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The neurotrophin receptor p75 can induce apoptosis both in
vitro and in vivo. The mechanisms by which p75 induces apo-
ptosis have remained mostly unknown. Here, we report that
p75 activates Rac GTPase, which in turn activates c-jun
N-terminal kinase (JNK), including an injury-specific JNK3, in an
NGF-dependent manner. N17Rac blocks this JNK activation
and subsequent NGF-dependent apoptosis, indicating that ac-
tivation of Rac GTPase is required for JNK activation and
apoptosis induced by p75. In addition, p75-mediated Rac ac-
tivation is modulated by coactivation of Trk, identifying Rac

GTPase as one of the key molecules whose activity is critical for
cell survival and death in neurotrophin signaling. The crucial
role of the JNK pathway in p75 signaling is further confirmed by
the results that blocking p75 from signaling via the JNK path-
way or suppressing the JNK activity itself led to inhibition of
NGF-dependent death. Together, these results indicate that the
apoptotic machinery of p75 comprises Rac GTPase and JNK.
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NGF belongs to a family of neurotrophins whose primary role is
the promotion of neuronal survival and differentiation. NGF
exerts its role by activating two distinct types of receptors, TrkA,
a receptor-tyrosine kinase, and p75, a member of the tumor
necrosis factor receptor family (Lewin and Barde, 1996; Carter
and Lewin, 1997). The role of TrkA is undisputed as a survival-
promoting receptor. The role of p75, however, still remains con-
troversial, in part because it is associated with the promotion of
both apoptosis and survival.

In the sympathetic system, p75 is involved in the death of
superior cervical ganglion neurons during development, but
whether p75 also plays a similar role in the adult is still unclear
(Bamji et al., 1998; Brennan et al., 1999). In the CNS, the role of
p75 similarly remains controversial, because the absence of p75
resulted contradictorily in an increase, a decrease, and no change
in the total number of basal forebrain neurons (Yeo et al., 1997;
Peterson et al., 1999; Ward and Hagg, 1999). The difficulty of
discerning the role of p75 in these systems may continue, given
the complexity of p75 action in the presence of resident TrkA.
One consistent piece of evidence emerging in the literature from
these data is that p75 can induce apoptosis when activated by a
neurotrophin in the absence of the Trk specific to that neurotro-

phin (Dechant and Barde, 1997). Conversely, when coexpressed
with Trk, p75 augments Trk function.

These dichotomous roles for p75 are reflected in the signaling
pathways it activates. For its role in survival, p75 is known to
activate NF-�B (Carter et al., 1996). For its role in apoptosis, it
has been shown to activate c-jun N-terminal kinase (JNK)
(Casaccia-Bonnefil et al., 1996; Yoon et al., 1998) and caspases
(Gu et al., 1999) and to induce ceramide production (Dobrowsky
et al., 1994). Of these apoptotic pathways, the JNK pathway has
been shown to be necessary (Yoon et al., 1998), but the mecha-
nisms whereby p75 activates the JNK pathway are mostly
unknown.

In this report, we present data demonstrating that p75 activates
Rac GTPase, which in turn activates JNK in an NGF-dependent
manner. This activation is required for p75-mediated apoptosis.
As an experimental system for studying the apoptotic pathway of
p75 without the interference of TrkA, we chose to use primary
oligodendrocytes. In oligodendrocytes, NGF induces cell death,
and p75 activates all the known apoptotic pathways, such as JNK,
caspases, and ceramide production (Casaccia-Bonnefil et al.,
1996; Gu et al., 1999). Using oligodendrocytes, we demonstrate
that activation of Rac is prolonged by NGF but not by BDNF or
neurotrophin 3 (NT3). This prolonged activation of Rac corre-
lates with the ability of these neurotrophins to induce apoptosis,
suggesting that the kinetics of Rac activation may determine the
fate of a cell.

MATERIALS AND METHODS
Primary rat cortical oligodendrocyte culture
Primary oligodendrocyte cultures were obtained as described previously
(Yoon et al., 1998), except that the cells were subjected to an immuno-
panning procedure using Ran2 antibody to remove astrocytes and mi-
croglias after an overnight shakeoff. The purity of cultures was deter-
mined based on staining with antibodies against galactocerebroside (O1),
myelin basic protein (MBP), and glial fibrillary acidic protein (GFAP).
Staining procedures are described below. In these cultures, 47% of the
cells were O1 �/MBP �, 17% were O1 �/MBP �, 28% were O1 �/MBP �,
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and 6% were GFAP �. Of the O1 � cells, 88% were p75 �, of the MBP �

cells, 80% were p75 �, and none of the GFAP � cells was p75 �.

Primary mouse oligodendrocyte culture from the cortex
The p75 knock-out mice that carried the mutation in exon 3 of the p75
gene (Lee et al., 1992) and the wild-type mice were obtained from
heterozygote mating as littermates. The mice were back-crossed to C57/
BL6 for 10 generations to make them congenic. Their genotype was
determined by PCR analyses of tail DNA according to the method of
Bentley and Lee (2000). At postnatal days 16–18, the brain was dissected,
a triturated cell suspension was loaded onto a 36% Percoll gradient, and
oligodendrocytes were isolated after centrifugation at 10,000 � g accord-
ing to the methods of Lubetzki et al. (1991) and Fuss et al. (2000).
Isolated oligodendrocytes were resuspended in 10% FBS in DMEM and
plated onto poly-D-lysine-coated four-well slide dishes at 0.1 � 10 6 per
well. The following day, the medium was changed to a differentiation
medium with no serum as described previously (Yoon et al., 1998). The
culture was kept for 6 d before NGF was added at 100 ng/ml for the
indicated time. In these cultures, 40% of the cells were MBP � and 7%
were GFAP �. Of the MBP � cells, 70% were p75 �; none of the GFAP �

cells was p75 �.

