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This study demonstrated the involvement of the tumor suppressor protein p53 in differentiation and
programmed cell death of neurons and oligodendrocytes, two cell types that leave the mitotic cycle early in
development and undergo massive-scale cell death as the nervous system matures. We found that primary
cultures of rat oligodendrocytes and neurons, as well as of the neuronal PC12 pheochromocytoma cell line,
constitutively express the p53 protein. At critical points in the maturation of these cells in vitro, the subcellular
localization of p53 changes: during differentiation it appears mainly in the nucleus, whereas in mature
differentiated cells it is present mainly in the cytoplasm. These subcellular changes were correlated with
changes in levels of immunoprecipitated p53. Infection of cells with a recombinant retrovirus encoding a
C-terminal p53 miniprotein (p53 DD), previously shown to act as a dominant negative inhibitor of endogenous
wild-type p53 activity, inhibited the differentiation of oligodendrocytes and of PC12 cells and protected neurons
from spontaneous apoptotic death. These findings suggest that p53, upon receiving appropriate signals, is
recruited into the nucleus, where it plays a regulatory role in directing primary neurons, oligodendrocytes, and
PC12 cells toward either differentiation or apoptosis in vitro.

Cells of the central nervous system leave the mitotic cycle
and differentiate early in development (77). At a certain stage
during the development and differentiation of the vertebrate
nervous system, massive-scale death of neurons and oligoden-
drocytes occurs as part of the normal physiological process (6,
63). The affected cells are thought to be neurons that have
failed to form connections with a target and thus lack target-
derived support, such as specific neurotrophic factors (63), and
oligodendrocytes that have failed to obtain the growth factors,
cytokines, and neurotrophic factors necessary for their survival
(2, 5–7, 10, 43, 48, 58, 66). Death of neurons and oligodendro-
cytes has also been observed in certain pathological conditions.
Death of oligodendrocytes has been observed, for example, in
multiple sclerosis (67). Neuronal death occurs in degenerative
disorders such as Alzheimer’s disease (19) and after traumatic
injuries (78), in which damage to axons leads to their degen-
eration and eventually to the death of the neuronal cell bodies
(1, 30, 53). This neuronal cell death was recently shown to
occur via apoptosis (26, 62), probably because of deprivation of
target-derived trophic support.
We recently showed that the wild-type (wt) p53 tumor sup-

pressor gene is involved in apoptotic death of oligodendrocytes
(20). We therefore examined the possibility that wt p53, known
to be involved in both apoptosis (76, 81) and differentiation
(23, 74) in other systems, might also play a role in differenti-
ation of oligodendrocytes as well as in death and differentia-
tion of neurons.
We show here that the wt p53 protein changes its subcellular

localization upon maturation and differentiation of neurons
and oligodendrocytes in vitro and that inactivation of endog-
enous wt p53 blocks both apoptosis and differentiation of these
cells. Moreover, changes in the subcellular localization of p53

were found to be correlated with changes in levels of the
protein upon cell maturation and differentiation. No changes
in p53 mRNA levels were observed.

MATERIALS AND METHODS

Preparation of mature rat hippocampal neuron cultures. Low-density rat
hippocampal neuronal cultures were prepared by the procedure of Goslin and
Banker (28). Coverslips were cleaned and sterilized in porcelain racks in such a
way that they did not adhere to one another (Cohen cover glass staining racks;
Thomas Scientific). Coverslips were placed in staining racks, rinsed in distilled
water (four rinses, 1 min each) to remove dust, and transferred to concentrated
HNO3 for 36 h. After being rinsed in distilled water (four changes over 3 h) and
sterilized with dry heat (overnight at 2258C), small coverslips (13-mm diameter)
were transferred to 24-well dishes, one coverslip per well, and larger ones (22- to
24-mm-diameter) were transferred to 9-cm-diameter petri dishes, nine coverslips
per plate, arranged so that they did not overlap. To support the coverslips above
the glia during coculturing, paraffin dots were placed on dishes and UV irradi-
ation (30 min) was applied before the coverslips were introduced. One milligram
of poly-L-lysine hydrobromide (Sigma) (molecular weight, 30,000 to 70,000) per
ml was dissolved in 0.1 M borate buffer (pH 8.5), filtered, sterilized, and used to
coat each coverslip overnight. The poly-L-lysine was then removed, coverslips
were rinsed in distilled water (two washes, 2 h each), plating medium (Eagle’s
minimal essential medium with Earle’s salts containing extra glucose [600 mg/
liter] and 10% horse serum) was added, and the dishes were stored in an
incubator. Astroglial cultures were prepared from the brains of neonatal rats
according to the method of Goslin and Banker (28). In each well or petri dish 105

