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The tumor suppressor gene p53 has been implicated in the loss
of neuronal viability, but the signaling events associated with
p53-mediated cell death in cortical and hippocampal neurons
are not understood. Previous work has shown that adenovirus-
mediated delivery of the p53 gene causes cortical and hip-
pocampal neuronal cell death with some features typical of
apoptosis. In the present study we determined whether p53-
initiated changes in neuronal viability were dependent on mem-
bers of the Bcl-2 family of cell death regulators. Primary cul-
tures of cortical neurons were derived from animals containing
Bax (1/1 and 1/2) or those deficient in Bax (2/2). Cell dam-
age was assessed by direct cell counting and by measure-
ments of MTT activity. Neurons containing at least one copy of
the Bax gene were damaged severely by exposure to excito-

toxins or by the induction of DNA damage. In contrast, Bax-
deficient neurons (2/2) exhibited significant protection from
both types of injury. Bax protein expression was elevated sig-
nificantly by glutamate exposure, but not by camptothecin-
induced DNA damage in wild-type neurons. The glutamate-
induced increase in Bax protein was dependent on the
presence of the p53 gene. However, increased p53 expression,
using adenovirus-mediated transduction, was not sufficient by
itself to elevate Bax protein levels. These results demonstrate
that Bax is required for neuronal cell death in response to some
forms of cytotoxic injury and further support the key role for p53
activation in response to excitotoxic and genotoxic injury.
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Cell death—often in the form of apoptosis—is recognized as an
essential physiological activity necessary for normal embryonic
development (Knudson et al., 1995; Motoyama et al., 1995; Kuida
et al., 1996) and tissue homeostasis (Thompson, 1995; Nicholson,
1996). Disruption of the genes that control apoptosis may impair
these processes, leading to abnormal tissue development, initia-
tion of tumor progression, and cellular degeneration (Thompson,
1995; Nicholson, 1996). Consistent with this notion, apoptotic-
like cell death has been described in association with various
human neurodegenerative disorders such as amyotrophic lateral
sclerosis (ALS), Parkinson’s, Alzheimer’s, and Huntington’s dis-
eases (Raff et al., 1993; Su et al., 1994; Yoshiyama et al., 1994;
Portera-Cailliau et al., 1995; Smale et al., 1995; Thomas et al.,
1995; Troost et al., 1995).

Among the mediators of cell death the p53 tumor suppressor
gene may have particular relevance in the CNS, where several
diverse forms of neuronal damage have been associated with p53
induction (Chopp et al., 1992; Li et al., 1994; Sakhi et al., 1994).
The absence of p53 has been shown to reduce neuronal cell

damage after focal ischemia (Crumrine et al., 1994), seizure
induction (Morrison et al., 1996), and DNA damage (Wood and
Youle, 1995; Enokido et al., 1996a,b). Furthermore, the absence
or suppression of p53 expression has been shown to protect
cultured neurons from excitotoxin-mediated (H. Xiang et al.,
1996) and spontaneous cell death (Eizenberg et al., 1996). Con-
versely, overexpression of p53, mediated by adenoviral gene de-
livery, induced neuronal cell death with features characteristic of
apoptosis (H. Xiang et al., 1996; Jordan et al., 1997).

These results demonstrate a direct relationship between p53
expression and loss of viability in CNS neurons, but the biochem-
ical and molecular mechanisms by which p53 promotes neuronal
cell death are not understood. The p53 protein functions as a
site-specific transactivator of transcription (Kern et al., 1991;
Farmer et al., 1992; Zambetti et al., 1992) and has been shown to
activate the proapoptotic gene, Bax (Miyashita et al., 1994; Mi-
yashita and Reed, 1995). Bax belongs to a family of structurally
related genes that actively regulate cell viability (Knudson and
Korsmeyer, 1997; Reed, 1997). This gene family consists of both
apoptosis-promoting and apoptosis-inhibiting molecules. It has
been proposed that the threshold for apoptosis is dictated by the
ratio of death agonists to antagonists (Oltvai et al., 1993; Oltvai
and Korsmeyer, 1994). Bax generally functions as a cell death
agonist, and elevated levels of Bax have been shown to promote
apoptosis in response to numerous cell death-inducing stimuli
(Oltvai et al., 1993; Oltvai and Korsmeyer, 1994). The relation-
ship of Bax to p53-mediated apoptosis appears to vary with cell
type (Knudson et al., 1995; McCurrach et al., 1997; Yin et al.,
1997).

The significance of the Bax protein to some forms of neuronal
apoptosis has been demonstrated by the analysis of Bax-deficient
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mice (Knudson et al., 1995). The absence of Bax leads to a
reduction in the magnitude of naturally occurring programmed
cell death in sympathetic and facial motor neurons (Knudson et
al., 1995; Deckwerth et al., 1996). Bax-deficient sympathetic neu-
rons survive NGF withdrawal, and neonatal motor neurons sur-
vive disconnection from their targets by axotomy, suggesting that
Bax is required for trophic factor deprivation-induced neuronal
cell death. Because the p53 gene does not appear to regulate
neuronal cell death after trophic factor deprivation (Davies and
Rosenthal, 1994; Wood and Youle, 1995; Sadoul et al., 1996), the
relationship of Bax to p53-mediated cell death in neurons is not
clear. In the present study we evaluated whether there is a
relationship between p53-mediated cell death and Bax expression
in cortical neurons. Neurons deficient in Bax were protected from
cell death induced by excitotoxicity and DNA damage. Glutamate
exposure, but not direct DNA damage, produced a significant
increase in the levels of Bax protein, which was dependent on the
presence of the p53 gene. However, increasing p53 expression in
wild-type cortical neurons, using adenovirus-mediated transduc-
tion, did not change the levels of Bax protein; moreover, increas-
ing p53 expression in Bax-deficient cortical neurons also pro-
duced neuronal cell death. These results suggest that
excitotoxicity and DNA damage may initiate multiple cell death
transduction pathways and that p53-induced cell death in neurons
is coupled to, but is not mediated exclusively by, Bax.