Immunocytochemistry
The antibodies used for immunocytochemistry were 9651 (anti-p75;
Huber and Chao, 1995), O1 (a generous gift from Dr. Patrick Wood,
University of Miami, Miami, FL), anti-MBP (Roche Molecular Bio-
chemicals, Indianapolis, IN), and anti-GFAP (Sigma, St. Louis, MO).
For double staining of mouse oligodendrocytes for p75 and MBP, mouse
oligodendrocytes were first stained live for p75 by incubating them for 1
hr at room temperature with 9651. To visualize the p75 stain, cells were
washed twice with the serum-free media and incubated at 37°C for 1 hr
with Cy3-conjugated anti-rabbit secondary antibody (Jackson Immu-
noResearch, West Grove, PA). Cells were then fixed and double-stained
for MBP. MBP staining was visualized using an anti-mouse secondary
antibody conjugated to Alexa 488 (Molecular Probes, Eugene, OR). For
double staining of rat oligodendrocytes with anti-75 and MBP or p75 and
GFAP, cells were fixed and stained for p75 using 9651 without Triton
X-100 and subsequently stained for MBP and GFAP after permeabili-
zation with Triton X-100. For double staining of rat oligodendrocytes
with O1 and p75, cells were stained live for O1 first, fixed, and stained for
p75.

Generation of recombinant adenoviruses
Dominant negative JNK2 virus. The cDNA for a dominant negative (DN)
mutant of JNK2 was isolated from SR�3-DN-JNK2 by digesting it with
HindIII and SmaI and subcloned into a Track cytomegalovirus (CMV)
shuttle vector (He et al., 1998) that was digested with HindIII and
EcoRV. The DN-JNK2 mutant contains two point mutations, T183A and
Y185F (Kallunki et al., 1994). The recombinant adenovirus construct was
generated in RecA � bacteria using Track CMV-DN-JNK2 and
pAdEasy 1 according to the method of He et al. (1998). The virus was
subsequently generated in 293 cells by transfection and further purified
using two rounds of CsCl centrifugation. The CsCl present in the virus
preparation was removed by dialysis.

DN-p75 virus. The construct comprises two domains: the extracellular
and transmembrane (TM) domains are from rat p75, and the cytoplasmic
domain is from human epidermal growth factor (EGF) receptor that was
rendered kinase-dead. To join the two chimeric domains in-frame with-
out altering any amino acid residues, a BstBI site was introduced at the
junction between the p75 and EGF receptors. Introduction of the BstBI
site results in the silent mutation of phenylalanine, the last amino acid in
the p75 TM domain (TTC to TTT). The extracellular and TM domains
of p75 were isolated by PCR using pcDNA3 hemagglutinin (HA)-p75 as
a template (Khursigara et al., 1999). The sequence for the forward
primer was GGGGTACCACCATGTCTGCACTTCTGATC, and the
sequence for the reverse primer was gcttcgaAAAGCAATATAGGC-
CAC (the underline represents the silent phenylalanine mutation, and
the sequences in uppercase letters represent those in rat p75). The PCR
fragment was first cloned into pCRII vector to generate pCRII-
p75 Ext/TM (Invitrogen, Carlsbad, CA) and sequenced in its entirety for
any errors. The cytoplasmic domain of the human EGF receptor was
isolated by PCR using the pCMV5-EGF receptor as a template (Yoon et
al., 1997). The sequence for the forward primer was agcgttCGAAG-
GCGCCACATC, and the sequence for the reverse primer was tcaT-
GCTCCAATAAATTCACT (the underline represents the BstBI site,

and the sequence in italics represents the stop codon introduced at the 3�
end). The PCR fragment was first cloned into pT7Blue 3 (Novagen,
Madison, WI) and later mutated at the ATP binding site (Lys to Phe)
using primers CCCGTCGCTATCGCGGAATTAAGAGAA and
TTCTCTTAATTCCGCGATAGCGACGGG (the underline represents
the Lys-to-Ala mutation: AAG to GCG). The fragment was sequenced in
its entirety for the presence of point mutations and for any PCR errors.
To join the two domains, the cytoplasmic domain of the kinase-dead
EGF receptor was first cut with XhoI, blunted with T4 DNA polymerase,
and subsequently digested with BstBI. The digested fragment was ligated
into the BstBI and EcoRV sites in the pCRII-p75 Ext/TM. The resulting
chimeric molecule has GCT TTT CGA AGC at the junction (the under-
line represents the silent mutation, and the italics represent the se-
quences from the EGF receptor). The chimera was cloned into the Track
CMV shuttle vector using KpnI and HindIII sites. The virus was gener-
ated as described for the DN-JNK2.

N17Rac1 virus. The fragment containing human Rac1 was prepared by
PCR using SR�-N17Rac1 as a template. The PCR fragment was cloned
into the pCRII vector (Invitrogen) and sequenced in its entirety for the
presence of a point mutation (The to Asn) and for any PCR errors. The
confirmed N17Rac1 was digested with XhoI and HindIII and introduced
to the SalI and HindIII sites in the Track CMV vector. The recombinant
adenovirus was generated as described for the DN-JNK2 virus.

Adenovirus infection
Mature oligodendrocytes were infected with recombinant adenoviruses
at 100–150 pfu/cell. After 18–24 hr of infection, cells were treated with
NGF for 4 hr, and lysates were prepared for immunoprecipitation/kinase
(IP/K) assays and Western blot analyses as described below.

Quantification of apoptotic oligodendrocytes
Rat oligodendrocytes. After a 4 hr NGF treatment, cells were fixed with
3% paraformaldehyde, stained for terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling (TUNEL;
tetra-methyl rhodamine red; Roche Molecular Biochemicals) and
mounted with Vectashield containing 4,6-diamidino-2-phenylindole
(DAPI) to label the nuclei (Vector Laboratories, Burlingame, CA). Cells
expressing the mutant genes were identified by green fluorescent protein
(GFP), because all the recombinant adenoviruses express GFP as well as
the mutant genes. The apoptotic oligodendrocytes were quantified by
counting TUNEL � cells among GFP � oligodendrocytes. The quantita-
tion data are from two to four independent experiments, each with
200–300 cells counted for a total of 400–1200 cells.

Mouse oligodendrocytes. At indicated times after NGF treatment, cells
were fixed and incubated with anti-MBP antibody. Cells were then
stained for TUNEL and processed for visualization of MBP stain using
an anti-mouse secondary antibody conjugated to Alexa 488 (Molecular
Probes). For quantification of apoptotic cells after BDNF and NT3
treatment, the number of pyknotic cells among MBP � cells was quanti-
fied. The quantitation data are from two to six independent experiments,
each with 100–200 cells counted for a total of 200–1200 cells.