or 106 cells were plated, respectively. Glial cultures were fed with plating medium
twice a week and were used after reaching confluence, about 2 weeks after
plating. One day before use the plating medium was removed, neuronal main-
tenance medium (minimal essential medium containing N2 supplements) (8, 9)
was added, and incubation was continued. The desired number of viable rat
hippocampal nerves (from E18 embryos) were plated on the poly-L-lysine-
treated coverslips. After 3 to 4 h, when most of the neurons were attached, the
coverslips were transferred to the dishes containing the glial cells in maintenance
medium, in such a way that the neuronal side was facing the glia, which support
neuronal survival and development. To reduce glial proliferation, 1-b-D-arabino-
furanosylcytosine (cytosine arabinoside) (Calbiochem) (final concentration, 5 3
1026 M) was added to the cultures 2 days after plating. At various time points
cells were fixed, treated with specific antibodies, and photographed.
Growth of the PC12 cell line. PC12 cells were grown either in enriched

medium (Dulbecco’s modified Eagle’s medium [DMEM] supplemented with 8%
horse serum, 8% fetal calf serum [FCS], glutamine, and gentamicin), in which the
cells proliferated, or in nonenriched medium (DMEM supplemented with 1%
horse serum, glutamine, and gentamicin) in the presence of nerve growth factor
(NGF) (50 ng/ml), which caused the cells to differentiate. At various time points
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cells were fixed, stained with appropriate antibody and with 49,6-diamidino-2-
phenylindole (DAPI), and photographed.
Preparation of mature rat brain oligodendrocyte cultures. Rat brain cultures

highly enriched with oligodendrocytes were prepared by a modification of the
procedure of McCarthy and deVellis (47). Cells dissociated from the cerebral
cortices of 2-day-old Wistar rats were cultured for 8 days in poly-D-lysine-coated
Nunc tissue culture flasks (two brains per flask; 85-cm2 surface area) in DMEM
containing 7.5% FCS, 2 mM glutamine, and antibiotics. The medium was
changed every 2 days. After 8 days, flasks were shaken for 8 h at 378C on a rotary
platform and the medium, containing mostly macrophages, was discarded. Fresh
medium was added to the flasks, which were then shaken for an additional 16 h
at 378C. The cells shaken off were mostly progenitor cells for oligodendrocytes
and type 2 astrocytes and were collected and seeded (1.5 3 106 cells per 9-cm-
diameter plate containing nine 24-mm-diameter glass coverslips). To encourage
oligodendrocyte proliferation, cells in the logarithmic phase of growth were
seeded in an appropriate medium (B104 cells maintained in DGA medium [10%
FCS, 2 mM L-glutamine, and antibiotics in DMEM11]). For preparation of the
proliferative medium, DGA medium was removed, cells were washed twice with
DMEM, and Raff’s modification of Bottenstein’s and Sato’s defined medium
(SATO medium) (8, 64) was added for 2 to 3 days to cells in the logarithmic
phase of growth, after which the medium was collected, filtered, and diluted 1:3
in SATO medium. This enabled the cells to continue proliferating without
differentiating. To encourage oligodendrocyte development, B104 proliferating
medium was replaced with SATO medium. At various time points cells were
fixed, stained with appropriate antibody, and photographed.
Immunostaining of cells. Cultures were prepared as described above. Cells

were collected and seeded (25,000 cells per 13-mm-diameter glass coverslip). At
various times cells were fixed in methanol for 5 min at 2208C, treated with cold
acetone at 48C for 2 min, and washed in phosphate-buffered saline (PBS). In
order to avoid nonspecific immunostaining, cells were incubated with 3% FCS in
PBS for 30 min in a moist chamber at 378C. Following PBS washes, monoclonal
antibody PAb421, specific to p53 (31), was applied to coverslips for 30 min in a
moist chamber at 378C. The coverslips were washed with PBS and stained for 30
min at room temperature by a specific second antibody (fluorescein isothiocya-
nate-labeled goat anti-mouse immunoglobulin G plus immunoglobulin M) (Jack-
son ImmunoResearch Laboratories), diluted 1:30 in 3% FCS–PBS, and then
fluorescently stained with DAPI (5 mg/ml; Sigma) (to allow visualization of the
nuclei) diluted 1:10,000 in PBS for 15 min at room temperature. The cells were
washed three times with PBS, mounted in a solution of glycerol containing 22
mM 1,4-diazabicyclo(2,2,2)octane (Sigma) to prevent fading (35), and photo-
graphed.
Infection with retroviral vectors. Rat brain cultures highly enriched with oli-

