
Delayed neuronal death after brain trauma involves
p53-dependent inhibition of NF-jB transcriptional
activity

N Plesnila1,5, L von Baumgarten1,5, M Retiounskaia2, D Engel1,4, A Ardeshiri1, R Zimmermann1, F Hoffmann3, S Landshamer2,

E Wagner2 and C Culmsee*,2

Acute and chronic neurodegeneration, for example, following brain injury or Alzheimer’s disease, is characterized by
programmed death of neuronal cells. The present study addresses the role and interaction of p53- and NF-jB-dependent
mechanisms in delayed neurodegeneration following traumatic brain injury (TBI). After experimental TBI in mice p53 rapidly
accumulated in the injured brain tissue and translocated to the nucleus of damaged neurons, whereas NF-jB transcriptional
activity simultaneously declined. Post-traumatic neurodegeneration correlated with the increase in p53 levels and was
significantly reduced by the selective p53 inhibitor pifithrin-a (PFT). Strikingly, this protective effect was observed even when
PFT treatment was delayed up to 6 h after trauma. Inhibition of p53 activity resulted in the concomitant increase in NF-jB
transcriptional activity and upregulation of NF-jB-target proteins, for example X-chromosomal-linked inhibitor of apoptosis
(XIAP). It is interesting to note that inhibition of XIAP abolished the neuroprotective effects of PFT in cultured neurons exposed to
camptothecin, glutamate, or oxygen glucose deprivation. In conclusion, delayed neuronal cell death after brain trauma is
mediated by p53-dependent mechanisms that involve inhibition of NF-jB transcriptional activity. Hence, p53 inhibition provides
a promising approach for the treatment of acute brain injury, since it blocks apoptotic pathways and concomitantly triggers
survival signaling with a therapeutic window relevant for clinical applications.
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Traumatic brain injury (TBI) is the most common cause of
death among children and young adults. The outcome in
patients surviving the primary insult is mainly determined by
secondary events, for example development of brain edema
or delayed degeneration of axons and neurons. Experimental
studies suggest that secondary events cause delayed brain
damage, which finally accounts for up to 40% of the total
tissue loss following brain trauma.1,2 Therapeutic options to
stop this process are not available yet because the underlying
molecular mechanisms are poorly understood. Accumulating
evidence, however, suggests apoptotic mechanisms in
delayed tissue loss after TBI, such as DNA fragmentation
and regulation of pro-apoptotic proteins.1

Important regulatory steps in apoptosis occur upstream of
mitochondria wheremembers of the Bcl-2 protein family either
promote (Bax, Bid) or prevent (Bcl-2, Bcl-xl) the mitochondrial
release of cytochrome c or apoptosis inducing factor which
mediate caspase-dependent or caspase-independent cell
death, respectively.3,4 A potential candidate molecule re-
sponsible for the initiation of delayed cell death in neurons
upstream of mitochondria is the tumor suppressor and
transcription factor p53.5 Previous reports demonstrated a
substantial role for p53 in neuronal cell death induced by

oxidative stress, DNA damaging agents, or excitotoxicity in
vitro,6,7 and in experimental models of stroke in vivo.8,9

TBI also resulted in p53 upregulation10; however, so far it
remained unclear whether p53 is just a bystander in the cell
death process or if it plays a causal role for post-traumatic
brain damage. The first aim of the present study was therefore
to analyze the causal role of p53 for secondary brain damage
following TBI.
In addition to transactivation of pro-apoptotic genes, for

example Bax, p53 may regulate delayed neuronal death
through interaction with proteins involved in the regulation
of survival signaling, for example nuclear factor kappa B
(NF-kB).5 This hypothesis is supported by results showing
that inhibition of NF-kB transcriptional activity contributes to
p53-dependent apoptosis,11 and by our own observations that
p53 inhibited NF-kB in apoptotic neurons.12 It has not been
addressed, however, whether such imbalance between p53
and NF-kB signaling occurs after TBI or contributes to the
associated delayed loss of brain tissue. Among the potential
NF-kB targets that exert neuroprotection, the X-chromosome-
linked inhibitor of apoptosis (XIAP) is of particular interest,
since recent evidence suggests a major role for XIAP in
neuronal survival after lethal stress including, for example,
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Gebäude D, München D-81377, Germany. Tel: þ 49 (0)89 2180 77456; Fax: þ 49 (0)89 2180 77791; E-mail: carsten.culmsee@cup.uni-muenchen.de
5These authors have contributed equally to this work.
Keywords: programmed cell death; apoptosis; pifithrin; XIAP; Bax; DNA damage
Abbreviations: NF-kB, nuclear factor kappa B; PFT, pifithrin-a; TBI, traumatic brain injury; XIAP, X-chromosomal-linked inhibitor of apoptosis