Immunoprecipitation
To detect the active form of TrkB and TrkC, oligodendrocytes were
untreated or treated with BDNF or NT3 for 5 min, and the resulting
lysates (1 mg) were subjected to immunoprecipitation using pan-Trk
antibody (C14 and B3; Santa Cruz Biotechnologies, Santa Cruz, CA).
The active forms of the receptors were detected using phospho-Trk-Y490
antibody (Cell Signaling Technology, Beverly, MA).

JNK kinase assay and Western blot analyses
The procedures for IP/K assays were identical to those described previ-
ously (Yoon et al., 1998). For IP/K assays with JNK2 and JNK3 anti-
bodies 100–300 �g and for JNK1 antibodies 25–50 �g of lysates were
used. For solid-phase kinase assays, bacterial cell lysates containing
glutathione S-transferase (GST)-c-jun were first bound to glutathione
beads in 50 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA, 0.05% Triton X-100,
and 20 mM HEPES, pH 8.0. After three washes of the beads in the
binding buffer, oligodendrocyte lysates were added for a 2 hr binding at
4°C. This step was to bring down active JNKs that are known to bind its
substrates (Derijard et al., 1994). The subsequent kinase reaction was the
same as described previously (Yoon et al., 1998).

Western blot analyses were identical to what was described previously
(Yoon et al., 1998)
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Immunodepletion
The oligodendrocyte lysates were subjected to immunoprecipitation re-
actions twice using Affigel beads that were conjugated with anti-JNK1
(G151; PharMingen, San Diego, CA) and JNK2 antibodies (Santa Cruz
Biotechnologies). To confirm the extent of depletion, �5 ng of 35S-
labeled JNK1 and �5 ng of 35S-labeled JNK2 proteins were added to the
oligodendrocyte lysates as tracers before immunodepletion. After immu-
nodepletion, 10% of the total depleted or undepleted lysates were ana-
lyzed for the presence or absence of 35S-labeled JNK1 and JNK2. The
rest of the lysates were used for the solid-phase kinase assays.

In vitro translation of JNK1 and 2 proteins
The cDNAs of JNK1 and 2 were prepared by PCR and cloned into
pCRII vector (Invitrogen) and subsequently sequenced in their entirety
for any PCR errors. The JNK1 and 2 proteins were synthesized in vitro
in the presence of [ 35S]methionine using the T7 transcription- and
translation-coupled system (Promega, Madison, WI). The amount of
each protein synthesized was estimated to be �200 ng/reaction at a 90%
incorporation rate. As a tracer in immunodepletion, �5 ng of each
protein was added to the oligodendrocyte lysates.

Rac activity assay
For samples loaded with GDP or GTP�S as specificity controls, lysates
were incubated at 30°C for 15 min with either 100 �M GTP�S or 1 mM
GDP in the presence of 10 mM EDTA. Samples were then placed on ice,
and MgCl2 was added to a final concentration of 60 mM. GST-p21
binding domain (PBD)-Sepharose beads were added to the samples and
rotated for 30 min at 4°C. The beads were washed, and Rac protein was
detected using anti-Rac1 antibody (Upstate Biotechnology, Lake Placid,
NY) as described previously (Benard et al., 1999).

For Rac activity assays using oligodendrocyte lysates, oligodendro-
cytes were either untreated or treated with neurotrophins at 100 ng/ml
for 5 min and 1 and 4 hr. Dishes were then placed on ice, and cells were
washed once with ice-cold PBS. After removal of PBS, cells were lysed in
a lysis buffer, containing 25 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM
MgCl2, 1 mM EDTA, 10% glycerol, 1% NP-40, 0.25% sodium deoxy-
cholate, 1 mM sodium orthovanadate, 25 mM NaF, 10 �g/ml leupeptin, 10
�g/ml aprotinin, and 2 mM PMSF. Lysates were rotated for 5 min at 4°C
and clarified by centrifugation at 14,000 rpm for 5 min at 4°C. Ten
percent of the supernatant of each sample was saved for Western blot
analysis as a control for the total Rac protein using anti-Rac1 antibody
(Upstate Biotechnology), whereas the remainder was incubated with �30
�g of GST-PBD bound to glutathione-Sepharose beads. Lysates were
rotated with beads for 1 hr at 4°C and washed three times with lysis
buffer. Bound Rac-GTP protein was detected by Western blot analysis
using anti-Rac1 antibody (Upstate Biotechnology).

Affinity cross-linking
Affinity cross-linking was performed as described using 125I-NT3 as the
ligand (Yoon et al., 1996), except that the full-length p75-NT3 complex
was immunoprecipitated with 9992, an anti-p75 antibody, and the mutant
p75-NT3 was immunoprecipitated with anti-HA antibody.

RESULTS
p75 protein is required for NGF-dependent apoptosis
in oligodendrocytes
We asked whether oligodendrocytes undergo apoptosis in the
absence of p75. For this, cortical oligodendrocytes were prepared
from 16- to 18-d-old p75 knock-out mice and their wild-type
littermates, and the responses of each to NGF were assessed. It
should be stressed here that mouse oligodendrocytes were iso-
lated by Percoll gradient immediately after dissection (Lubetzki
et al., 1991; Fuss et al., 2000) and cultured in differentiation
medium for 6 d before the analyses. This procedure differs from
rat cultures, which are prepared by the shake-off method devel-
oped by McCarthy and de Vellis (1980). In the shake-off method,
oligodendrocytes are expanded as a mixed culture during an 8–9
d incubation period, before they are isolated from astrocytes and
microglia, and allowed to differentiate for 5–7 d. As shown in
Figure 1A, MBP� mouse oligodendrocytes express p75 in culture

Figure 1. Oligodendrocytes from p75 null mice fail to die after NGF
treatment. A, Mouse oligodendrocytes express p75 in culture, as do their
rat counterparts. A representative picture shows a mouse oligodendrocyte
culture taken from the wild-type mice at postnatal day 16 cortex. p75
expression on the cell surface was detected using 9651 anti-p75 antibody
(red), and oligodendrocytes were identified by MBP stain ( green). Scale
bar, 8 �m. B, Oligodendrocytes fail to die in the absence of p75 when
NGF is added. At 4–6 d after plating, mouse oligodendrocytes were
treated with 100 ng/ml of NGF for 4 hr, fixed, and stained for MBP.
Pyknotic cells among the MBP � cells are indicated by arrows and also
shown at higher magnification in the inset. Scale bar, 20 �m. C, Quanti-
fication of TUNEL � cells among MBP � cells. The quantitation data are
from two to four independent experiments, each with 100–150 cells
counted for a total of 200–600 cells. WT, Wild-type; KO, knock-out.
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as do their rat counterparts. By the sixth day in culture, the
proportion of MBP� cells reached �40%, and the proportion of
p75-expressing cells reached �70% among MBP� cells. NGF
induced apoptosis in these cultures based on TUNEL assays, the
extent of which increased from 8–9% at 4 hr after NGF to
32–34% at 48 hr after NGF (Fig. 1C). In the knock-out mouse
cultures, there was no increase in the number of TUNEL� cells
for the entire 48 hr period of NGF treatment (Fig. 1C). A
representative picture of apoptotic cells bearing pyknotic nuclei is
shown in Figure 1B. These data therefore indicate that NGF-
dependent death of oligodendrocytes requires the p75 protein.