godendrocytes were prepared and seeded in a proliferative medium as described
above. This enabled the cells to continue proliferating without differentiating.
Two days after being seeded, cells were infected with retroviruses expressing
either LXSNp53DD or G418 resistance only (LXSN). Generation of these ret-
roviral vectors has been described elsewhere (29). Infection was allowed to
proceed for 2.5 h, after which the virus was washed out and fresh medium was
added. Selection with G418 was performed for 3 days (starting on the day after
infection) by daily addition of 1 mg of G418 per ml. At the end of the third day
of selection, cells were fixed and stained as described above. Rat hippocampal
neuronal cultures were prepared and seeded as described above. Since the
neurons when prepared continued to divide to a limited extent (one to two
divisions only) before differentiation, the cells were infected a few hours after
being seeded in order to let the virus infect proliferating cells. G418-resistant
cells were allowed to mature for 8 days and were then fixed and stained as
described above.
Protein extract preparation and immunoprecipitation. Protein analysis was

performed as described previously (45). For determination of protein levels, cell
extracts were prepared by the addition of 54 K buffer (50 mM Tris [pH 8.0], 150
mMNaCl, 5 mM EDTA, 0.5% Nonidet P-40). Immunoprecipitation of 200 mg of
each extract was performed by the following procedure. For preclearing, 50 ml of
control medium (DMEM plus 10% serum) for monoclonal antibodies was added
and incubated for 30 min on ice. To this was added 30 ml of protein A–Sepharose
CL-4B (Pharmacia Biotech), with gentle mixing and further incubation for 10
min on ice followed by centrifugation for 3 min at 48C. Monoclonal hybridoma
supernatant (50 ml) was added, mixed gently, incubated on ice for 10 min, and
centrifuged for 3 min at 48C. The supernatant was discarded and the pellet was
washed three times with 900 ml of buffer B (50 mM Tris [pH 7.4], 500 mM NaCl,
5 mM EDTA, 0.5% Nonidet P-40) and then once with buffer C (50 mM Tris [pH
7.4], 150 mM NaCl, 5 mM EDTA). The pellet was resuspended in 20 ml of
protein sample buffer (10% glycerol, 5% b-mercaptoethanol, 3% sodium dodecyl
sulfate [SDS], 180 mM Tris [pH 6.8]) and processed by Western blot (immuno-
blot) analysis.
Western blot analysis. Samples were subjected to SDS-polyacrylamide gel

electrophoresis. Gels were blotted onto nitrocellulose for 2 h at 200 mA and
incubated for 2 h with PBS containing 10% (vol/vol) milk. The immobilized
proteins were detected with the appropriate antibodies as follows. The blots were
incubated for 2 h in PBS containing 10% milk and then for 4 h in an identical
solution containing the appropriate antibody and then washed three times, once
for 15 min and twice for 10 min each time, in PBS containing 0.05% Tween 20
and 10% milk; this procedure was followed by a 1-h incubation with an appro-

priate horseradish peroxidase-conjugated second antibody in PBS containing
10% milk and the same washes as before without the milk. All steps were
performed at room temperature. Bands were visualized by the enhanced-chemi-
luminescence system (Amersham).
Preparation and analysis of RNA. Total cellular RNA was isolated by the

RNAzol B method (13) with the aid of a Biotec Laboratories kit. All steps were
performed at 48C or on ice. Polyadenylated [poly(A)1] RNA was purified by
oligo(dT) magnetic beads with the aid of a Dynabeads kit (Dynal). RNA was
quantified by determining the A260 or A280.
Poly(A)1 RNA (about 4 mg) was denatured at 658C for 5 min in denaturing

