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The small GTP-binding protein Cdc42 is required for nerve
growth factor withdrawal-induced neuronal death
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ABSTRACT An increase in the level of the c-Jun tran-
scription factor and of its phosphorylation has previously
been shown to be essential for nerve growth factor (NGF)
withdrawal-induced apoptosis of rat sympathetic neurons
(SCG). The Rho-like GTPases Cdc42 and Rac1 are involved in
the regulation of a number of cellular processes, including
activation of the c-Jun NH2-terminal kinase (JNK) pathway.
Therefore, we have investigated the role of these GTPases in
this process. Overexpression of activated Rac1 or Cdc42 in
SCG neurons maintained in the presence of NGF induced
apoptosis, whereas expression of dominant negative mutants
of Cdc42 or Rac1 blocked apoptosis following NGF with-
drawal. Cdc42 activation produced an increase in the level of
c-Jun and of its phosphorylation. Furthermore, Cdc42-
induced death was prevented by coexpressing the c-Jun dom-
inant negative FLAGD169. Thus, Cdc42 appears to function as
an initiator of neuronal cell death by activating a transcrip-
tional pathway regulated by c-Jun.

Neuronal apoptosis or programmed cell death (PCD) is a
crucial process occurring not only during normal development
and tissue turnover but also in pathological situations such as
stroke, Alzheimer’s, and Huntington’s diseases (1, 2). Neuro-
nal PCD involves the activation of a number of enzymes and
genes and is regulated by specific growth factors, such as
neurotrophins (NT), which promote survival of particular
neuronal populations (3, 4) by binding to specific cell surface
receptors (for review, see ref. 5). Removal of these survival
factors activates or de-represses signaling pathways that even-
tually lead to apoptosis. Recently, a great deal of progress has
been made in understanding these pathways. One of the most
significant observations is that neuronal apoptosis requires
gene transcription (6), and some of the transcription factors
activated during induction of neuronal apoptosis have been
identified. When rat sympathetic neurons (SCG) were de-
prived of nerve growth factor (NGF) the level of the c-Jun
transcription factor specifically and significantly increased,
suggesting that AP-1 activity is part of the transcriptional
program required for neuronal cell death. Phosphorylation of
c-Jun on serines 63 and 73 in the transactivation domain
enhances its transcriptional activity (7, 8), and an increase in
c-Jun NH2-terminal kinase (JNK) activity has been observed
soon after NGF withdrawal from these cells (9). In addition,
Xia et al. (10) showed that in PC12 cells, NGF withdrawal led
to activation of JNK and the p38yHOG1 mitogen-activated
protein kinase whereas the extracellular-regulated activated-
kinase (ERK) signaling pathway was inhibited. Finally, the
functional importance of the activation of c-Jun has been
demonstrated in studies in which apoptosis of SCG neurons
after NGF withdrawal could be blocked by microinjection of
anti-c-Jun antibodies or overexpression of a c-Jun dominant

negative mutant (11, 12). Altogether, these findings indicate
that the pathways regulating both the level of the c-Jun protein
and its phosphorylation are important in inducing neuronal
death. Therefore, upstream regulators of these pathways could
be potential candidates as neuronal death mediators, and it
would be of great interest to identify them.

An increasing number of kinases that activate the stress-
activated protein kinases SAPKyJNK and p38 kinase pathways
have been identified. These include the mitogen-activated
protein kinase kinases (MEKKs) (13–15), the p21-activated
protein kinases (PAKs) (16–19), the mixed lineage kinase
(MLK3, also called SPRK and PTK-1) (20–22), the germinal
center kinase (GCK) (23), the transforming growth factor
b-activated kinases (TAKs), the Nck interacting protein (NIK)
(24), and the apoptosis signal-regulating kinase (ASK1) (25).
Furthermore, several groups have studied upstream regulators
of these kinases and they have provided evidence that the
Rho-like GTPases Cdc42 and Rac1 are involved. Indeed,
PAK1 and MKL3 have been shown to be activated by Cdc42
and Rac1 (23–29). These GTPases, therefore, are now thought
to be involved in a wide variety of cellular responses including
cytoskeletal changes, cellular transformation, inflammatory
responses, cell motility, and cytokinesis (30–33).