The ability to activate the JNK pathway is required for
p75-mediated apoptosis in rat oligodendrocytes
NGF-dependent apoptosis in primary rat oligodendrocytes was
inhibited when a p75-blocking antibody was used, suggesting that
the apoptosis was mediated by NGF binding to p75 (Casaccia-
Bonnefil et al., 1996). To further confirm that the apoptosis was
indeed attributable to the action of p75, we sought to inhibit the
signaling capacity of endogenous p75 using a mutant p75 that
lacks its cytoplasmic signaling domain in adenovirus. The mutant
p75 contains the extracellular and transmembrane domains of rat
p75, but its cytoplasmic domain was replaced with that of the
human EGF receptor (Fig. 2A). The cytoplasmic domain of the
EGF receptor was rendered inactive in its tyrosine kinase func-
tion by mutating its ATP-binding lysine residue to alanine. We
expected the resulting construct to compete effectively for bind-
ing to NGF against the endogenous p75 but be incapable of its
own signaling. To facilitate the detection of the chimeric receptor,
an HA tag was placed at the N terminus of rat p75 cDNA after
the signal peptide sequence (Khursigara et al., 1999). Because the
adenovirus contains GFP under a separate promoter (Fig. 2A),
all the infected cells also express GFP as well as the mutant p75
receptor (Fig. 2E).

The mutant receptor was first tested for surface expression and
its ability to bind neurotrophins in affinity cross-linking experi-
ments using 125I-NT3 (Fig. 2B). 125I-NT3 was chosen instead of
125I-NGF, because NT3 is more resistant than NGF to degrada-
tion after iodination. The mutant p75 yielded an NT3-receptor
complex of �130 kDa in molecular weight, consistent with the
increase in its size in chimeric form. This result suggests that the
mutant p75 is expressed on the cell surface and binds neurotro-
phins as efficiently as the full-length p75.

The mutant p75 receptor was then introduced via infection into
rat oligodendrocytes, and its effect on NGF-dependent apoptosis
was assessed. The control cultures were infected with the GFP
adenovirus. Twenty-four hours after infection, cells were treated
with NGF for 4 hr at 100 ng/ml, and the extent of apoptosis was
measured by counting the number of TUNEL� oligodendrocytes
among GFP� infected cells. A representative picture is shown in
Figure 2E. In cultures infected with the control GFP virus, the
proportion of TUNEL� cells increased sixfold to eightfold after
a 4 hr NGF treatment. In the presence of the mutant p75,
however, the number of TUNEL� oligodendrocytes remained at
the basal level of 3–4%, (Fig. 2C). This result suggests that the
mutant p75 receptor inhibited the action of endogenous p75 in rat
oligodendrocytes.

We have reported previously that inhibition of JNK activity by
CEP-1347 resulted in rescue of rat oligodendrocytes from NGF-
dependent apoptosis (Yoon et al., 1998). Because the mutant p75
receptor blocked NGF-dependent apoptosis, we asked whether
the JNK activity was altered in the presence of the mutant p75.

For this, cells were infected for 24 hr either with the control GFP
or the mutant p75 receptor adenovirus, and the resulting lysates
were subjected to a solid-phase JNK kinase assay to measure the
total JNK activation (Derijard et al., 1994) (Fig. 2D). In control
cultures, NGF addition led to an increase in total JNK activity,
whereas activation of JNK was no longer observed in the pres-
ence of the mutant p75 (Fig. 2D). These data therefore indicate
that not only the binding of p75 to NGF but also the ability of p75
to signal and activate JNK is necessary for its action in inducing
apoptosis in oligodendrocytes.

p75 activates JNK1 and 3 in oligodendrocytes
JNK activity has been shown to increase as PC12 cells differentiate
(Eilers et al., 1998) and to remain elevated after axotomy of adult
dorsal root ganglion neurons (Kenney and Kocsis, 1998). Similarly,
cerebellar granule neurons exhibit a high basal level of JNK activ-
ity (Coffey et al., 2000). These data suggest that JNK activity may
be involved in axonal outgrowth or regeneration. In contrast, JNK
activities have also been linked to apoptosis of a variety of neurons.
The death of motor and sympathetic neurons as well as PC12 cells
was prevented when JNK activity was inhibited (Xia et al., 1995;
Eilers et al., 1998; Maroney et al., 1998, 1999).

This apparent dichotomy may be attributable to distinct actions
among different JNK isoforms. An example is found in a recent
report in which only JNK3, and not JNK1 or 2, was implicated in
arsenite-induced apoptosis (Namgung and Xia, 2000). We there-
fore sought to identify the types of JNK activated by p75 in
oligodendrocytes, which undergo apoptosis in an NGF-
dependent manner. To address this question, the specificity of
various JNK antibodies was first tested in 293 cells. 293 cells were
transfected with HA-tagged JNK1 or 2 or Flag-tagged 3, and
these JNK proteins were immunoprecipitated with commercial
antibodies against JNK1–3. The presence of each transfected
JNK protein in the immunoprecipitates was later detected using
either HA or Flag antibodies in Western blot analyses. The JNK3
antibody (Upstate Biotechnology) immunoprecipitated both
JNK1 and 3 efficiently (Fig. 3A). JNK2 antibody (Santa Cruz
Biotechnologies) immunoprecipitated JNK1 and 2 but not JNK3.
For JNK1, we tested two different antibodies, C17 polyclonal
(Santa Cruz Biotechnologies) and G151 monoclonal antibodies
(PharMingen). The C17 JNK1 antibody brought down JNK1 and
3 but not JNK2, and the G151 JNK1 antibody immunoprecipi-
tated JNK1 and 2 but not JNK3. These results are tabulated in
Figure 3B.