buffer consisting of 6% formaldehyde–50% formamide (vol/vol) in 3-[N-mor-
pholino]propanesulfonic acid (MOPS) buffer (20 mM MOPS [pH 7.0], 5 mM
sodium acetate, 1 mM EDTA). RNA was then size fractionated by electrophore-
sis through a 1% agarose–formaldehyde gel and transferred to GeneScreen Plus
membrane (DuPont, New England Nuclear) according to the method of Lehrach
et al. (41). Gels were blotted in 103 SSC (13 SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) and left overnight. Blots were baked for 1 h at 808C in a vacuum.
The relative amounts and quality of the transferred RNA were assessed by
staining of the blot with methylene blue (0.04% in 0.5 M sodium acetate [pH
5.2]) or by hybridizing with a glyceraldehyde-3-phosphate dehydrogenase probe
(18). Prehybridization was performed at 428C for 4 to 24 h in buffer containing
50% formamide, 53 SSC (pH 7.2), 53 Denhardt’s buffer (0.1% polyvinyl-
pyrrolidone, 0.1% Ficoll, and 0.1% bovine serum albumin), 1% SDS (pH 7.2), 50
mM Na2HPO4/NaH2PO4 (pH 7.0), and 300 mg of denatured herring sperm
DNA per ml. The blots were hybridized at 428C for 16 to 24 h in buffer containing
the same materials but with smaller proportions of Denhardt’s buffer (13) and
Na2HPO4/NaH2PO4 (20 mM), in the presence of an appropriate 32P-labeled
gel-purified fragment randomly primed (22) with the aid of a Megaprime DNA
labeling system (Amersham). The probe used was a p53 cDNA clone (BS 19A).
Blots were washed twice at room temperature in 23 SSC–0.1% SDS for 10 min
each time and in 0.13 SSC–0.1% SDS at 508C for 30 to 60 min. The blots were
then exposed to X-ray film.

RESULTS

Involvement of p53 in neuronal differentiation.We recently
showed that oligodendrocytes express wt p53 and that this
protein is directly involved in apoptotic death of these cells
(20). To further investigate the possible functions of p53 in
neural cells, we first examined both oligodendrocytes and neu-
rons at the transcript level. Total RNA was prepared from
primary rat brain oligodendrocytes and from primary neurons.
The RNA preparations were subjected to reverse transcriptase
PCR analysis (21), using rat p53-specific primers. A band of
the expected size was observed at all stages of differentiation
and maturation in both cell types (data not shown).
We next examined the subcellular localization of the p53

protein in neurons. Cultures enriched with rat hippocampal
neurons were grown at a low density. At different stages of
their differentiation and maturation, cells were fixed and
stained with the p53-specific monoclonal antibody PAb421
(31), which recognizes rat wt p53, and with DAPI, which allows
visualization of the cell nuclear border. Soon after seeding, p53
was detected mainly in the cell nuclei and was barely seen in
the cytoplasm, which at this stage occupied relatively little
space in these cells (Fig. 1A3, B3, and F). Further differenti-
ation and maturation of these cells were accompanied by a
gradual reduction of p53 immunostaining in the nucleus rela-
tive to the cytoplasmic staining (Fig. 1C3 and D3). In fully
mature neurons, p53 immunostaining was observed predomi-
nantly in the cytoplasm (Fig. 1E3 and G). It should be noted
that in these experiments the cultures were treated with cyto-
sine arabinoside. As neurons do not proliferate under the
conditions of our experiment, they were expected to be unaf-
fected by this addition. This was confirmed by the similar
results obtained when p53 was assayed in cytosine arabinoside-
free medium (data not shown).
The primary neurons used in the experiments described

above, even at the earliest stage in vitro, are already committed
to differentiation; consequently, the use of this culture system
did not allow us to examine the localization of p53 in uncom-
mitted neuronal progenitors and/or in proliferating neurons

VOL. 16, 1996 p53 IN THE CENTRAL NERVOUS SYSTEM 5179



prior to their differentiation. We therefore repeated the exper-
iment using PC12 pheochromocytoma cells, which proliferate
as long as they are grown in enriched medium but start to
differentiate when transferred to a nonenriched medium in the
presence of NGF. Immunostaining showed that p53 was barely
detectable in the nuclei of PC12 cells as long as they were
proliferating (Fig. 2A2 and E). However, 16 h after the addi-
tion of NGF, when the cells had become spindle shaped and
had extended small processes indicative of an early stage of
differentiation, high levels of p53 immunoreactivity were found
in the nuclei (Fig. 2B2 and F). This stage apparently corre-
sponded to the stage at which the primary neurons were first
observed in culture (Fig. 1A3). At 26 h after the addition of
NGF to PC12 cells, p53 was still detected in the nucleus, but
some of the cells already showed weaker nuclear staining (Fig.
2C2). In fully differentiated PC12 cells, as in the primary neu-
rons (Fig. 1E3), p53 was again barely detectable in the nucleus
(Fig. 2D2). Thus, the findings in PC12 cells complemented
those in primary neurons and suggested that at an early stage
of neuronal differentiation p53 accumulates in the nucleus,
where it may participate in activation of other genes directing
the cell towards differentiation. Once the cells have become
committed to differentiation, p53 is presumably no longer
needed in the nucleus, and its nuclear level declines.
To verify that p53 is directly involved in the commitment of