MATERIALS AND METHODS
p53- and Bax-deficient mice. Mice deficient in the p53 tumor suppressor
gene were generated from a 129/Sv 3 C57BL/6 background, as previ-
ously described (Donehower et al., 1992). Mice deficient in the Bax gene
were generated from a 129/Sv 3 C3H background, as previously de-
scribed (Knudson et al., 1995). Matings generally were performed be-
tween two 1/1 mice (for p53 or Bax 1/1 offspring) or between p53
(1/2) mice and p53 (2/2) (for p53 1/2 and 2/2 offspring). Two (1/2)
mice were mated to obtain Bax (1/2) and (2/2) offspring (Knudson et
al., 1995). The genotypes of the mating pairs and all offspring were
confirmed by using PCR and DNA extracted from mouse tails (Timme
and Thompson, 1994; Deckwerth et al., 1996). p53 or Bax offspring were
genotyped three separate times to insure the correct assignment.

Preparation of neuronal cultures. Cortical neurons were prepared as
described (H. Xiang et al., 1996) from the brains of p53 or Bax wild-type
and deficient newborn mice. Individual cells were dissociated initially by
trypsinization (0.125% in HBSS, Ca 21- and Mg 21-free) for 25 min at
37°C and washed once with HBSS containing Ca 21 and Mg 21 after
inactivating the enzyme with trypsin inhibitor. Cells were dissociated
further in serum-free Neurobasal medium plus B27 supplement (Life
Technologies, Gaithersburg, MD) as previously described (Brewer et al.,
1993) by sequential mechanical dissociation, using a Pasteur pipette with
the tip barely fire-polished. Then cells were mixed with an equal volume
of trypan blue, and dye-excluding cells were counted in a hemocytome-
ter. Cells were plated on poly-D-lysine-coated dishes (1 mg/ml) at 5.6 3
10 4 cells per cm 2 in serum-free Neurobasal medium plus B27 supplement
and maintained at 37°C in 5% CO2. Neurobasal medium and B27
supplement represent an optimized medium for sustaining the survival of
CNS neurons (Brewer et al., 1993). The medium supports long-term
survival (several weeks) and suppresses glial growth to ,2% of the total
cell population. Intense immunoreactivity for the neurofilament protein
was detected consistently in 98% or more of all cells from both the p53
(H. Xiang et al., 1996) and Bax strains (data not shown). The absence of
astrocytes was confirmed by the lack of GFAP staining, as previously
described (H. Xiang et al., 1996).

Determination of neuronal cell number. The number of viable neurons
in a well was determined by counting cells within two premarked reti-
cules (1 mm 2) at the time of treatment and at various times after
treatment. Viable neurons were identified according to the following
criteria: (1) neurites were uniform in diameter, smooth in appearance,
and at least twice as long as the soma; and (2) somata were normally
smooth and round to oval-shaped. In contrast, degenerating, nonviable
neurons possessed neurites that were fragmented and “beaded,” and the
soma was rough, condensed, vacuolated, and irregularly shaped.

MTT assay. The conversion of the yellow tetrazolium salt [3(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, MTT] to the
purple formazan dye is dependent on the activity of mitochondrial
dehydrogenases and is, therefore, reflective of mitochondrial status
(Slater et al., 1963; Altman, 1976). Assay of the conversion of MTT to
purple formazan crystals was performed according to the manufacturer’s
specifications (MTT Kit I, Boehringer Mannheim, Indianapolis, IN).
Briefly, 50 ml of the 5 mg/ml MTT labeling reagent was added to each
well of neurons (along with 500 ml of medium). The cultures were
incubated for 4 hr in a humidified atmosphere at 37°C, 5% CO2. The
purple formazan salt was solubilized in 500 ml of a solution containing
10% SDS and 0.01 M HCl. The solution was allowed to stand in the wells
overnight in a humidified atmosphere at 37°C, 5% CO2. The spectro-
photometric absorbance of the samples was determined at a wavelength
of 550 nm and 690 nm (reference wavelength). The amount of MTT
conversion was displayed as a percentage of the absorbance measured in
treated wells relative to the absorbance measured in saline or DMSO
control wells.

Live–dead cell assay. The presence of live or dead neurons also was
evaluated by using two fluorescent indicators of membrane integrity
(Molecular Probes, Eugene, OR). Calcein-AM is a fluorogenic esterase
substrate that is hydrolyzed to a green fluorescent product and retained
by cells with an intact membrane. Ethidium homodimer-1 is a high-
affinity red fluorescent nucleic acid stain that is able to pass only through
the permeant membranes of dead cells. At various times after treatment
the neurons were administered a solution containing calcein-AM (4 mM)
and ethidium homodimer-1 (2 mM) and incubated for 30 min at room
temperature before being viewed under epifluorescence optics with flu-
orescein (calcein) and rhodamine (ethidium homodimer-1) filters.