Each of these antibodies was then used in IP/K assays using
lysates from oligodendrocytes that were treated with NGF for 4
hr at 100 ng/ml (Fig. 3C). p75 activated JNK1 based on G151 and
C17 antibody data, but it did not activate JNK2 robustly. There
appeared to be activation of JNK3 by p75 based on anti-JNK3
data, but the data were not conclusive, because JNK3 antibody
detected both JNK1 and 3 efficiently (Fig. 3A). We therefore
performed immunodepletion with oligodendrocyte lysates using
the G151 JNK1 antibody and tested whether p75 still activated
JNK on NGF treatment. To monitor the extent of depletion,
35S-JNK1 and 2 were added to the lysates as tracers before
depletion. As shown in the Figure 4, top panel, there was robust
JNK activation after depletion of JNK1 and 2 from oligodendro-
cyte extracts. On the basis of the tracers, there was very little
JNK1 and 2 protein left after depletion (Fig. 4, bottom panel),
suggesting that the JNK activation observed after immunodeple-
tion represents activation of JNK3. We therefore conclude that
p75 activates JNK1 and 3 in oligodendrocytes.
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Activation of JNK is required for
p75-mediated apoptosis
We have previously used an inhibitor of the JNK pathway, CEP-
1347, to demonstrate that JNK activity was necessary for the
death of oligodendrocytes (Yoon et al., 1998). Similarly, the

mutant p75 receptor that is incapable of signaling via the JNK
pathway inhibited NGF-dependent apoptosis in oligodendro-
cytes. With CEP-1347, however, the possibility exists that the
drug may have affected other pathways that were not measured.
With the mutant p75, it is also likely that another pathway that is

Figure 2. The signaling ability of p75 is required for NGF-dependent apoptosis in oligodendrocytes. A, Schematic diagram of the mutant-p75 lacking
the cytoplasmic domain. The cytoplasmic domain of this mutant receptor was replaced with the corresponding domain of the kinase-dead EGF receptor.
The arrows indicate two independent CMV promoters, one directing expression of the mutant p75 and the other directing the expression of GFP. All
the adenoviruses used in this study coexpress GFP. B, The mutant p75 binds 125I-NT3. Cos cells were infected with the full-length (FL) p75 or the mutant
(Mut) p75 adenovirus and subjected to cross-linking with 125I-NT3. PC12 cells were used as a positive control (lane 1), and uninfected Cos cells were
used as a negative control (lane 2). The FL-p75 was immunoprecipitated with 9992 antibody (lane 3), and the mutant p75 was immunoprecipitated with
HA antibody (lane 4 ). C, The mutant p75 protects oligodendrocytes from NGF-dependent apoptosis. Oligodendrocytes were infected with GFP control
or the mutant p75 adenovirus in four-well slide dishes for 24 hr at 150 pfu/cell. After 4 hr of NGF treatment, cells were stained for TUNEL. The number
of TUNEL � cells was determined among GFP � cells. The quantitation data are from three to five independent experiments, each with 200–300 cells
counted for a total of 600–1500 cells. D, The mutant-p75 inhibits JNK activation in oligodendrocytes. Twenty-four hours after infection with the viruses,
oligodendrocytes were treated with NGF at 100 ng/ml for 4 hr. The changes in JNK activity were measured by solid-phase kinase assays. The presence
of the mutant-p75 was detected with anti-HA antibody, and the presence of the JNK protein was detected with anti-JNK antibody. E, Representative
picture of oligodendrocytes quantified after infection with adenoviruses and NGF treatment. The cells expressing the mutant p75 were identified by GFP
fluorescence, because the virus also expresses GFP as well as the mutant p75 cDNA. The arrows indicate the TUNEL � cells among GFP � cells. Scale
bars, 20 �m. EGFR-kin�, A kinase-dead EGF receptor; Ext, extracellular domain.
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required for survival, such as the NF-�B pathway, was concur-
rently blocked. Therefore, we tested whether direct inhibition of
endogenous JNK could lead to suppression of p75-mediated
apoptosis by introducing a DN JNK into oligodendrocytes. Be-
cause there is �70% sequence homology among the three JNK
isoforms, it is likely that a DN mutant of one isoform will inhibit
all three isoforms. We chose DN-JNK2 because it is regulated
similarly to the other JNKs but has a higher affinity to c-jun than
JNK1, and JNK2 activates the c-jun promoter, whereas JNK1
does not (Kallunki et al., 1994). The DN mutant contains two
point mutations, T183A and Y185F, at the phosphorylation sites
that are required for its activity (Kallunki et al., 1994).

The DN-JNK2 virus was first tested for its action against JNK1
and 3 as well as for the total JNK activity in rat primary oligo-
dendrocytes by infecting the cells with either the GFP control or
the DN-JNK2 virus. Twenty-four hours after infection, cells were
treated with NGF for 4 hr at 100 ng/ml, and the lysates were
subjected to a solid-phase JNK assay to measure the total JNK

activation (Fig. 5A, top panel). NGF addition led to an increase in
the total JNK activity in the control GFP virus-infected cells,
whereas there was no increase in the DN-JNK2-infected cells.
The DN-JNK2 was also effective against individual JNK1 and
JNK3, as demonstrated in IP/K assays, using either JNK1 or
JNK3 antibodies (Fig. 5A, middle panels). These results confirm
that the mutant JNK2 was effective in inhibiting NGF-dependent
JNK activation.

To test whether the DN-JNK2 could rescue the death of
oligodendrocytes, cell viability was determined by counting the
number of TUNEL� cells among the GFP� oligodendrocytes.
When NGF was added at 100 ng/ml for 4 hr, the number of
TUNEL� cells among GFP� oligodendrocytes increased four-
fold to fivefold in the GFP virus-infected cells, whereas it did
not increase in the DN-JNK2 virus-infected cells (Fig. 5B).
Therefore, these results together with the data from CEP-1347
and the data with the mutant p75 receptor indicate that JNK
activation is indeed necessary for NGF-dependent apoptosis in
oligodendrocytes.