neuronal cells to differentiation, we employed a dominant neg-

ative mutant of p53, the p53 DD miniprotein (29, 71), to
interfere with the activity of endogenous wt p53 in PC12 cells.
The DD miniprotein comprises the last 89 residues of wt
mouse p53, including the dimerization domain, and acts as an
inhibitor of coexpressed wt p53 (71). The underlying mecha-
nism appears to be based, at least in part, on the formation
of functionally impaired mixed oligomers between the DD
miniprotein and the full-length wt p53 (65, 66). We used the
retroviral vector LXSN expressing the DD miniprotein
(LXSNp53DD) (29). A similar retroviral vector, LXSN encod-
ing G418 resistance only, was used as a control. PC12 cells
were seeded and infected with LXSNp53DD or LXSN. After
24 h the medium was replaced by nonenriched medium, as
described in the legend to Fig. 3, and NGF was added (50
ng/ml). At this stage selection with G418 was started as well.
Three days later the cells were again fed with NGF. On day 6
of culture, when cells are usually fully differentiated, the sur-
viving cells were fixed and immunostained with PAb421. Each
experiment was carried out in duplicate; LXSNp53DD-in-
fected cells were used in three experiments, while control-
infected cells were used in five experiments. In each infected
group, the number of PC12 cells with neurite extensions was
counted and calculated as a percentage of the total number of
cells (about 1,000 in each experiment). The results showed a
substantial reduction in the percentage of differentiating neu-
rons in cultures infected with the DD-expressing retrovirus

FIG. 1. Changes in p53 subcellular localization associated with maturation and differentiation of neurons. Rat hippocampal neuron cultures were grown at a low
density so that individual neurons could be easily observed. At the desired stage of development, the cells were fixed, stained with DAPI (panel 2) and monoclonal
antibody PAb421 (panel 3), and photographed at a magnification of 31,600. Neurons were inspected at 1 (A), 2 (B), 3 (C), 4 (D), and 7 (E) days in culture. The same
fields were also visualized by phase contrast (panel 1). The experiment was performed in duplicate and repeated three times. (F and G) High-magnification photographs
of a neuron shown in panel A3 at an early stage of postseeding, where the p53 staining is predominantly in the nucleus (cross) (F), and of a neuron shown in panel
E3, where the p53 staining is more pronounced in the cytoplasm (arrow) than in the nucleus (G).

5180 EIZENBERG ET AL. MOL. CELL. BIOL.



compared with cultures infected with the control retrovirus (to
4.4% 6 0.3% and 63.0% 6 4.1%, respectively [means 6 stan-
dard errors]; P , 0.0001 [considered highly significant] by
unpaired t test). The small percentage of DD-infected PC12
cells that differentiated may represent cells that were already
committed to differentiation at the time of infection.
Involvement of p53 in apoptotic death of neurons. The

above-described observations suggest that p53 plays an impor-
tant role in neuronal differentiation. In view of the temporal
association between neuronal differentiation and apoptotic
death during nervous system development (14, 15, 60, 61), and
the known dual activity of p53 in differentiation and apoptosis
in other systems, it was of interest to determine whether p53 is
also involved in the spontaneous death of neurons. Previous
studies in our laboratory have demonstrated an involvement of
p53 in apoptotic death of oligodendrocytes (20). Again we
employed the dominant negative p53 DD miniprotein. Be-
cause retroviruses can infect only proliferating cells, we used
cultures enriched with low-density rat primary hippocampal
neurons, which continue to divide (though to a limited extent)
prior to differentiation (see Materials and Methods). G418-
resistant cells infected with either the control or the DD-
expressing retrovirus were allowed to mature for 8 days, and
the cells were then fixed and fluorescently stained with DAPI
for visualization of apoptotic morphology. The same cells were
stained with PAb421 for visualization of p53. Each experiment

was carried out in duplicate; three experiments were per-
formed for each group.
In cultures infected with the control retrovirus LXSN,