Altogether, these findings prompted us to investigate the
role of Rac1 and Cdc42 in the induction of SCG cell death (6,
34, 35). These cells are difficult to transfect, and we adopted
the approach of microinjecting them with a variety of expres-
sion plasmids designed to activate or inhibit particular neuro-
nal signaling pathways. We report here that activated Cdc42 or
Rac1 can induce apoptosis of SCG neurons via activation of
c-Jun whereas their dominant negative counterparts protect
them against NGF withdrawal-induced death.

MATERIALS AND METHODS

Cell Culture. Sympathetic neurons were isolated from the
superior cervical ganglia of 1-day-old Sprague–Dawley rats as
described in ref. 11. SCG neurons were plated on 13-mm-
diameter glass coverslips coated with polylysine and laminin at
a density of 8,000–10,000 cells per coverslip. They were then
cultured in DMEM (GIBCOyBRL) supplemented with 10%
fetal calf serum (Globepharm), 2 mM glutamine, penicillin,
streptomycin, 20 mM each of fluordeoxyuridine and uridine
(basic culture medium), and 50 ngyml NGF.

Antibodies. The anti-c-Jun antibody was raised against a
GST-c-Jun protein, encompassing amino acids 1–58 (36), and
the anti-phospho-c-Jun antibody was raised against a phospho-
peptide, encompassing amino acids 57–68 of c-Jun, with
phospho-serine 63 (9).

Construction of Expression Vectors. The 0.6-kb BamHI-
EcoRI fragments of the pGex2T-Cdc42 and -Rac1 mutants
were subcloned into the mammalian expression vector pRK5
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downstream of a cytomegalovirus promoter and in-frame with
a c-myc epitope tag. DNA for microinjection was purified on
two CsCl gradients.

Microinjection. After 5–7 days in culture, the neurons were
microinjected with DNA mixtures by using a Zeiss Axiovert
135M microscope with an Eppendorf transjector (model 5246)
and micromanipulator (model 5171). DNA was injected di-
rectly into the nucleus with needles pulled on a horizontal
electrode puller (Camden Instruments, Leicester, U.K., model
773). Routinely, 50–80% of neurons survived the injection.

Survival Assay. To assess the number of viable cells, 70,000
kDa Texas Red Dextran at a final concentration of 5 mgyml
was injected, along with the DNA, to detect the injected cells.
Five to 24 hr after injection, the cells were refed, or, in the case
of NGF withdrawal experiments, the medium was replaced
with basic culture medium supplemented with an anti-NGF
antibody (Boehringer) at 100 ngyml. The number of Texas
Red-positive cells was scored and assigned as the 100% value.
After appropriate times, the number of Texas Red-positive
cells was scored again and the percentage of survival was
assessed. In the case of NGF withdrawal experiments, the cells
were stained with calcein AM (0.5 mM final concentration),
which fluoresces green in live cells. Only the Texas Red-
positive cells that were calcein positive and had a normal
morphology were scored as viable. All experiments were
counted blind.

Expression Studies. To verify the expression of the proteins
of interest, guinea pig IgG was coinjected at a final concen-
tration of 5 mgyml. After appropriate times, the cells were
fixed and permeabilized with 50% methanoly50% acetone for
20 min at 220°C and incubated with the 9E10 anti-c-myc
antibody (Boehringer), diluted 1:250, to check for expression
of the tagged proteins, and blocked with 50% normal goat
serum in 1% BSA in PBS. They were stained finally with a
rhodamine-conjugated anti-guinea pig IgG antibody diluted
1:100 to detect the injected cells and with a fluorescein
isothiocyanate (FITC)-conjugated secondary antibody. The
coverslips were mounted with Citif luor and viewed on a Nikon
Microphot FXA fluorescence microscope.

Immunofluorescence Staining. To detect c-Jun or phospho-
c-Jun in immunofluorescence experiments, the cells were fixed
and permeabilized 24 hr after injection as in ref. 11, blocked
with 50% normal goat serum, and incubated with a 1:100
dilution of an anti-c-Jun antibody or a monoclonal anti-
phospho-c-Jun antibody diluted 1:5,000. They were then
stained with an FITC-conjugated secondary antibody and an
anti-guinea pig IgG antibody to detect the injected cells as
described above. Only the cells showing a clear increase over
background staining were scored positive. To examine nuclear
morphology, cells were stained with Hoechst dye (Hoechst
33342, Sigma) at 10 mgyml.