Cell Death and Differentiation (2007) 14, 1529–1541
& 2007 Nature Publishing Group All rights reserved 1350-9047/07 $30.00

www.nature.com/cdd



cerebral ischemia13 or neonatal hypoxia.14 Accordingly, the
second aim of the current study addressed the potential
p53-mediated inhibition of NF-kB after TBI and the related
regulation of the neuroprotective NF-kB gene-target XIAP.

Results

Regulation of p53 protein correlates with secondary
lesion expansion after brain trauma. The initial lesion
volume measured 15min after trauma (18–20mm3)
expanded within 24 h after TBI by up to 63% compared to
the initial contusion volume as demonstrated in Figure 1a.
Concomitantly, p53 protein levels increased in the injured
cortical tissue compared to sham-operated controls as early
as 15min after controlled cortical impact (CCI) (Figure 1b).
Quantification of p53 expression in this brain area (n¼ 3

animals per time point) confirmed a significant (Po0.05
versus sham) upregulation of p53 within 15min after CCI,
which further increased 3, 6 and 12 h and sustained at least
up to 24 h after trauma. The rapid increase in p53 protein
levels preceded post-traumatic cell death and correlated well
with the resulting expansion of the contusion volume
(Figure 1c; r2¼ 0.884, Po0.05). In all tissue extracts from
the other brain regions, protein levels of p53 were not
different to those from sham-operated animals (data not
shown).
Immunohistochemical staining confirmed that p53 immu-

noreactivity was enhanced in and around the contusion 6 h
after TBI (Figures 2 and 3). Figure 2a shows enhanced p53
immunoreactivity within the area of the impact and in tissue
adjacent to the contusion, which represents the site of delayed
neuronal cell death. Further magnification reveals that p53
levels were increased in contused brain tissue (Figure 2b);
however, p53 levels were also elevated in still viable neurons
in the vicinity of the contusion but not in the non-injured
contralateral hemisphere (Figure 2c and d). These cells die in
the process of secondary brain damage within the first 24 h
after trauma, suggesting that p53 is involved in the observed
delayed brain damage.
Nuclear counterstaining of p53-stained brain sections with

the DNA-binding fluorescent dye DAPI revealed greatly
enhanced p53 immunoreactivity in still viable neurons located
in the vicinity of the contusion (Figure 3a and b). According to
the assumed function of p53 as a pro-apoptotic transcription
factor, p53 immunoreactivity was located to the nucleus
in damaged neurons (Figure 3c and d). By contrast, weak
cytosolic p53 staining was detected in normal neurons in the
contralateral hemisphere (Figure 3e and f). Double immunos-
taining with an anti-p53 antibody and an anti-NeuN antibody
confirmed that increases in p53 levels and nuclear transloca-
tion occurred in neurons in the damaged brain tissue (core
and penumbra) (Figure 4a).