Preparation and titration of adenovirus vectors. Nonreplicative recom-
binant adenovirus deleted in the E1 region, carrying the human wild-
type p53 gene under the control of the cytomegalovirus (CMV) pro-
moter, was generated as previously described (Zhang et al., 1993) and
was generously provided by Dr. Toshiyoshi Fujiwara (Okayama Univer-
sity Medical School, Japan). The adenovirus carrying a b-galactosidase
gene, AxCALacZ (Kanegae et al., 1995), was kindly provided by Drs.
Saito and Kanegae (University of Tokyo, Tokyo, Japan). Recombinant
adenovirus was propagated in E1 complementing human embryonic
kidney 293 cells. Viral stocks were purified in cesium chloride gradients
and titered according to the method of Barr et al. (1995).

Preparation of cell extracts and Western blot analysis. Cultured neurons
were lysed in a buffer of 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%
sodium deoxycholate, 0.1% SDS, and 1% Triton X-100 containing the
protease inhibitors leupeptin (5 mg/ml), PMSF (1 mM), pepstatin (7
mg/ml), and aprotinin (5 mg/ml) (Boehringer Mannheim). The cell lysate
was centrifuged at 14,000 3 g for 15 min. The supernatant was removed
and stored at 280°C. Aliquots were taken for protein determinations by
using the Bio-Rad (Hercules, CA) protein assay dye reagent. Cell ex-
tracts containing equivalent amounts of protein were boiled for 5 min in
sample buffer containing 5% 2-mercaptoethanol /2% SDS and analyzed
by SDS-PAGE.

After SDS-PAGE using a 12% gel, neuronal extracts were transferred
to a nitrocellulose membrane, as previously described (Giordano et al.,
1992). Nonspecific sites were blocked by incubating nitrocellulose in PBS
containing 5% nonfat dry milk. Blots were incubated overnight at room
temperature with a rabbit anti-Bax polyclonal antibody (1:100, number
20651; J. Xiang et al., 1996), a mouse anti-human p53 monoclonal
antibody (1:500, Ab-2; Oncogene Sciences, Cambridge, MA), or a mouse
anti-b-actin monoclonal antibody (1:10,000; Sigma, St. Louis, MO). Blots
were washed with PBS once, twice in 0.05% NP-40/PBS, once more in
PBS for 10 min each, and subsequently incubated with a biotin-
conjugated horse anti-mouse (Vector Laboratories, Burlingame, CA) or
goat anti-rabbit (Jackson ImmunoResearch Laboratories, West Grove,
PA) IgG secondary antibody (1:500) for 2 hr at room temperature. The
blots were washed as before and subsequently incubated with an avidin-
biotinylated horseradish peroxidase complex (Vectastain Elite ABC,
1:50; Vector Laboratories) in 5% nonfat dry milk in PBS for 1 hr at room
temperature. Then the blots were washed four times as described above.
Immunoreactive bands were visualized by developing the blot with
Amersham ECL reagents (Arlington Heights, IL) according to the man-
ufacturer’s specifications. After a 10 min exposure to the ECL reagents,
the blots were exposed to x-ray film for 1–10 min. After the detection of
either Bax or p53 protein expression, the blot was reprobed with a mouse
anti-b-actin monoclonal antibody. Molecular weights were determined by
comparison with biotinylated markers (Bio-Rad).
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RESULTS
Neurons lacking Bax are resistant to excitotoxicity and
DNA damage
We recently have postulated a direct role for p53 in initiating
neuronal degeneration on the basis of the observation that wild-
type (p53 1/1) neurons were extremely susceptible to glutamate-
and kainate-mediated cell death, whereas p53-deficient (2/2)
neurons were resistant (H. Xiang et al., 1996). We reasoned that
if Bax activity were essential to a cell death pathway activated by
p53 in response to excitotoxic challenge, then Bax-deficient neu-
rons should display a degree of resistance similar to that of the
p53-deficient neurons. Glutamate (Glu) or kainate (KA) admin-
istration induced cell death in cortical neuronal cultures derived
from newborn Bax (1/1) mice (Fig. 1), with both a time and a
dose dependence (data not shown). A significant difference in the
percentage of surviving neurons was observed between control
and Glu- or KA-treated neurons as early as 24 hr, with this
difference becoming more pronounced with time. Approximately
70–80% of Bax (1/1) neurons present at the time of treatment
had died 3 d after adding Glu (50 mM) or KA (40 mM). The extent
of neuronal death induced by Glu or KA did not differ signifi-
cantly between Bax (1/1) and Bax (1/2) neuronal cultures ( p .
0.55) (Fig. 1). The morphological changes induced by Glu treat-
ment were striking. Nontreated wild-type cultures consisted pri-
marily of intact cell bodies, which were demonstrable by phase-
contrast optics or by detection of the viability dye, calcein (Fig.
2A, Control, green fluorescence). Nontreated wild-type neurons
displayed an abundant outgrowth of arborizing neurites that were
visualized clearly by the calcein fluorescence. However, even at
1 d after Glu treatment (50 mM) there was significant loss of viable
cell bodies, as visualized by phase-contrast optics and demon-

strated by the reduced number of elements exhibiting calcein
fluorescence (Fig. 2A, Glutamate). Many cell bodies that re-
mained after Glu treatment were damaged severely, as demon-
strated by their uptake of ethidium homodimer (red
fluorescence).

The loss of viability induced by KA or Glu treatment was
determined not only by direct cell counting but also by evaluating
mitochondrial integrity as assessed by conversion of the tetrazo-
lium salt, MTT, to formazan by the respiratory chain enzyme
succinate–tetrazolium reductase (Slater et al., 1963; Altman,
1976). Treatment of Bax (1/1) cortical neurons with Glu (50 mM)
or KA (40 mM) for 5 d produced a significant reduction in MTT
conversion (Table 1; glutamate, 29% of control; kainate, 77% of
control) relative to nontreated control cultures.