75.0% 6 2.9% (mean 6 standard error) of the cells showed
apoptotic morphology. In contrast, the number of apoptotic
cells in cultures infected with the DD-expressing retrovirus was
only 20.0% 6 2.1%, indicating substantial protection against
apoptosis. In this experiment apoptotic cells were counted as a
fraction of the total cells (about 400 in each experiment) in
culture, rather than as a fraction of successfully infected cells
only. Thus, the extent of protection by DD is actually an un-
derestimate. Examination of the cells successfully expressing
the DD miniprotein, as visualized by staining with PAb421,
revealed almost complete protection from apoptosis.
p53 mRNA and protein expression during maturation and

differentiation of PC12 cells. To examine whether maturation-
associated changes in p53 are also manifested at the transcript
level, poly(A)1 RNA from NGF-treated PC12 cells at different
stages of differentiation was prepared and subjected to North-
ern (RNA) blotting and hybridization with a p53 probe. The
results showed constitutive expression of p53 with no change in
its transcript levels, in contrast to results for control hybridiza-
tion with glyceraldehyde-3-phosphate dehydrogenase, during
differentiation and maturation of the cells (Fig. 3). Immuno-
precipitation of proteins extracted from PC12 cells with
PAb421 (p53-specific monoclonal antibody), followed by West-

FIG. 2. Changes in p53 subcellular localization in PC12 cells upon NGF starvation and in the presence of NGF. Cells were seeded at 20,000 cells per
13-mm-diameter glass coverslip and grown either in enriched medium in which the cells proliferated or in nonenriched medium in the presence of NGF (50 ng/ml),
which causes the cells to differentiate (see Materials and Methods). At various time points cells were fixed, stained with monoclonal antibody PAb421 and DAPI, and
photographed at a magnification of 31,600. (Panel 1) DAPI-stained cells photographed with a UV filter; (panel 2) PAb421-stained cells. The same field was
photographed for both panels for each of the following experimental groups: proliferating PC12 cells maintained in enriched medium (A) and PC12 cells maintained
in nonenriched medium in the presence of NGF for 16, 26, and 40 h (B to D, respectively). The experiment was performed in duplicate and repeated three times. (E
and F) High-magnification photographs of PC12 cells shown in panels A2 and B2, respectively, depicting p53 immunoreactivity predominantly in the cytoplasm (arrow)
of proliferating cells and predominantly in the nucleus (cross) of differentiating cells, respectively.
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ern blot analysis with the same antibodies, revealed an increase
in the total amounts of p53 16 h after differentiation was
induced (Fig. 4). Total p53 levels remained high until 40 h after
onset of the differentiation signal and then started to decline
(Fig. 4). The elevation and reduction of p53 levels in PC12 cells
coincided with the enhancement and reduction of p53 nuclear
immunostaining, respectively (Fig. 2).
p53 in differentiation of oligodendrocytes. We recently

showed that oligodendrocytes express wt p53 and that this
protein is directly involved in apoptotic death of these cells
(20). To determine whether p53 is involved not only in apo-
ptotic death but also in differentiation of oligodendrocytes, we
used cultures enriched with rat brain oligodendrocyte progen-
itors, which were maintained in culture medium that allowed
them either to proliferate or to differentiate (see Materials and
Methods). At different time points the cells were fixed and
immunostained with the p53-specific antibody PAb421. The
results showed that as long as the cells were proliferating (Fig.
5A1), and soon after initiation of differentiation (6 h after the
change to SATO differentiating medium) (Fig. 5B1), the level
of p53 immunostaining in the nucleus was low relative to the
level of the cytoplasmic staining (Fig. 5A3 and B3, respective-
ly). However, 24 h after the differentiating medium was added,
p53 immunoreactivity was found predominantly in the nuclei
of cells undergoing differentiation (Fig. 5C3 and E). In fully
differentiated cells, i.e., in cells maintained in the differentiat-
ing medium for 7 days, p53 immunostaining in the nucleus was
again barely detectable relative to the cytoplasmic staining
(Fig. 5D3 and F). Thus, differentiation of oligodendrocytes was
associated with a transient elevation of the p53 level in the
nucleus. It should be noted that p53 appeared in the nucleus
well before morphological differentiation became discernible.
The involvement of p53 in the commitment of oligoden-

drocytes to differentiation was further substantiated by again
employing the dominant negative p53 DD miniprotein in a
retroviral vector and a control retrovirus expressing G418 re-
sistance only. Rat brain cultures enriched with oligodendro-
cytes were maintained in culture media that allow their prolif-
eration or differentiation (see Materials and Methods). The
day after being seeded, cells were infected with retrovirus ex-
pressing either LXSNp53DD or G418 resistance only (LXSN),
as described in Materials and Methods. At the end of the
seventh day of selection with G418, surviving cells were fixed,
immunostained with PAb421, and counted. In both infected
cultures the total number of cells (about 500 in each experi-
ment) and the number of cells with neurite extensions were
counted. Each experiment was carried out in duplicate; five
experiments were performed for each group. Early inter-

ference with the activity of endogenous wt p53 in primary
oligodendrocyte cultures, by infection with the DD-expressing
retrovirus, significantly blocked neurite extension, i.e., differ-
entiation. The results showed a marked reduction in the per-
centage of differentiating oligodendrocytes in the cultures in-
fected with the DD-expressing retrovirus compared with the
control (13.83% 6 4.18% and 80.50% 6 6.43%, respectively
[means 6 standard errors]; P , 0.001 [considered highly sig-
nificant] by the unpaired t test).