Inhibition of p53 reduces delayed tissue loss after brain
trauma. To further elucidate a causal role for p53 for
delayed tissue loss after trauma, the effect of
pharmacological p53 inhibition by pifithrin-a (PFT) was
studied. PFT prevented the increase in p53 levels and
nuclear translocation in the cortical tissue (Figure 4a) and in
the hippocampus (Supplementary Figure 1) adjacent to the
primary insult when applied immediately before the TBI.
Similar to our previous findings in vitro,7 the p53 inhibitor PFT
also blocked p53 transcriptional activity in brain tissue after
systemic application as demonstrated by reduced protein
levels of Bax (Figure 4b and c). The therapeutic effect of the
p53 inhibitor PFT after TBI was first assessed in a dose
finding study, where PFT was administered 1h before
trauma. Comparison of contusion volumes in control
animals 15min and 24 h after trauma confirmed that
delayed cell death results in additional tissue loss (þ 63%
as compared to the damage measured immediately after
trauma). Maximal post-traumatic contusion volumes in PFT-
treated animals were significantly smaller as compared to
vehicle-treated controls. Delayed lesion growth was reduced
by 6 and 8mg/kg PFT in a dose-dependent manner by 29
and 43%, respectively, as compared to vehicle-treated
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Figure 1 Temporal profile of secondary lesion expansion and p53 accumulation
in contused cortex after TBI. (a) C57Bl/6 mice were exposed to CCI and the volume
of injured brain tissue was determined 2 h and up to 24 h after trauma. Contusion
volume is presented as mean value and S.D. of n¼ 5 animals at each time point.
The numbers in the bars are the mean percentages of the increase in contusion
volume compared to the initial lesion at 15 min (100%). *Po0.05 compared to
15 min (ANOVA, Student–Newman–Keuls). (b) Representative Western blot
analysis of p53 protein levels. Tissue extracts were extracted from contused brain.
Animals were scarified at different time points after trauma (15 min, 3, 6, 12 and
24 h; n¼ 3 per time point). (c) Correlation between lesion expansion and increase in
p53 protein levels after brain trauma. Note, that p53 protein accumulation precedes
secondary brain damage. Correlation coefficient r2 ¼ 0.884
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controls (Po0.05, n¼ 10 per group). Next, the therapeutic
window of PFT was assessed in a study where treatment
was initiated after trauma. In this series of experiments, a
single dose of 8mg/kg PFT was applied 15min, 1, 3 or 6 h
after trauma (Figure 5a). Post-treatment with PFT at this
dose reduced delayed lesion expansion by more than 50%
as compared to vehicle-treated controls (Po0.05, n¼ 7 per
group). Notably, this strong cerebroprotective effect was
obtained even when PFT was applied 6 h after trauma. To
fully elucidate the therapeutic window of PFT, a second post-
treatment experiment was performed including an application
of PFT 6 and 12 h after trauma. In this experiment, protection
by PFT applied 6 h after trauma was well reproduced,
whereas PFT administration 12 h after trauma did not alter
delayed lesion expansion (Figure 5b). To evaluate whether
PFT only delayed the infarct development by slowing
down apoptotic mechanisms, additional experiments were
performed where the infarct volume was determined 7 days
after trauma. The results presented in Figure 5c show that
the protective effect of the p53 inhibitor was sustained when
PFT was administered 3 h after ischemia. In contrast, the
protective effect was not detectable anymore at 7 days after
trauma when PFT was administered 6 h after the insult
(Figure 5c).
Although a sustained protection of brain tissue was not

detectable after 7 days in the group treated with a single dose
of PFT 6h after the injury, these animals still showed
significantly improved performance in a beam-walking para-
digm, indicating persistently improved motor function by the
p53 inhibitor (Figure 5d). In addition, animals treated with PFT
6h after brain injury performed as well as non-traumatized
animals in the Object Recognition Test (ORT). The ORT

evaluates short-term memory, an ability often impaired in
brain trauma patients. Animals treated with vehicle were not
able to differentiate new objects (Figure 5e). Of note, PFT
(8mg/kg) did not affect blood pressure or blood gases
(Table 1). These data demonstrate significant and persistent
cerebroprotective effects and functional improvement by the
p53 inhibitor with a therapeutic time window relevant for
clinical applications.

Inhibition of NF-jB transcriptional activity and reduced
XIAP protein levels after TBI. NF-kB DNA binding and NF-
kB transcriptional activity were determined in protein extracts
from different brain areas at various time points from 3h and
up to 24h after TBI. In samples containing the contusion
(quadrant c), NF-kB DNA binding was not altered within
6 h after trauma and increased significantly within 24 h
(Figure 6a and b), whereas the transcriptional activity was
significantly reduced at 3, 6 and 24 h after CCI as compared
to control levels (Figure 6c). In line with the findings on NF-kB
transcriptional inhibition levels of the NF-kB transcription
target XIAP were persistently reduced in traumatized brain
tissue up to 45% of control levels within 12–24 h (Figure 6d
and e). It is interesting to note that after trauma cleavage,
products of XIAP were detected in injured tissue indicating
functional loss of the protein (Figure 6d). In contrast to the
site of injury, NF-kB DNA binding and NF-kB transcriptional
activity were enhanced in non-injured brain tissue of the
ipsilateral hemisphere (quadrant d, Supplementary Figure 2).
In the contralateral hemisphere, neither NF-kB DNA binding
nor NF-kB transcriptional activity were affected after brain
trauma (quadrant a, Supplementary Figure 3).