Neurons deficient in Bax (2/2) were resistant to Glu- and
KA-induced cell death relative to Bax wild-type neurons (Fig. 1).
However, in contrast to p53-deficient neurons (H. Xiang et al.,
1996), there was a small but significant decline in the percentage
(20%) of Bax (2/2) neurons that survived 3 d after exposure to
Glu (50 mM) or KA (40 mM), as compared with control cultures
(i.e., nontreated) (Glu, p , 0.01; KA, p , 0.001). A decline in
viability of Bax (2/2) neurons exposed to Glu for 5 d was
confirmed by the reduction in MTT conversion (Table 1; gluta-
mate, 65% of control). Thus, the protection afforded by Bax
deletion was relative to controls, but not absolute. The protection
conferred by the absence of Bax was consistent with the lack of
substantial morphological damage observed in the cultures;
whereas Bax (1/1) neurons displayed obvious signs of damage,
most Bax (2/2) neurons retained viable cell bodies and neurites
after excitotoxic challenge (Fig. 2B, compare Control and Gluta-
mate). The viability of Bax (2/2) neurons also was reflected in
the retention of calcein fluorescence.

The resistance displayed by Bax-deficient cortical neurons to
excitotoxic injury was not restricted to this single form of damage.
In the present study Bax- and p53-deficient cortical neurons also
were protected from DNA damage induced by the addition of the
topoisomerase I inhibitor, camptothecin. The cellular toxicity of
camptothecin is associated with the generation of DNA strand
breaks (Ryan et al., 1991). Camptothecin treatment, which leads
to cell cycle arrest or apoptosis, has been shown to elevate p53
protein levels (X. Chen et al., 1996; M. Johnson and R. Morrison,
unpublished data). In cultures of p53 (Fig. 3A, 1/1) and Bax
(Figs. 2A, 3B, 1/1) wild-type cortical neurons, camptothecin
exposure produced significant cell death. Camptothecin-induced
cell death was dose-dependent and proceeded more rapidly (2 d)
than cell death induced by Glu (50 mM) treatment (3–4 d).
Morphological evidence of neuronal damage was observed clearly
at 24 hr after treatment and was associated with significant loss of
viable cell bodies, as seen under phase-contrast optics and by the
paucity of calcein fluorescence (Fig. 2A, Camptothecin). The
majority of cell bodies that remained after camptothecin treat-
ment was severely damaged, as demonstrated by their uptake of
ethidium homodimer (red fluorescence).

The significant degree of damage produced by camptothecin
treatment in Bax (1/1) cultures was reflected in the absence of
detectable MTT conversion (Table 1). Interestingly, the damage
induced by camptothecin and glutamate was not associated with
DNA laddering (data not shown), consistent with previous stud-
ies (Ankarcrona et al., 1995; Finiels et al., 1995). In marked
contrast, camptothecin treatment did not significantly alter the
survival of p53- and Bax-deficient cortical neurons when com-
pared with nontreated or DMSO-treated control neurons (Figs.

Figure 1. The absence of Bax confers resistance to glutamate- and
kainate-mediated cell death. Cortical neurons containing Bax (1/1 and
1/2) or those deficient in Bax (2/2) were plated and maintained in basal
culture conditions for 4 d, as described in Materials and Methods. Cells
subsequently were maintained in medium alone (Control ) or treated with
glutamate (Glu, 50 mM) or kainate (K A, 40 mM). The cultures were
exposed continuously to excitotoxin, and the number of viable neurons
then was determined after a 3 d treatment period. Neuronal survival data
are expressed relative to the number of cells at the time of treatment. All
data are the mean 6 SD of 10 or more experiments. The Bax (1/1) and
(1/2) genotypes showed significant differences between nontreated cells
(Control ) and cells treated with glutamate (***p , 0.001, ANOVA) or
kainate (**p , 0.001, ANOVA). Neuronal survival in Bax (2/2) cultures
also differed significantly between nontreated conditions (Control ) and
glutamate-treated (*p , 0.01, ANOVA) and kainate-treated (**p , 0.001,
ANOVA) conditions. Neuronal survival in glutamate- and kainate-
treated Bax (2/2) cultures differed significantly from Bax (1/1) and Bax
(1/2) cultures similarly treated (Glu, p , 0.005; K A, p , 0.005,
ANOVA).
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Figure 2. Injury-induced alterations in neuronal morphology and viability are dependent on the presence of Bax. Neurons containing both Bax alleles
(A, wild-type) or those deficient in Bax (B) were plated and maintained in basal culture conditions for 4 d, as described in Materials and Methods. Cells
subsequently were maintained in medium alone (Control ) or treated with a single dose of glutamate (50 mM) or camptothecin (5 mM). One day after
treatment, calcein-AM and ethidium homodimer-1 were added to the culture medium, and the cells were processed and analyzed as described in
Materials and Methods. Cells were viewed with phase-contrast optics (top panels) or viewed with fluorescein and rhodamine optics (bottom panels) as
a double exposure. Calcein-positive cells ( green fluorescence) indicate healthy cells with an intact plasma membrane, whereas ethidium homodimer-1-
positive cells (orange fluorescence) represent dead or severely damaged cells. The top and bottom panels depict the same field for a given condition. The
results are representative of four separate experiments, each performed with newly established primary cultures. Magnification, 1703.
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2A,B, 3A,B). Bax- and p53-deficient neurons appeared remark-
ably healthy 2 d after camptothecin treatment and showed no
morphological evidence of damage. Cell bodies failed to exhibit
condensation, and neurites did not display the blebbing and
disintegration (Fig. 2B) that were prominent in camptothecin-
treated wild-type cultures (Fig. 2A). The enhanced viability of
Bax (2/2) neurons relative to wild-type neurons after campto-
thecin treatment was consistent with the high level of MTT
conversion present in the Bax (2/2) cultures (Table 1).