TUNEL Analysis. When indicated, TUNEL analysis was
performed 16 hr after injection. Cells were fixed with 3%

FIG. 1. Activated Cdc42 and Rac1 induce neuronal apoptosis. (A) The activated V12 mutants of Cdc42 and Rac1 were subcloned into the pRK5
mammalian expression vector and tagged with a myc epitope. Sympathetic neurons (SCG neurons), cultured for 5–7 days in the presence of NGF,
were microinjected with 0.1 mgyml DNA and 5 mgyml guinea pig IgG, to follow the injected cells. For each experiment, 200 cells were microinjected.
Four to 24 hr after injection, the cells were stained to check for expression of Rac1 and Cdc42 as described in Materials and Methods. (Bar 5 100
mm.) The white arrows indicate the expressing cells. (B) Survival of SCG neurons injected with V12Cdc42 (triangles), V12Rac1 (squares), or pRK5
(circles). Twenty-four, 48, and 72 hr later, the percentage of surviving cells was assessed as described in Material and Methods. In each experiment,
200 cells were injected. The results are the means of three independent experiments 6 SEM. (C) Morphology of the cells microinjected with
V12Cdc42, V12Rac1, or pRK5. Six-day-old SCG neurons were injected with 0.3 mgyml DNA together with guinea pig IgG and stained with Hoechst
24 hr after injection. White arrows indicate the injected cells: only the cells overexpressing the constitutively active forms of Rac1 and Cdc42
displayed clearly pyknotic nuclei. (Bar 5 100 mm.) (D) TUNEL analysis of SCG neurons microinjected with V12Cdc42, V12Rac1, pRK5, or Bax.
Six-day-old SCG neurons were microinjected with 0.3 mgyml V12 Rac1, V12Cdc42, pRK5 DNA, or 0.05 mgyml Bax DNA. TUNEL analysis was
performed 16 hr later. The results are the means of three independent experiments 6 SEM.

Neurobiology: Bazenet et al. Proc. Natl. Acad. Sci. USA 95 (1998) 3985



paraformaldehyde and permeabilized with 0.5% Triton X-100.
They were then incubated with a TUNEL reaction mixture (In
Situ Cell Death Detection Kit, Boehringer). Finally, the cells
were stained to detect the injected cells as described above.

RESULTS

Activation of Rac1 or Cdc42 Induces Neuronal Apoptosis.
To study the function of Rac1 and Cdc42 in SCG neurons, their
activated forms, the V12 mutants, or the empty expression
vector pRK5 were microinjected, at 0.1 mgyml, into SCG
neurons cultured for 6 days in the presence of NGF. The
glycine-to-valine mutation at position 12 results in decreased
intrinsic GTPase activity, and the V12 mutant is believed to
exist predominantly in an active GTP-bound conformation
and to interact continuously with its downstream effectors
(37). Three to 4 hr later, the cells were stained with an
anti-c-myc antibody to check the level of Rac1 and Cdc42
expression: more than 70–80% of the injected cells clearly
expressed the GTPases, which were localized throughout the
cell body (Fig. 1A). The effect of Rac1 and Cdc42 on the
survival of SCG neurons maintained in the presence of NGF
was then determined. Expression of the activated forms of
either Rac1 or Cdc42 resulted in the rapid induction of cell
death, with about 70% of the cells dying by 72 hr (Fig. 1B). As
additional controls, we microinjected the dominant negative
mutants N17Cdc42 and N17Rac1 [the threonine-to-asparag-
ine mutation produces an inactive GDP-bound GTPase, which
apparently competes with the wild-type protein for a common
pool of regulatory proteins (38, 39)]. These mutants had no
effect on the survival of SCG neurons maintained in the
presence of NGF (data not shown). Furthermore, we looked
at the effect of activated Ras and RhoA on the survival of SCG
neurons in the presence of NGF. D12Ras slightly reduced the
number of live cells, whereas V14RhoA had no effect at all
(data not shown). This indicates that specific expression of the
activated forms of Cdc42 or Rac1 is sufficient to induce
neuronal death, even in the presence of a potent survival agent.

To further characterize the death induced by Rac1 and
Cdc42, we examined the morphology of the dying cells by
Hoechst staining. Twenty-four hours after injection, the cells
had clearly started to display pyknotic nuclei, a typical feature
of apoptosis (Fig. 1C). This result was confirmed by TUNEL
analysis performed on these cells and on cells overexpressing
Bax, which is known to be a strong inducer of apoptosis under
these conditions (40). After 16 hr, about 20% of the cells
overexpressing Bax or V12Cdc42 and about 10% of the cells
overexpressing V12Rac1 were TUNEL positive versus only 2%
of pRK5-overexpressing cells. Altogether, these observations
show that constitutive expression of activated forms of Rac1 or
Cdc42 can induce neuronal cell death, presumably by activat-
ing a pro-apoptotic signaling cascade.