Figure 2 Immunohistochemistry of p53 after TBI. (a) Increased p53 expression (dark red color) 6 h after TBI in vital and contused mouse brain (indicated by dotted line).
(b) High magnification of the cells located in the traumatic contusion. p53 is increased and located to the nucleus. (c) Also the pericontusional area, where cells are still viable
6 h after trauma, but will undergo delayed cell death within the next 6–12 h, contain neurons with pronounced p53 immunoreactivity. (d) The contralateral cortex (control)
shows normal, that is low, expression of p53 in normal brain
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The p53 inhibitor PFT enhances NF-jB transcriptional
activity and XIAP protein levels after CCI. In brains of
naı̈ve animals, PFT reduced protein levels of the p53-target
protein Bax (Figure 4) and concomitantly enhanced NF-kB
transcriptional activity (Figure 7a) and expression levels of
the NF-kB transcriptional-target XIAP (Figure 7b). Analyses
of brain tissue from traumatized NF-kB luciferase reporter
mice revealed that PFT preserved NF-kB activity in damaged
brain tissue (quadrant c) and significantly enhanced NF-kB
transcriptional activity in non-injured brain (quadrant d,
Figure 7c and d). Similar effects were found in the
contralateral hemisphere (quadrant a, Supplementary
Figure 3), where PFT significantly enhanced NF-kB
transcriptional activity in a similar extent as in the non-
injured ipsilateral tissue adjacent to the trauma site
(Figure 7d). Co-immunohistochemistry revealed that PFT
induced NF-kB translocation to the nucleus predominantly
in neurons (Figure 8). Such NF-kB translocation was
significantly enhanced in neurons in tissue adjacent to the
injury site (Figure 8) as well as in cortical tissue in the
contralateral hemisphere. Most strikingly, PFT significantly

enhanced protein levels of XIAP in injured brain tissue after
TBI (quadrant c, Figure 9) as well as in non-injured ipsilateral
brain tissue in sham-operated animals and in animals after
TBI (quadrant d, data not shown). This increase in XIAP
levels occurred predominantly in neurons as shown by
co-immunohistochemistry (Figure 9a). Overall, these data
clearly demonstrated that the protective effect of the p53
inhibitor PFT was accompanied by increased NF-kB activity
and enhanced expression of the NF-kB transcriptional-target
XIAP in neurons.

Involvement of XIAP in PFT-mediated
neuroprotection. Similar to the findings in vivo, p53
inhibition enhanced neuronal expression of XIAP in
cultured neurons and XIAP levels were reduced by
56.476.2% (Po0.001) compared to controls after DNA
damage and induction of p53-dependent apoptosis by
camptothecin (Figure 10a), whereas the p53 inhibitor
PFT enhanced XIAP expression levels in vitro (Figure 10b).
To evaluate whether enhanced XIAP levels are indeed
involved in neuroprotection by PFT the XIAP inhibitor

Figure 3 Enhanced nuclear and cytosolic levels of p53 at 6 h after TBI. Immunohistochemical staining of p53 (left panels) and co-staining with the nuclear dye DAPI (right
panels) reveal enhanced neuronal cytosolic and nuclear p53 levels 6 h after brain trauma (a and b), and predominantly nuclear localization of p53 in neurons within the
(necrotic) contusion area (c and d). (e and f) Contralateral hemisphere
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embelin was applied. Embelin reversed PFT-mediated
neuroprotection in three different in vitro models of
neuronal cell death induced by camptothecin, gluta-
mate or oxygen-glucose deprivation (OGD) (Figure 10c,
Supplement Figure 4). suggesting that p53 indeed promotes
cell death not only by enhancing expression of pro-
apoptotic proteins like Bax, but also by inhibition of survival
pathways mediated by NF-kB and its downstream-
target XIAP.