The Bax protein in cultured cortical neurons is
selectively elevated by excitotoxic injury
The resistance displayed by p53- and Bax-deficient neurons to
Glu- and camptothecin-mediated cell death suggested that these
forms of toxicity must be capable of altering the levels, activity, or
intracellular distribution of the Bax protein. Because the Bax
promoter previously has been shown to contain a p53-responsive
binding element (Miyashita et al., 1994), we therefore examined
cortical neurons for alterations in the levels of Bax protein after

Glu and camptothecin treatment. Glutamate treatment (50 mM)
produced a significant increase in the steady-state levels of the
Bax protein in neurons containing the p53 gene (Fig. 4, Table 2).
The levels of Bax protein increased ;18-fold in Glu-treated
cultures relative to saline-treated control cultures (n 5 3; p ,
0.05) and were evident 24 hr after treatment. In contrast to the
dramatic change induced by Glu, camptothecin induced a small
change in the steady-state levels of Bax protein (Fig. 4, Table 2).
The Glu-induced increase in Bax protein was not observed when
this treatment was imposed on p53-deficient neurons (Fig. 4, p53
2/2, n 5 4), suggesting that p53 was needed to mediate the rise
in Bax protein. Neurons containing a full complement of p53
alleles (p53 1/1) were derived from both the p53 and Bax strains
of mice. Therefore, the p53-dependent glutamate-induced in-
crease in Bax protein was a general phenomenon observed in
neurons derived from at least two distinct strains of mice. How-
ever, increased p53 expression resulting from adenovirus-
mediated gene transfer was not sufficient, by itself, to elevate Bax
protein levels (Fig. 4, p53ADV ). This result suggests that other
pathways must be required, in addition to p53 expression, for Glu
to promote an increase in the steady-state levels of the Bax
protein. These results suggest that neuronal viability may be
compromised by complex p53-mediated effects on the Bax
protein.

p53 induces neuronal cell death via a complex
signaling cascade
Previous studies from this laboratory demonstrated that in-
creased p53 expression was sufficient to induce neuronal cell
death, even in the absence of a cytotoxic stimulus (H. Xiang et al.,
1996). The same study showed that, although p53-deficient neu-
rons were resistant to excitotoxic injury, they were still competent
to respond to a p53-initiated cell death pathway after introduction
of the p53 gene via adenovirus-mediated transduction. In the
present study the same paradigm was used to determine whether
Bax is essential to a p53-regulated cell death pathway in neurons.
A control virus containing the b-galactosidase gene (LacZ) was
used previously to determine the efficiency of transduction as well

Figure 3. The absence of p53 or Bax confers resistance to camptothecin-mediated cell death in cortical neurons. Cortical neurons were plated,
maintained, and treated as described in Materials and Methods. Neurons were derived from either the p53 strain of mice ( A) (p53 1/1, f; p53 (2/2,
F) or the Bax strain of mice ( B) (Bax 1/1, f; Bax 2/2, F). Cells subsequently were maintained in medium alone or treated with varying concentrations
of camptothecin. Neuronal survival was assessed 2 d later by counting the number of viable neurons according to the criteria described in Materials and
Methods. All data are the mean 6 SD of six samples. Some data points do not express SD bars because they are small enough to be contained within
the symbols. Neurons containing p53 (1/1, A) or Bax (1/1, B) showed significant differences in survival when compared with cells deficient in p53 (2/2,
A) or Bax (2/2, B) after camptothecin treatment ( p , 0.001, ANOVA).

Table 1. MTT activity measurements in cultured primary cortical
neurons after glutamate and camptothecin treatment

Genotype
Treatment
(n 5 4)

MTT activity
(% of control 6 SEM)

Bax 1/1 Glutamate (50 mM) 29 6 3.5
Kainate (40 mM) 77 6 4.0
Camptothecin (5 mM) ND

Bax 2/2 Glutamate (50 mM) 65 6 2.4
Kainate (40 mM) 93 6 2.1
Camptothecin (5 mM) 80 6 7.6

MTT activity was determined for control and treated cultures, as described in
Materials and Methods. Cultures were established and maintained for 4 d before
treatment. MTT determinations were performed 5 d after glutamate and kainate
treatment and 2 d after camptothecin treatment. Saline and DMSO represented
vehicle controls for glutamate and camptothecin, respectively. The final concentra-
tion of DMSO in the culture medium was 0.01%. Results are expressed as the
percentage of MTT activity in the treated cultures relative to the appropriate vehicle
control. ND, Not detectable.
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as the effect of viral infection on neuronal viability (H. Xiang et
al., 1996). These results demonstrated that neurons could be
infected with a high degree of efficiency by using adenovirus and
that at the appropriate titer the infection process by itself does not
alter neuronal survival.