DISCUSSION

The results of this study suggest that p53 acts as a regulatory
protein in neurons and oligodendrocytes in culture. The pos-
sible involvement of p53 in differentiation was inferred from
the changes in its subcellular localization and specifically its
appearance in the nucleus at distinct stages of differentiation of
these cells. These changes in p53 immunoreactivity in the nu-
cleus were accompanied by changes in p53 protein levels. In
addition, direct evidence for the involvement of p53 in differ-
entiation and apoptosis came from the inhibition of these pro-
cesses following the blocking of endogenous wt p53 activity in
the various neural cell types.
Studies with various experimental models have indicated

that p53 may be functionally regulated by its differential sub-
cellular localization, through a well-controlled nuclear trans-
location mechanism (25, 27, 46, 56, 57, 72, 73, 75, 80). p53 was
found to play an important role as a cell cycle “checkpoint”
protein, arresting cells primarily in G1 in response to DNA
damage (32, 37, 40). Studies have shown that induced expres-
sion of wt p53 in tumor cells can have one of the following
results: (i) suppression of cell proliferation (4, 12, 16, 49, 50,
52), (ii) induction of apoptosis (76, 81), or (iii) induction of
differentiation (23, 74). Interestingly, wt p53-induced apoptosis
in myeloid leukemia cells could be greatly reduced by admin-
istration of the cytokine interleukin-6 (81), which normally
induces differentiation in this particular cell line. Livingstone
et al. (42) postulated that the p53 gene may behave like some
of the cell cycle checkpoint genes in Saccharomyces cerevisiae,
which are dispensable during optimal growth conditions but
can arrest the growing cell in G2 or G1 (32, 33). It seems likely
that p53 operates through different pathways, involving activa-
tion of different genes and proteins leading either to apoptosis
or to differentiation, and that the pathway chosen by the cell
depends on the cell type and the levels of wt p53 expressed
(17).
The physiological involvement of p53 in differentiation and

death of neurons and oligodendrocytes might operate through
distinct p53-activated pathways. For example, the role of p53 in

FIG. 3. Expression of p53 transcripts during differentiation of PC12 cells.
Shown are results of Northern blot analysis of poly(A)1 RNA prepared at
different stages of maturation and differentiation of PC12 cells (see Materials
and Methods). The blot was hybridized with a mouse p53 cDNA probe or a
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) probe to indicate the
amount of mRNA in each lane. Lane 1, proliferating PC12 cells maintained in
enriched medium; lanes 2 to 7, PC12 cells in nonenriched medium in the pres-
ence of NGF for 8, 16, 24, 40, and 48 h and for 6 days, respectively; lane 8, PC12
cells in nonenriched medium without NGF for 6 days. 18S and 28S rRNAs were
used as molecular weight markers, and their positions are indicated.

FIG. 4. Expression of p53 during differentiation of PC12 cells. Protein ex-
tracts prepared at different stages of maturation and differentiation of PC12 cells
were subjected to Western blot analysis (see legend to Fig. 3). The extracts were
immunoprecipitated and visualized with PAb421. Lanes 1 to 8, PC12 cells sub-
jected to the same treatments as for Fig. 3. Molecular weight markers were run
in parallel, and their positions are indicated (in thousands).
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promoting differentiation may require the specific transactiva-
tion of differentiation-related genes, while its apoptosis-pro-
moting effect may be independent of such activity. Indeed, it
was recently reported that p53 can induce apoptosis without
the transactivation of transcription (11, 34, 79). Moreover,
although p53 is found to be constitutively expressed, it may
normally remain nonfunctional until the cell receives appro-
priate signals. It is possible that the phosphorylation state
and/or the conformation of p53 may differ under conditions
inducing apoptosis or differentiation.
Among the p53-regulated genes that might contribute to