Discussion

The present data demonstrate a major role for p53 in delayed
neuronal cell death after TBI. p53 protein levels rapidly
increased in the injured brain hemisphere within the first 12 h
after experimental brain trauma and remained elevated up
to 24 h after injury. p53 accumulation correlated well with
delayed brain damage tissue following TBI and the p53
inhibitor PFT significantly attenuated this process. Most
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Figure 4 The p53 inhibitor PFT prevents p53 accumulation and reduces Bax expression in cortical brain tissue. (a) Co-immunohistochemistry of p53 and NeuN in cortical
brain tissue. The upper panels show immunostainings of cortical tissue of sham-operated mice treated with vehicle or the p53 inhibitor PFT for 6 h. The lower panels show
tissue from mice 6 h after trauma. The mice were treated with vehicle or PFT immediately before trauma. The stainings confirm low p53 immunoreactivity in sham-operated
animals, while p53 clearly accumulates in neurons in the cortical penumbra adjacent to the contusion area. PFT prevented the increase in p53 levels and nuclear translocation
in the neurons of the penumbra region. The overlays with NeuN immunostaining (red) reveals that the vast majority of the cells with increased p53 levels in the cortical
penumbra are neurons. (b) Western blot analysis of protein extracts from mouse brain tissue reveals reduced levels of Bax protein 6 h after intraperitoneal application of PFT
(8 mg/kg). (c) Quantification of the results partly presented in (a) from n¼ 4 animals per group (ANOVA, Duncan’s)
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intriguingly, this cerebroprotective effect measured at
24 h after injury was still achieved when a single dose of PFT
was applied up to 6h after TBI. Protection of brain tissue was
still detectable 7 days after traumawhenPFTwas administered
3h after ischemia. PFT administered 6h after TBI did not lead
to a sustained protection of brain tissue, but significantly
improved functional recovery. Following brain injury, functional
improvements may occur without significant reduction of
contusion or infarct volume.15 Overall, our findings indicate
that the p53 inhibitor preserved brain tissue and enhanced
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Figure 5 Effect of PFT treatment on contusion volume and functional outcome. (a and b) Effect of PFT post-treatment on contusion volume 24 h after CCI. Contusion
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Table 1 Mean arterial blood pressure before and after 8mg/kg pifithrin-a (PFT)

PFT (8mg/kg) Vehicle

15min before 6875 67722
Injection 6477 6879
15min after 6875 6177
35min after 66710 6277

Injection of PFT i.p. had no effect on mean arterial blood pressure (mm Hg;
mean7S.D.; n¼5 per group) of mice.
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functional regeneration with a wide therapeutic time window
after TBI.
It is noteworthy that inhibition of p53 transcriptional activity

is a major mechanism by which PFT prevents the
pro-apoptotic action of the tumor suppressor protein. Here,
we demonstrated that p53 inhibition reduced the expression
of the pro-apoptotic protein Bax in mouse brain, a finding
which is in line with our previous findings in cultured neurons.7

The underlying mechanism may involve inhibition of p53
accumulation, inhibition of nuclear translocation or interfer-
ence with the p53 transcriptional machinery by PFT.
For example, we show here that PFT blocked the increase
in p53 levels and nuclear translocation in neurons when PFT
was applied immediately before the traumatic injury. How-
ever, inhibition of p53-dependent apoptosis by PFT does
not necessarily require inhibition of p53 accumulation.7,16

In particular, when applied 3 or 6 h after trauma when
p53 levels are already increased, PFT likely exerts neuropro-

tection by blocking further nuclear translocation and by
interfering with p53 transcriptional activity.
In neurons, the tumor suppressor and transcription factor

p53 is activated and contributes to cell death after exposure
to various forms of apoptotic stress, including glutamate-
induced excitotoxicity, DNA damage, hypoxia or oxidative
stress.5 A key role of p53 for neuronal cell death is further
supported by studies on the pathology of neurodegenerative
diseases, for example Parkinson’s disease, Alzheimer’s
disease or amyotrophic lateral sclerosis, where increased
p53 levels were detected in degenerating neurons.17 In
addition, previous studies exposed p53-dependent neuronal
death in experimental models of epileptic seizures and
cerebral ischemia.7,12,18

The pro-apoptotic functions of p53 are largely promoted
through transactivation of specific target genes such as
Bax, PUMA or Noxa.5 In addition, p53 may mediate cell
death through mechanisms independent of transcriptional
activity, for example through interference with endogenous
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survival mechanisms after translocation of p53 to the
mitochondria19–21 or by transcriptional repression due to
interactions with the transcriptional cofactors CBP/p300.11,12