Adenoviral infection at a multiplicity of infection (MOI) of 250
was shown previously to produce significant neuronal cell death
in p53-deficient neurons (5% survival 4 d postinfection; H. Xiang
et al., 1996). In the present study the p53 adenovirus did not affect
the viability of Bax-deficient neurons when used at a titer of 250
(Fig. 5, p53, MOI-250). However, this resistance to introduction
of p53 was not absolute. When the p53 adenovirus titer was
increased to an MOI of 500, Bax-deficient (Bax 2/2) neurons
developed pathological morphology (Fig. 6A, p53-Adenovirus)
and showed a dramatic decline in survival (Fig. 5, p53, MOI-500).
At 4 d after infection only 25% of the Bax (2/2) neurons present
at the time of infection survived (MOI-500). This decline in
viability was confirmed by the loss of calcein fluorescence (Fig.
6C, green fluorescence) and by the increased uptake of ethidium
homodimer (Fig. 6C, red fluorescence). The morphological ap-
pearance of neurons in the p53 adenovirus-infected cultures was
consistent with their declining viability. Most noticeable was the
blebbing and dissolution of neuritic processes, followed by shrink-
age of the soma and condensation of the nucleus. Because infec-

tion with an adenovirus containing the b-galactosidase gene at
the higher titer of MOI-500 had only a modest effect on Bax
(2/2) neuronal survival on the basis of cell counts of morpho-
logically viable cells (Fig. 5, LacZ, MOI-500) and the continued
presence of calcein fluorescence (Fig. 6D, green fluorescence),
cell death observed with p53 adenovirus infection was attributed
specifically to increased p53 expression.

Despite the different outcomes observed with p53- and Bax-
deficient neurons in response to p53 adenovirus infection at an
MOI of 250, the amount of p53 protein expressed in both types of
neurons was similar (Fig. 7). Further, the extent of p53 expressed
after adenovirus infection greatly exceeded the p53 levels
induced under physiological conditions of injury. p53-
Immunoreactive protein could not be detected by Western blot

Figure 4. Glutamate exposure elevates Bax protein levels in a p53-dependent manner. Cortical neurons derived from either the p53 strain or the Bax
strain of mice were plated and maintained as described in Materials and Methods. All of the cell extracts depicted in this figure were derived from tissues
that were homozygous-positive for the Bax alleles (Bax 1/1). At 4 d after plating, the cells were treated with saline (vehicle control, glutamate), DMSO
(vehicle control, camptothecin), glutamate (Glu, 50 mM), or camptothecin (Campt, 5 mM) or were infected with adenovirus expressing the wild-type
human p53 gene ( p53ADV , multiplicity of infection-500). Cellular extracts were prepared 24 hr after treatment or 2 d after adenovirus infection. Samples
(50 mg of protein/ lane) were resolved by SDS-PAGE, and immunoblotting was performed with the Bax antibody, as described in Materials and Methods.
Exposure time varied from 1–10 min, accounting for some of the variability in the band intensity of control samples. The results are representative of
five separate experiments. After the blots were probed for Bax protein, they were reprobed for b-actin (Actin) protein to control for the relative amount
of protein loaded in each lane.

Table 2. Glutamate elevates Bax protein in a p53-dependent manner in
cultured primary cortical neurons

p53 status
Treatment
(n 5 3)

Bax protein
(fold increase 6 SEM)

p53 1/1 Glutamate (50 mM) 17.8 6 3.1
Kainate (40 mM) 7.1 6 2.8
Camptothecin (5 mM) 1.6 6 0.4

p53 2/2 Glutamate (50 mM) 1.2 6 0.2
Kainate (40 mM) 1.1 6 0.1
Camptothecin (5 mM) 1.2 6 0.1

Cultures were established and maintained for 4 d before treatment. Protein extracts
were prepared 24 hr after treatment, and Western blot analysis was performed for
Bax and b-actin proteins, as described in Materials and Methods. Bax protein levels
were determined from densitometric scans of the exposed x-ray films and normal-
ized against the levels of b-actin. The fold increase was determined by dividing the
Bax/b-actin ratio for treated cultures by the same ratio determined for saline (for
Glu) or DMSO (for camptothecin) treated controls. Results are expressed as the
mean fold increase 6 SEM and represent the results of three separate determina-
tions derived from different cellular extracts.

Figure 5. p53-induced neuronal cell death can occur independently of
Bax expression. Cortical neurons (Bax 2/2) were plated and maintained
as described in Materials and Methods. At 4 d after plating, the cells were
infected with adenovirus expressing either the b-galactosidase gene (E,
LacZ multiplicity of infection 5 500) or the human wild-type p53 gene (Œ,
p53 multiplicity of infection 5 250; f, p53 multiplicity of infection 5 500).
The number of surviving neurons was determined by counting morpho-
logically viable cells, as described in Materials and Methods, at 2 and 4 d
after infection. The data are expressed as the percentage of neurons
surviving relative to the number of neurons present at the time of
infection (mean 6 SD, n 5 6). The survival of p53-infected Bax (2/2)
neurons was significantly different from neurons infected with the
b-galactosidase gene ( p , 0.001, ANOVA) when an MOI of 500 was
used; at an MOI of 250 there was no difference from control infection
(LacZ; p . 0.20).
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analysis after adenovirus infection with the b-galactosidase gene
(Fig. 7, LacZ). We conclude from this study that, under the
appropriate circumstances, p53 can induce neuronal cell death in
the absence of Bax, suggesting that p53 activates multiple cell
death signaling pathways in neurons.