apoptosis a likely candidate is bax, which was recently shown to
be regulated by p53 (55). This gene belongs to the bcl-2 family
and contains the two conserved motifs termed bcl-2 homology
1 (BH1) and bcl-2 homology 2 (BH2) domains, but it antago-
nizes the survival-promoting effect of bcl-2 (59). bax forms
either homodimers or heterodimers with bcl-2 and, when over-
produced, promotes apoptosis (38). Overexpression of wt p53
up-regulates bax expression in cells undergoing p53-induced
apoptosis (54, 70). High levels of bax were found in some

populations of neurons that are particularly sensitive to cell
death induced by transient global ischemia. In the nervous
system, it was shown that within 30 min to 3 h after an ischemic
episode, immunostaining for bax was markedly increased in
neurons undergoing apoptosis (39). From 3 h after the episode
and onwards, neurons with morphological evidence of degen-
eration contained reduced levels of bcl-2. Also of interest is the
observation that both p53 and tumor growth factor b1, which
cause apoptosis in M1 cells, down-regulate bcl-2, whereas only
p53 affects bax expression (70). In the latter study, ectopic bcl-2
expression abolished apoptosis mediated by tumor growth fac-
tor b1 but not by p53; this difference may be due to the
up-regulation of bax in the case of p53-mediated apoptosis. p53
was also shown to regulate the expression of bcl-2 (54), which
is expressed in neurons as well (24, 51). Overexpression of
bcl-2 in neural cells was found to reduce the rate of insult-
induced death (36, 44, 82). Taken together, these studies sug-
gest that bax might be a key p53 effector gene in mediating the
p53 apoptotic response, probably in conjunction with limiting
levels of bcl-2.

FIG. 5. Changes in subcellular localization of p53 immunoreactivity from the cytoplasm to the nucleus are associated with differentiation and maturation of
oligodendrocytes. Enriched progenitor rat brain oligodendrocyte cultures, grown in culture media that maintained the cells at different stages of differentiation and
maturation (as described in Materials and Methods), were fixed, stained with monoclonal antibody PAb421 (directed against p53) and DAPI, and photographed at a
magnification of 31,600. (A) Proliferating progenitor oligodendrocytes maintained in proliferative B104 medium. (B) Proliferating oligodendrocytes grown in B104
proliferative medium and then incubated for 6 h in SATO medium. (C) Proliferating oligodendrocytes grown in B104 proliferative medium and then incubated for 24 h
in SATO medium. (D) Fully differentiated oligodendrocytes. (Panel 1) phase-contrast photographs; (panel 2) DAPI-stained oligodendrocytes; (panel 3) PAb421-
stained oligodendrocytes (same fields for all panels). The experiment was performed in duplicate and repeated three times. The phase-contrast photographs were taken
through the UV filter, which enables visualization of DAPI staining as well. (E and F) High-magnification photographs of oligodendrocytes shown in panels C3 and
D3, respectively, depicting p53 staining predominantly in the nucleus (cross) of differentiating oligodendrocytes (E) and barely in the nucleus compared with that in
the cytoplasm (arrow) of mature oligodendrocytes (F).
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The fact that studies with p53 null mice appeared to show
that normal neuronal functioning is not affected by blockage of
endogenous wt p53 does not necessarily contradict the obser-
vations in this study. This is because even in normal cells p53
is not the only player and there may be “backup” genes that
take over in its absence, perhaps even more so in p53 null mice,
which are considered to develop normally in the absence of
p53. Indeed, the observation that p53 null mice develop exen-
cephalic brains (3, 68) is indicative of abnormal brain devel-
opment as a result of the absence of p53, further pointing to an
important role for p53 in neuronal development. Moreover, it
should be borne in mind that physiological backup genes are
less likely to be present in vitro than in vivo, and thus depen-
dence on a single gene, in this case p53, is more pronounced in
vitro.
Understanding the mechanism underlying death of neurons

and oligodendrocytes may yield a new insight into certain
pathological conditions. Neuronal death occurs in degenera-
tive disorders such as Alzheimer’s disease (19) and after trau-
matic injuries (78). Death of oligodendrocytes has been ob-
served, for example, in multiple sclerosis (67). Induction of p53
was shown to be associated with neuronal damage in the cen-
tral nervous system (69). Recent studies in our laboratory have
shown involvement of p53 in apoptotic death of oligodendro-
cytes, which is induced by dimeric interleukin-2 (20).
Future studies should be aimed at elucidating the mecha-

nisms governing apoptosis and differentiation in which p53 is
involved and at identifying additional intracellular and nuclear
components that dictate the final cellular outcome of p53-
mediated signaling. Such information can be expected to pro-
vide important insights into pathological mechanisms in the
nervous system and may yield a more effective approach to
treatment of injured nerves.
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