Cdc42 Is Required for NGF Withdrawal-Induced Apoptosis.
To determine whether apoptosis initiated by NGF deprivation
results in the activation of Cdc42 or Rac1, we microinjected the
dominant negative mutants N17Cdc42 and N17Rac1. More
than 60% of the injected cells expressed the protein of interest
(data not shown). Four to 5 hr after injection, the cells were
withdrawn from NGF, and the percentage of surviving cells
was assessed 48 hr later. Both N17Cdc42 and N17Rac1 pro-
tected the SCG neurons from NGF withdrawal-induced death
in a dose-dependent manner. These results demonstrate that
not only can activated Cdc42 and Rac1 induce neuronal
apoptosis, but also that they are required for NGF withdrawal-
induced neuronal cell death (Fig. 2A).

To assess the hierarchy, if any, between Cdc42 and Rac1, we
coinjected V12Cdc42 with N17Rac1 or V12Rac1 with
N17Cdc42. The cells were maintained in the presence of NGF,
and 48 hr later the percentage of surviving cells was assessed.
Fig. 2B shows that N17Rac1 blocked V12Cdc42-induced death

whereas N17Cdc42 had no effect on V12Rac1-induced death
(data not shown), suggesting that in neurons as in other cells

FIG. 2. N17Rac1 and N17Cdc42 can prevent NGF withdrawal-
induced neuronal death. (A) SCG neurons, cultured for 5–7 days, were
microinjected with increasing concentrations of N17Rac1 (hatched
bars), N17Cdc42 (solid bars), 1.0 mgyml pRK5 (negative control, open
bar), or 0.05 mgyml of Bcl-2 (positive control, striped bar). Twenty-
four hours later the cells were withdrawn from NGF and left for an
additional 48 hr. Cell survival was assessed by calcein staining as
described in Material and Methods. The results are the means of four
independent experiments 6 SEM. #, the P value of N17Cdc42 at 0.1
mgyml is ,0.01. (B) Sympathetic neurons (SCG neurons), cultured for
5–7 days in the presence of NGF, were coinjected with 0.1 mgyml
V12Cdc42 (solid bar) and increasing concentrations of N17Rac1
(hatched bars) or 0.4 mgyml pRK5 (open bar). Forty-eight hours later,
the percentage of surviving cells was assessed as described in Material
and Methods. In each experiment, 200 cells were injected. The results
are the means of three independent experiments 6 SEM.
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Cdc42 is upstream of Rac1 (32, 41). Therefore, we decided to
focus our studies on the mechanism of Cdc42-induced apo-
ptosis.

Activation of Cdc42 Results in an Increase in the Level of
c-Jun Protein and of Its Phosphorylation. We next wanted to
determine whether activated Cdc42 induces an increase in the
level of the c-Jun protein and of its phosphorylation, as occurs
after NGF withdrawal (11). Cells microinjected with either
V12Cdc42 or the empty expression vector pRK5 were labeled

with a specific anti-c-Jun antibody. Cells injected with pRK5
did not show any increase in c-Jun expression compared with
noninjected cells (Fig. 3A), whereas cells injected with
V12Cdc42 showed a clear increase in levels of nuclear c-Jun.
In a similar manner, these cells were stained with an anti-
phospho-c-Jun antibody, specific for phosphorylated serine 63
(9). Again, the pRK5-injected cells did not display increased
nuclear phospho-c-Jun staining compared with background.
However, V12Cdc42 induced a significant enhancement of the