Rac1 is an upstream regulator in p75-mediated
JNK activation
p75 has been shown to activate the JNK pathway in several cell
types other than oligodendrocytes. These include superior cervi-
cal ganglion (SCG) neurons (Bamji et al., 1998) and the Schwan-
noma cell line (Gentry et al., 2000). In SCG neurons (Mazzoni et
al., 1999) and oligodendrocytes (Fig. 5), JNK activation is caus-
ally linked to p75-mediated apoptosis. The observation that p75
activates JNK in several different systems may imply that JNK
activation by p75 is a central feature in p75 signaling. The
mechanism by which p75 activates JNK is still unknown. Al-
though nine different molecules are known to interact with p75 to
date, none of them has been linked to the JNK pathway (Cas-
ademunt et al., 1999; Chittka and Chao, 1999; Irie et al., 1999;
Khursigara et al., 1999; Yamashita et al., 1999; Ye et al., 1999;
Salehi et al., 2000). We therefore sought to find an upstream
regulator that may be most proximal to the receptor. A candidate
molecule is Rac, a GTPase belonging to the Rho family of small
G-proteins. Rac has been shown to function as the upstream

Figure 3. p75 activates JNK1 and 3. A, Spec-
ificity of antibodies used in IP/K assays. 293
cells were transfected with HA-JNK1, HA-
JNK2, or Flag-JNK3 cDNAs. The lysates
from each transfected dish were subjected to
immunoprecipitation reactions using anti-
JNK1 (C17, polyclonal; Santa Cruz Biotech-
nologies), anti-JNK1 (G151, monoclonal;
PharMingen), anti-JNK2 (Santa Cruz Biotech-
nologies), and anti-JNK3 (Upstate Biotech-
nology) antibodies. The immunoprecipitated
proteins were detected using either anti-HA
(JNK1 and 2) or anti-Flag (JNK3) antibody.
B, Summary of the data presented in Figure 4.
C, The lysates from rat oligodendrocytes were
subjected to IP/K assays using the four anti-
bodies. p75 activates JNK1, based on C17 and
G151 antibodies, and JNK3, based on C17 and
JNK3 antibodies.

Figure 4. p75 activates JNK3 after depletion of JNK1 and 2. The
oligodendrocyte lysates were subjected to immunodepletion to remove
JNK1 and 2 using JNK1 and 2 antibodies. The depleted lysates were used
in solid-phase kinase assays (top panel ). The efficiency of immunodeple-
tion is shown in the bottom panel. The extent of immunodepletion of
JNK1 and 2 proteins was determined using 35S-JNK1 and JNK2 that
were added together as a tracer to the oligodendrocyte lysates.

Harrington et al. • p75 Activates Rac GTPase and JNK3 J. Neurosci., January 1, 2002, 22(1):156–166 161



regulator in the JNK pathway in cell lines as well as in neurons
(Coso et al., 1995; Minden et al., 1995; Bazenet et al., 1998). In
addition, p75 was recently reported to interact with another
member of the Rho family of small G-proteins, RhoA (Yamashita
et al., 1999). Binding of p75 to NGF led to suppression of Rho
activity in 293 cells (Yamashita et al., 1999).

We first tested whether p75 modulates Rac activity in oligo-
dendrocytes in an NGF-dependent manner, using the GST-PBD
of PAK 1. PAK 1 binds Rac only when Rac is bound to GTP via
PBD. The activated, GTP-bound Rac can then be detected in
Western blot analyses after pull-down assays using the GST-PBD
(Benard et al., 1999). The specificity of this assay was tested using
the unhydrolyzable GTP analog GTP-�S or GDP. As shown in
Figure 6A, the GST-PBD pulled down only the GTP-�S-bound
Rac and not the GDP-bound Rac. Using the assay, we examined
whether p75 can modulate Rac activity in oligodendrocytes. In

oligodendrocytes, NGF induced Rac activation starting 5 min
after NGF addition at 100 ng/ml, and its activation lasted for 4 hr
after NGF treatment (Fig. 6B). In contrast to NGF, BDNF failed
to activate Rac, whereas NT3 addition led to transient activation
of Rac. We next asked whether the different temporal pattern of
activation of Rac observed with the different neurotrophins cor-
relates with their ability to activate JNK. NGF addition led to
robust JNK activation starting 1 hr after NGF, lasting up to 4 hr,
whereas BDNF did not during a 4 hr treatment (Fig. 7A). There
was a small increase in JNK activity after a 4 hr NT3 treatment,
but this activation was not sufficient to lead to apoptosis, because
only NGF could induce apoptosis in oligodendrocytes, whereas
BDNF or NT3 could not (Fig. 7B). These results suggest that
prolonged Rac activation by p75 may be one of the key steps
required for NGF-dependent apoptosis.

It was reported recently that NGF induced Rac activation in
PC12 cells (Yamaguchi et al., 2001; Yasui et al., 2001). In those
studies, Rac activation subsided 3 min after NGF treatment.
These results suggest that in rat oligodendrocyte cultures, tran-
sience or absence of Rac activation, with NT3 or BDNF, respec-
tively, is attributable to concomitant activation of resident TrkB
and TrkC. The rat oligodendrocytes expressed TrkB and TrkC,
because BDNF and NT3 treatment resulted in tyrosine phos-
phorylation of the receptors, based on Western blot analyses with
the phospho-TrkY490 antibody (Fig. 7C). We have reported
previously that coactivation of TrkA and p75 after introduction of
ectopic TrkA into rat oligodendrocytes led to suppression of JNK
(Yoon et al., 1998). Our data here with BDNF and NT3, in
addition to the reports by Yasui et al. (2001) and Yamaguchi et al.
(2001), indicate that one of the key points where Trk activation
intercepts p75 signaling is at or upstream of Rac.

Because temporal activation of Rac correlated with cell death
in oligodendrocytes, we next investigated whether Rac activation
was required for NGF-dependent apoptosis. For this purpose, we
generated an adenovirus carrying the cDNA for the DN-Rac1.
The DN-Rac1 contains a mutation at residue 17 (threonine to
asparagine). After infection with either GFP or the DN-Rac1
virus, cell viability was determined by counting the number of
TUNEL� cells among the GFP� oligodendrocytes after a 4 hr
NGF treatment at 100 ng/ml. In the presence of the DN-Rac1, the
number of apoptotic oligodendrocytes was reduced compared

Figure 5. JNK activation is necessary for NGF-dependent
apoptosis in oligodendrocytes. A, DN-JNK2 inhibits NGF-
dependent activation of JNK in oligodendrocytes. Oligoden-
drocytes were infected with GFP control or DN-JNK2 ade-
novirus for 24 hr at 150 pfu/cell. Infected cells were untreated
or treated with NGF for 4 hr, and the lysates were subjected
to solid-phase kinase as well as IP/K assays. The presence of
DN-JNK2 is shown in an HA Western blot, and the JNK
protein is shown in a JNK Western blot. B, DN-JNK2 res-
cues oligodendrocytes from NGF-mediated apoptosis. The
quantification procedure was identical to what was described
in the legend of Figure 2.