DISCUSSION
The p53 tumor suppressor gene recently has been implicated as
a mediator of neuronal cell death. In the absence of p53,
neurons normally damaged in response to ischemic, excito-
toxic, or neurotoxic insults are protected (Crumrine et al.,
1994; Wood and Youle, 1995; Enokido et al., 1996a,b; Morri-
son et al., 1996; Sakhi et al., 1996; Trimmer et al., 1996).
Conversely, increased p53 expression induces neuronal cell
death even in the absence of an injury (H. Xiang et al., 1996;
Jordan et al., 1997). The specific signaling intermediates acti-
vated in response to p53 induction have not been character-
ized. In the present study we determined whether the proapop-

totic protein Bax, a member of the Bcl-2 family (Oltvai et al., 1993),
was required to initiate a p53-dependent cell death pathway in
CNS-derived neurons. The Bax gene previously has been shown to
exhibit activation in response to increased p53 levels, consistent
with the identification of p53-responsive elements in the Bax pro-
moter (Miyashita et al., 1994; Miyashita and Reed, 1995). Evidence
obtained from the present investigation suggests that (1) Bax reg-
ulates neuronal sensitivity to excitotoxic and genotoxic injury, as
does p53 [see H. Xiang et al. (1996) and this study]; (2) the Bax
protein may be subject to multiple forms of regulation, in an
injury-dependent manner; (3) Bax is not absolutely essential for
p53-mediated cell death because very high levels of p53 expression,
produced by adenovirus-mediated gene transfer, induced neuronal
cell death in the absence of Bax. These results support the view
that the p53-mediated cell death pathway in neurons may, at least
in some forms of “physiological” insult, depend on alterations in
the activity of Bax.

Figure 6. Morphological alterations associated with adenovirus-mediated transduction of the p53 or b-galactosidase (LacZ) gene into Bax-deficient
neurons. Cortical neurons (Bax 2/2) were plated and maintained as described in Materials and Methods. At 4 d after plating, the cells were infected
with adenovirus containing the human wild-type p53 gene (multiplicity of infection 5 500; A, C) or the b-galactosidase gene (multiplicity of infection 5
500; B, D). Cells were photographed 4 d after infection. Cells were viewed with phase-contrast optics (top panels) or viewed with fluorescein and
rhodamine optics (bottom panels) as a double exposure, as described in the legend to Figure 2. Numerous cell bodies in various states of condensation
and degeneration are present in p53-infected cultures (A, C). Magnification, 2603.
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Bax–p53 coupling in cell death pathways
Our results demonstrate that Bax plays a critical role in regulating
neuronal sensitivity to excitotoxic and genotoxic damage. Previ-
ous results from our laboratory demonstrated that p53-deficient
neurons were resistant to glutamate-mediated excitotoxicity. It
recently has been shown that excitotoxicity may be associated
with the accumulation of single-strand DNA breaks (Didier et al.,
1996). Therefore, it is especially noteworthy that Bax- and p53-
deficient neurons were resistant to the toxic effects of camptoth-
ecin, which, at the concentrations used in this study, directly
promotes DNA strand breaks (Ryan et al., 1991). DNA strand
breaks, but not other DNA lesions, are capable of inducing p53
accumulation (Nelson and Kastan, 1994; Jayaraman and Prives,
1995; Lee et al., 1995). These observations suggest that excito-
toxicity and genotoxic damage share a common pathway for
activating neuronal cell death–DNA damage-induced p53 activa-
tion. The protection conferred by the absence of either the p53 or
Bax gene suggests that these proteins are coupled within a com-
mon cell death pathway that is activated in response to some, but
not all, death-inducing stimuli.

In contrast to our major results, Bax involvement in pro-
grammed cell death that occurs during the development of the
nervous system may be independent of p53 activation. For exam-
ple, the declining viability of neonatal sympathetic neurons after
trophic factor deprivation recently has been shown to be depen-
dent on the Bax protein (Deckwerth et al., 1996). However, the
absence of p53 does not confer protection on embryonic sensory
and sympathetic neurons after the withdrawal of neurotrophins
(Davies and Rosenthal, 1994; Sadoul et al., 1996). These results
suggest that neurotrophin-deprived peripheral neurons die via a
pathway that is dependent on Bax expression but independent of
p53. Thus, Bax may function in multiple pathways to regulate
neuronal viability during development and in response to injury.

Regulation of Bax expression/activity
The involvement of Bax in multiple cell death pathways suggests
that Bax expression and/or activity is subject to complex patterns

of regulation. Our results demonstrated that Bax is expressed
constitutively in cultured cortical neurons in the absence of a
cytotoxic stimulus and independently of p53. Although
camptothecin-induced DNA damage had little effect on Bax ex-
pression, excitotoxic injury significantly upregulated the Bax pro-
tein. The glutamate-mediated increase in Bax protein was depen-
dent on the presence of the p53 gene, providing additional
evidence for p53 activation after excitotoxic injury. Interestingly,
increased p53 levels alone, resulting from adenovirus infection,
were not sufficient to elevate Bax. Therefore, excitotoxic injury
must stimulate other signal transduction pathways that augment
Bax transcription, stabilize the Bax protein, or alter its intracel-
lular localization (Hsu et al., 1997). Because Bax-deficient neu-
rons are resistant to both glutamate- and camptothecin-induced
cell death, we conclude that Bax must be activated and incorpo-
rated into a cell death pathway independently of changes in its
expression. Thus, the glutamate-mediated increase in Bax protein
observed in the present study may not contribute directly to
neuronal cell death but may be secondary to (or associated with)
other modifications in the Bax protein.

Bax activity could be integrated into a proapoptotic pathway as
a result of distinct changes in the ratio of the Bax protein to
cellular antagonists. For example, it is conceivable that p53 indi-
rectly may augment Bax activity by activating additional proapop-
totic proteins. Because multiple Bcl-2 family members are ex-
pressed in the nervous system, there may be several pathways for
regulating Bax that are ultimately contingent on the identity of
the injured neuron and the context of the injury.