FIG. 3. Activation of Cdc42 results in an increase in the level of c-Jun protein and of its phosphorylation. (A) V12Cdc42 or pRK5 (0.3 mgyml)
was microinjected into 5- to 7-day-old SCG neurons, which were maintained in the presence of NGF. Twenty-four hours after injection, the cells
were fixed, permeabilized, and stained with Hoechst dye (Left), a rhodamine-conjugated anti-guinea pig IgG antibody to detect the injected cells
(Center), and an anti-c-Jun antibody (Right). Only the cells in which c-Jun staining was clearly above background were scored as positive. The results
are presented as a scatter plot (Upper). The data are the means 6 SEM of six independent experiments. Cdc42 induced a 2-fold increase in the
percent of cells expressing c-Jun (white arrows) (P , 0.02). (Bar 5 100 mm.) (B) V12Cdc42 or pRK5 (0.3 mgyml) was microinjected into 5- to
7-day-old SCG neurons, which were kept in the presence of NGF. Twenty-four hours after injection, the percent of cells expressing phospho-c-Jun
was assessed. Only the cells in which phospho-c-Jun staining was clearly above background were scored positive. The results are presented as a
bar graph (Upper). The data are the means 6 SEM of four independent experiments; P , 0.03. Cdc42 is capable of inducing a significant increase
in the level of phospho-c-Jun in the injected cells (white arrows). (Bar 5 100 mm.) (C) N17Cdc42 or pRK5 (0.6 mgyml) was microinjected into
5- to 7-day-old SCG neurons, together with guinea pig IgG. The neurons were withdrawn from NGF 4–6 hr after injection. Twenty-four hours
later, the percentage of cells expressing nuclear c-Jun was assessed. The results were represented as a bar graph. The data are the means 6 SEM
of six independent experiments. N17Cdc42 can block the induction of the increase in the level of c-Jun that is normally observed after NGF
withdrawal (white arrows). (Bar 5 100 mm.)
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nuclear staining (Fig. 3B). This suggests that activation of
Cdc42 results in increased expression of the c-Jun protein and
of its phosphorylation in neuronal cells. Our results corrobo-
rate with the very recent findings of Perona et al. (42), showing
that the Rho family GTPases efficiently induce the transcrip-
tional activity of c-Jun.

We also examined the effect of N17Cdc42 on the induction
of c-Jun that occurs after NGF withdrawal. Five- to 6-day-old
SCG neurons were microinjected with N17Cdc42 or pRK5.
Twenty-four hours after injection, the cells were withdrawn
from NGF and the level of c-Jun was examined by immuno-
fluorescence. Sixty percent of the cells injected with pRK5
expressed high levels of nuclear c-Jun, whereas only 25% of the
cells injected with N17Cdc42 were positive for c-Jun staining
(Fig. 3C). Thus, expression of N17Cdc42 decreased c-Jun
levels, suggesting that Cdc42 activity is necessary for c-Jun
induction after NGF deprivation.

Cdc42-Induced Apoptosis Requires AP-1 Activity. Accumu-
lation of phosphorylated c-Jun in the nucleus upon activation
of Cdc42 should lead to increased AP-1 activity. To determine
whether AP-1 activity was necessary for Cdc42-induced apo-
ptosis, we coinjected neurons with V12Cdc42 and FLAGD169,
a mutant of c-Jun that lacks the amino-terminal transactivation
domain and acts as a dominant inhibitor of AP-1 activity (11).
Coexpression of FLAGD169 fully blocked Cdc42-induced cell
death in the presence of NGF (Fig. 4). This suggests that Cdc42
activation of neuronal apoptosis requires AP-1 activity.

DISCUSSION

Taken together, the findings described in this study demon-
strate a role for the small GTP-binding proteins Cdc42 and
Rac1 in the induction of apoptosis of primary sympathetic
neurons. Most importantly, our results show that activated
Cdc42 is required for NGF withdrawal-induced neuronal
death. Our observations also suggest that Cdc42 induces
neuronal cell death via an increase of the phosphorylated
active form of c-Jun, suggesting that Cdc42 signals via JNK in
neuronal cells as it does in other cell types (43, 44). These
results corroborate with the very recently published studies by

Chuang et al. (45) showing that Cdc42 could initiate an
apoptotic signal in Jurkat T lymphocytes.

N17Rac1 reverses the induction of death by V12Cdc42 whereas
N17Cdc42 had no effect on V12Rac1-induced death, suggesting
that Cdc42 lies upstream of Rac1 as it has been shown in
fibroblasts (32, 41). How the removal of NGF activates Cdc42 or
Rac1 is unclear and remains a topic for future studies.

The requirement for Cdc42 in neuronal apoptosis suggests
that Cdc42 is a key component of the cell death machinery in
sympathetic neurons and that activation of Cdc42 is one of the
early events in the death-signaling pathway. Whether Cdc42
only activates the death machinery or also inhibits components
of the survival pathway remains to be elucidated. The exper-
iments described herein suggest a target for compounds de-
signed to block neuronal cell death.
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