Figure 6. p75 activates Rac1 in an NGF-dependent manner. A, Specific-
ity of the pull-down Rac assay. The lysates from 293 cells were incubated
with either 1 mM GDP or 0.1 mM GTP�S and subjected to a pull-down
assay using GST-PBD. The bound Rac protein was detected in a Western
blot analysis with anti-Rac1 antibody. B, NGF addition led to a prolonged
activation of Rac1 in oligodendrocytes. Oligodendrocytes were treated
for the indicated time with NGF, BDNF, or NT3 at 100 ng/ml. The
lysates were subjected to Rac activity assays. Note that BDNF does not
activate Rac1, whereas NT3 activates it transiently.
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with the control GFP virus-infected cells after NGF treatment
(Fig. 8A). To test whether Rac activation was required for NGF-
dependent JNK activity, the lysates from either GFP or the
DN-Rac1 virus-infected cultures were subjected to solid-phase
kinase assays. In oligodendrocytes infected with the control GFP
virus, there was activation of JNK on NGF addition, but in cells
infected with DN-Rac1, JNK activation was no longer observed
(Fig. 8B). These data, therefore, indicate that p75 uses Rac1 to
activate JNK, and Rac activation is an obligatory step in the
NGF-dependent apoptotic machinery activated by p75. This Rac
activation is under competitive regulation by Trk signaling,
thereby governing cell survival and death.

DISCUSSION
In this report, we present the data that p75 activates Rac GTPase
in an NGF-dependent manner. This Rac activation is causally
linked to apoptotic action by p75, because N17Rac1 inhibits
NGF-dependent JNK activation, which in turn leads to suppres-
sion of apoptosis. Coactivation of Trk modulates p75-mediated
Rac activation, thereby identifying Rac GTPase as one of the key
molecules whose activity is critical for cell survival and death in
neurotrophin signaling. The crucial role of the JNK pathway in
p75 signaling is further confirmed by the fact that blocking p75
from signaling via the JNK pathway or suppressing the JNK
activity itself led to inhibition of NGF-dependent death. We also
report that p75 activates JNK3, an injury-specific JNK, in a
system in which it induces apoptosis.

p75 is required for NGF-dependent death of
oligodendrocytes in culture
We demonstrate here that mouse oligodendrocytes expressed p75
as early as the second day in culture, and they did not die in the
absence of p75 when NGF was added (Fig. 1). In addition,
blocking the signaling ability of p75 in rat oligodendrocytes also
resulted in reversal of the death effect of NGF (Fig. 2). These
results directly confirm the apoptotic role of p75 in oligodendro-
cytes. It is not clear, however, whether p75 plays a similar role in
oligodendrocyte biology in vivo. The current literature strongly
indicates that p75 is induced among oligodendrocytes by an injury
or disease state. For instance, in the white matter plaques of
multiple sclerosis (MS) patients, p75 was induced among oligo-
dendrocytes and their precursors (Dowling et al., 1999; Chang et
al., 2000). Direct infliction of injuries to the white matter in the
cortex and the spinal cord can also induce p75 expression among
oligodendrocytes (S. O. Yoon, J. Bresnahan, and M. Beattie,
unpublished data). This correlation between p75 expression in
vitro and in vivo suggests that culture conditions can model injury
or stress situations these cells encounter in vivo. Our data dem-
onstrating that p75 activates an injury-specific JNK3 in cultured
oligodendrocytes also support this notion (Fig. 4).

What is the consequence of p75 induction in an injury or a
disease state? On the basis of our culture data, one might suggest

Figure 7. Trk activation intercepts p75-mediated JNK activity at or
upstream of Rac GTPase. A, Temporal course of JNK activation by
neurotrophins. Rat oligodendrocytes were treated with neurotrophins for
the indicated time at 100 ng/ml. The lysates were subjected to solid-phase
kinase assays. B, Only NGF is capable of inducing cell death among
oligodendrocytes. Mouse oligodendrocytes were treated with 100 ng/ml
NGF, BDNF, or NT3 for 4–5 hr, and the number of pyknotic cells was
counted among MBP � cells. The quantitation data are from three inde-
pendent experiments, each with 100–200 cells counted for a total of
300–600 cells. C, Rat oligodendrocytes express TrkB and TrkC. Rat
oligodendrocytes were untreated or treated with 100 ng/ml BDNF or
NT3 for 5 min. The activated receptors were detected using phospho-
TrkY490 antibody. Active TrkA from PC12 cells was used as a positive
control (lanes 4, 5).

Figure 8. Rac1 is the upstream regulator of the p75-mediated JNK
pathway. A, DN-Rac1 protects oligodendrocytes from NGF-dependent
apoptosis. The procedure is identical to the one described in the legend
of Figure 2. B, DN-Rac1 inhibits NGF-dependent JNK activation. Oligo-
dendrocytes were infected with either GFP or DN-Rac1 for 24 hr and
either left untreated or treated with 100 ng/ml NGF for 4 hr. The resulting
lysates were used in solid-phase kinase assays.
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that p75 plays a proapoptotic role, perhaps serving to eliminate
diseased cell populations. In support of this notion, Dowling et al.
(1999) reported that 47% of TUNEL-positive oligodendrocytes
expressed p75 in MS lesions. Contrary to these data, Chang et al.
(2000) found no TUNEL-positive cells among NG2� oligoden-
drocyte precursors in MS lesions. These data may be interpreted
as indicating that p75 plays an opposing, antiapoptotic role in
developing oligodendrocytes when the greater population is in-
jured and in this way may contribute to regeneration. Alterna-
tively, p75 may still be involved in inducing apoptosis in NG2�

oligodendrocytes, but its expression is not sufficient to induce
apoptosis. It is quite possible that induction of p75 is one of many
factors required for these cells to undergo apoptosis but not
sufficient to induce death in vivo. In support of this notion,
Ladiwala et al. (1998) reported that although human oligoden-
drocytes do express p75 in culture, they failed to die when NGF
was added. NGF did not induce the JNK pathway in human
oligodendrocytes, indicating that some component of the p75-
mediated JNK signaling pathway is not present in these cells, or
its activation was somehow inhibited. Analyses of p75 knock-out
mice in an injury or disease paradigm will help answer the
question of whether the induced expression of p75 among oligo-
dendrocytes in vivo presages their fate as it does in culture.