Results from several different model systems have demon-
strated either that Bax is required for apoptosis (McCurrach et
al., 1997; Yin et al., 1997) or that an increase in Bax expression
precedes apoptosis (Zhan et al., 1994; Bargou et al., 1995; Brady
et al., 1996). The results of the present study are consistent with
several reports demonstrating that upregulation of the Bax pro-
tein occurs in neurons after cerebral ischemia (Krajewski et al.,
1995; J. Chen et al., 1996) and after exposure to the amyloid-b
peptide (Paradis et al., 1996). Trophic factor deprivation-induced
cell death in sympathetic and motor neurons was abated in the
absence of Bax; however, it was not actually determined whether
trophic factor withdrawal elevated Bax expression in wild-type
neurons (Deckwerth et al., 1996). In addition, several mutant p53
proteins have been identified that have lost the ability to trans-
activate some, but not all, cellular p53-responsive promoters
(Friedlander et al., 1996; Ludwig et al., 1996). In particular, one
mutant p53 protein retained an ability to activate expression of
the cyclin-dependent kinase inhibitor p21cip1/waf1, and this activ-
ity correlated with the ability to induce cell cycle arrest. However,
this particular p53 mutant was defective in the activation of
p53-responsive sequences derived from the Bax and the insulin-
like growth factor-binding protein-3 gene promoters. Failure to
activate Bax correlated with the impaired apoptotic activity of
this mutant p53 gene.

In contrast, several studies have failed to observe detectable
increases in Bax expression after p53 activation (Allday et al.,
1995; Canman et al., 1995; Knudson et al., 1995; Rowan et al.,
1996). These results suggest that p53-induced cell death may
require the activation of additional signaling pathways and may
be only partially dependent on the presence of Bax. For example,
thymocytes derived from Bax-deficient mice exhibit an appar-
ently normal p53-mediated apoptotic response, suggesting that
Bax expression is not necessarily coupled to p53-mediated apo-
ptotic activity under all circumstances. The present demonstra-

Figure 7. p53 immunoreactivity in Bax- and p53-deficient cortical neu-
rons after infection with adenovirus containing the wild-type human p53
gene. Cortical neurons derived from p53- or Bax-deficient mice were
plated and maintained as described in Materials and Methods. At 4 d
after plating, the cells were infected with adenovirus expressing either the
b-galactosidase gene (multiplicity of infection-250, LacZ) or the human
wild-type p53 gene (multiplicity of infection-250, p53). Protein extracts
were prepared 2 d after infection. Samples (50 mg of protein/ lane) were
resolved by SDS-PAGE, and immunoblotting was performed with the
Ab-2 p53 antibody, as described in Materials and Methods. Cellular
extracts were analyzed simultaneously for expression of the p53 protein
( p53) and b-actin (b-actin; as a control for the relative amount of protein
loaded in each lane). This result is representative of three individual
experiments.
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tion that high levels of p53 can induce neuronal cell death in the
absence of Bax expression is consistent with this possibility.

Mechanisms of Bax-mediated cell death
Although the present study demonstrated that Bax activity is
often involved in p53-mediated cell death, the mechanism by
which Bax promotes CNS cell death is not understood. One
intriguing possibility is that p53-induced changes in neuronal
viability may stem from declining mitochondrial function initi-
ated by alterations in Bax activity. This hypothesis is consistent
with the demonstration that mitochondrial dysfunction, including
the loss of mitochondrial membrane potential and increased
production of reactive oxygen species, plays an obligate role in
excitotoxic damage (Ankarcrona et al., 1995; Dugan et al., 1995;
Reynolds and Hastings, 1995; Schinder et al., 1996). Disruption of
the mitochondrial membrane potential and increased production
of reactive oxygen species have been defined as early events in the
process of apoptosis (Deckwerth and Johnson, 1993; Vayssiere et
al., 1994; Petit et al., 1995; Zamzami et al., 1995; Marchetti et al.,
1996) A relationship between Bax activity and alterations in
mitochondrial function also would be consistent with the mito-
chondrial localization of the Bax protein (Zha et al., 1996).
Indeed, increased Bax expression has been shown to reduce
mitochondrial membrane potential and to activate ICE-like pro-
teases in a lymphoid cell line (J. Xiang et al., 1996) and in
sympathetic neurons (Vekrellis et al., 1997). These effects of Bax
expression are prevented by Bcl-2 and Bcl-xL (Chinnaiyan et al.,
1996; Monney et al., 1996; Shimizu et al., 1996). Interestingly,
Bcl-2 recently has been shown to prevent the release of cyto-
chrome c from mitochondria (Kharbanda et al., 1997; Kluck et
al., 1997; Yang et al., 1997); cytochrome c promotes caspase
activation and apoptotic changes in nuclei in a cell free system
(Liu et al., 1996). In addition, recent studies have shown that the
crystal structure of Bcl-xL is related to certain bacterial pore-
forming proteins (Sattler et al., 1997) consistent with the demon-
stration that the Bcl-xL , Bcl-2, and Bax proteins are capable of
forming an ion-conducting channel in synthetic lipid membranes
(Antonsson et al., 1997; Minn et al., 1997; Schendel et al., 1997;
Schlesinger et al., 1997). Although not yet proven, these channels
may play a role in regulating mitochondrial permeability transi-
tion. Although the precise relationship between Bax and other
Bcl-2 family members remains to be elucidated, it appears that
they are tied intimately to the integrity of mitochondrial function.

Recent investigations have demonstrated a perhaps unexpected
richness and complexity of cell death pathways. Key elements of
the signaling sequence undoubtedly depend not only on the cell
type involved but also on the nature of the insult and the devel-
opmental stage. Results of the present study demonstrate that, in
CNS cortical neurons, excitotoxicity and genotoxic damage in-
duce neuronal cell death by activating a p53-mediated Bax-
dependent pathway. Thus, suppressing p53-mediated pathways,
including alterations in Bax activity, may provide a means for
maintaining neuronal viability and metabolic competence after
cytopathic insults.
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