuclear translocation (8); in addition, the p75NTR ICD-NRIF-
TRAF6 complex also activates JNK3 (9), all of which lead to p75NTR-mediated apoptosis (10).
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TACE may also explain why p75NTR cleavage was detected
within 1 h of myelin-associated glycoprotein binding to cere-
bellar neurons (26) and neurotrophin treatment of PC12 cells
(55) or cortical neurons (56), but in sympathetic neurons
required 6 h of BDNF exposure. However, the mechanisms of
cleavage must also be somewhat different in PC12 cells com-
paredwith sympathetic neurons, becauseNGFbinding toTrkA
could induce proteolysis of p75NTR by both metalloprotease
and �-secretase, whereas in sympathetic neurons p75NTR
processing was not detected in response to NGF (18). Further-
more, NGF treatment of PC12 cells leads to survival and differ-
entiation, whereas our results indicate that p75NTR cleavage is
only associated with apoptosis in the sympathetic neurons.
Indeed, proteolytic processing of the receptor was detected not
only in response to BDNF, but also following NGF withdrawal
(supplemental Fig. 3).
Previously, we did not observe p75NTR processing 24 h after

NGF withdrawal from sympathetic neurons (18); however,
when we looked 30 h after the trophic factor removal (keeping
the cells alive with a pan-caspase inhibitor), both the CTF and
ICD fragments were observed (supplemental Fig. 3B). This cor-
relates well with the kinetics of JNK activation: BDNF activates
JNK more rapidly than removing NGF (compare Fig. 1A to
supplemental Fig. 3A). Hence, activation of JNK by p75NTR or
by NGF withdrawal can induce p75NTR proteolysis, which
promotes apoptosis.
As discussed above, JNK activation promotes cell death

through multiple mechanisms. Moreover, our results suggest
that, even in regulating p75NTR cleavage, there is more than
one function required of this kinase. Despite the fact that JNK
stimulation was sufficient for cleavage of p75NTR by both
TACE and �-secretase, overexpression of TACE alone was not
enough to prompt �-secretase-mediated release of the ICD
(supplemental Fig. 2), indicating that additional signalingmedi-
ated by JNK is necessary. In this context, it is notable that JNK
can induce �-secretase cleavage of amyloid precursor protein
through phosphorylation of its CTF (57, 58). Because amyloid
precursor protein is thought to undergo cleavage by�-secretase
following endocytosis (59), it has been suggested that the phos-
phorylation promotes amyloid precursor protein internaliza-
tion, thereby facilitating the proteolysis (60). Interestingly, Urra
and colleagues recently provided evidence that p75NTR inter-
nalization after ligand binding is necessary for �-secretase to
cleave the receptor (55); therefore, JNK activationmay also pro-
mote receptor internalization. Further elucidation of themech-
anisms regulating p75NTR processing during apoptotic signal-
ing will be the focus of future studies.
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