P75 activates JNK1 and JNK3
Our results demonstrate that p75 activates JNK1 in addition to
JNK3, and their activation is required for NGF-dependent apo-
ptosis. The involvement of JNK1 in apoptosis of oligodendro-
cytes is different from that revealed by the data for cortical
cultures, in which JNK1 was not implicated in arsenite-induced
apoptosis (Namgung and Xia, 2000). In cortical neurons, the
basal level of JNK1 activity was high, suggesting that JNK1 may
be involved in differentiation (Namgung and Xia, 2000). JNK
activity has been shown to increase as PC12 cells or cerebellar
granule neurons differentiate, although the specific JNK isoform
responsible for this increase was not determined (Yao et al., 1997;
Eilers et al., 1998; Coffey et al., 2000). This dual role of JNK has
also been demonstrated in the analyses of JNK1 and 2 double-
knock-out mice. Loss of JNK1 and 2 resulted in increased apo-
ptosis in the forebrain region, whereas it inhibited apoptosis in
the hindbrain area during embryonic development (Kuan et al.,
1999). In oligodendrocytes in culture, JNK1 plays a role in
inducing cell death, because total JNK activity as well as JNK1
activity was suppressed with the mutant p75, the DN-JNK2, and
N17Rac (Figs. 2, 5, 8).

Although JNK1 and 2 may play diverse roles, it appears that
the role of JNK3 is in inducing apoptosis after injuries to the
nervous system (Yang et al., 1997; Namgung and Xia, 2000). It is
highly relevant in this regard that p75 activates an injury-specific
JNK3 in a system in which it induces cell death (Fig. 4). It is well
documented in the literature that p75 is robustly induced in
neurons, Schwann cells, and oligodendrocytes after injuries (Ta-
niuchi et al., 1986; Koliatsos et al., 1991; Hayes et al., 1992; Roux
et al., 1999). For instance, p75 has been reported to be induced in
dying neurons after a seizure (Roux et al., 1999) and ischemia
(Park et al., 2000) and in cortical neurons after experimental
allergic encephalomyelitis (Calza et al., 1997; Nataf et al., 1998).
It remains to be seen whether JNK3 activation is indeed required
for p75-mediated apoptosis in vivo.

P75 activates Rac GTPase persistently
We demonstrated that p75 activates Rac GTPase in an NGF-
dependent manner (Fig. 6). These results differ from those for

RhoA activity, in which NGF binding to p75 led to suppression
rather than activation (Yamashita et al., 1999). The suppression
of RhoA activity by p75 was implicated in the promotion of
process outgrowth in ciliary neurons (Yamashita et al., 1999). In
oligodendrocytes that undergo apoptosis in an NGF-dependent
manner, Rac activation is causally linked to apoptosis (Fig. 8). As
a member of the Rho family of small G-proteins, Rac plays a role
in cytoskeletal reorganization as well as being the upstream
regulator in the JNK pathway (Coso et al., 1995; Minden et al.,
1995). In NGF signaling, Rac activity is distinctly involved in
activation of the JNK pathway, as we demonstrated by the effect
of DN-Rac1 in oligodendrocytes. The dual roles for Rac have
been more clearly demonstrated by a single point mutation (ty-
rosine at residue 40 to cysteine) that resulted in the loss of JNK
activation but a continued effect on cytoskeletal reorganization
(Lamarche et al., 1996). These results suggest that distinct effec-
tor molecules are involved in eliciting these diverse, Rac-
mediated effects, although it is not known what regulates the
process that determines whether Rac activation would lead to cell
death or to cytoskeletal reorganization.

Our data suggest that the kinetics of Rac activation may be a
determinant in this process. In oligodendrocytes, NGF induced
long-term Rac activation, lasting up to 4 hr after NGF (Fig. 6B).
In PC12 cells in which NGF activated Rac transiently (Yasui et
al., 2001), this activation was linked to neurite extension and
differentiation, rather than cell death (Yamaguchi et al., 2001).
Similarly to the data from PC12 cells, NT3 activated Rac only
transiently in oligodendrocytes that expressed TrkC (Fig. 6B) and
did not induce cell death (Fig. 7B). These results may be inter-
preted as suggesting that the kinetics of Rac activation determine
whether Rac plays a role in apoptosis or in differentiation in
neurotrophin signaling. This is reminiscent of the data that pro-
longed ERK activation correlated with differentiation, whereas
transient ERK activation correlated with proliferation in PC12
cells (Qui and Green, 1992). On the basis of the correlation that
we observed with NGF, between apoptosis and prolonged Rac
activation, we hypothesize that additional effector molecules may
be recruited to Rac-GTP at later points in NGF induction. Re-
cruitment of these effector molecules may also be responsible for
the differences in temporal regulation of Rac GTPase, perhaps by
providing stabilizing scaffolds.

Although NT3 activated Rac transiently and induced JNK, it
did not induce apoptosis in oligodendrocytes (Figs. 6, 7). This
NT3 response in oligodendrocytes is similar to the NGF response
in PC12 cells. In PC12 cells, NGF induced JNK (Minden et al.,
1994; Eilers et al., 1998) as well as transient Rac activation
(Yamaguchi et al., 2001; Yasui et al., 2001). We interpret these
data as suggesting that JNK activation may not be sufficient to
induce apoptosis in oligodendrocytes, although it is indeed nec-
essary, because blocking JNK activity prevented NGF-dependent
apoptosis. To induce apoptosis, p75 may need to activate a
proapoptotic pathway(s) other than the JNK pathway or to sup-
press an antiapoptotic pathway(s). Alternatively, TrkC may acti-
vate a pathway that intercepts p75 signaling downstream from
JNK in oligodendrocytes.

In conclusion, we report that p75 activates Rac GTPase per-
sistently, and this activation is essential for p75 to induce JNK
and apoptosis. Simultaneous activation of Trk counteracts apo-
ptotic action by p75 by modulating the kinetics of p75-mediated
Rac activation.
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