Here, we found that delayed brain damage and accumulation
of p53 protein after trauma were accompanied by inhibition
of NF-kB transcriptional activity in injured brain tissue. The
p53 inhibitor PFT enhanced NF-kB activity in injured brain
and in adjacent ipsilateral cortex and this effect clearly
correlated with enhanced neuronal survival and rescue of
brain tissue. The current results obtained in vivo are
supported by our previous observations in cultured neurons

where p53 inhibition enhanced NF-kB activity thereby
mediating neuroprotection.7,12 The neuroprotective potential
of NF-kB is also supported by the observation that incre-
ased NF-kB activity was detected in brain tissue adjacent
to the lesion site that survived the insult without morpho-
logical signs of damage. These results imply that increased
NF-kB activity is associated with neuronal survival,
whereas reduced NF-kB transcriptional activity is rather
associated with neuronal cell death after acute brain injury.
This conclusion is also supported by the pivotal role of
constitutive NF-kB transcriptional activity for neuronal
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Figure 8 Increased nuclear translocation of NF-kB p65 after treatment with the p53 inhibitor occurs in neurons. (a) Co-immunohistochemistry of NF-kB p65 and NeuN in
cortical brain tissue. The upper panels show immunostainings of cortical tissue of sham-operated mice treated with the p53 inhibitor PFT 6 h before removing the brains. The
lower panels show tissue from mice 6 h after trauma and PFT treatment. In line with NF-kB activity measurements, NF-kB p65 (green) translocation to the nuclei (blue) occurs
in sham-operated and PFT-treated animals. Further, slightly increased NF-kB p65 staining is observed in the penumbra of the contusion 6 h after trauma, and this nuclear
translocation is significantly enhanced in PFT-treated mice. The overlay with NeuN immunostaining (red) reveals that the vast majority of the cells with NF-kB p65 nuclear
translocation are neurons. (b) Quantification of the results on NF-kB p65 nuclear translocation in neurons 6 h after PFT treatment in sham-operated animals and after
traumatic injury in the tissue adjacent to the contusion (ANOVA, Duncan’s)
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survival and plasticity during embryogenesis and in
adulthood.22,23

It is noteworthy that in contrast to the reduced NF-kB
transcriptional activity, the NF-kB DNA binding activity was
not blocked but even increased in injured brain within 24 h
after TBI. This is in line with many reports indicating enhanced
NF-kB nuclear translocation and DNA binding activity in brain
tissue after cerebral ischemia24 or brain trauma.25 Since these
findings strongly suggested that neuronal death after acute
brain injury was associated with enhancedNF-kB activation, a
role for NF-kB in neuronal cell death was postulated.26,27 We
now demonstrate that an increase in NF-kB p65 DNA binding
activity does not necessarily correlate with NF-kB transcrip-
tional activity. In our model of TBI, NF-kB DNA binding
increased within 24 h, whereas the NF-kB transcriptional
activity rapidly declined within 3 h and was still reduced 24 h

after the insult. These data underline the importance to
measure NF-kB transcriptional activity, while detection of
NF-kB DNA binding may result in misleading interpretations.
Measurement of the NF-kB reporter protein, however,

clearly shows that such NF-kB activation and enhanced DNA-
binding activity does not necessarily translate into transcrip-
tional activity after acute brain injury but rather the opposite
effect as demonstrated here, that is transcriptional repression
of NF-kB after brain trauma.
It has to be considered that inhibition of NF-kB p65 DNA

binding could result from enhanced activity of inhibitory NF-kB
p50 : p50 dimers. By using an electromobility shift assay,
however, we confirmed that overall NF-kB DNA binding
was not altered within 6 h after trauma, suggesting that the
observed rapid block of NF-kB transcriptional activity 3–6 h
after trauma was not attributable to enhanced activation of
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Figure 9 Neuronal expression of XIAP increases in PFT-treated animals. (a)
Co-immunohistochemistry of XIAP (green) and NeuN (red) in cortical brain tissue
adjacent to the injury 6 h after CCI. The upper panels show immunostainings of
cortical tissue from vehicle-treated mice, the lower panels show tissue from animals
treated with the p53 inhibitor PFT. Note that in PFT-treated animals, the
immunoreactivity against XIAP increased in neurons. (b) Western blot analysis
shows enhanced expression levels of XIAP protein 6 h after PFT application
compared to vehicle-treated controls in the contused tissue area. b-Actin was
detected as a loading control. (c) Quantification of the XIAP signal from the
immunoblot results partly presented in (b) from n¼ 4 animals per group (ANOVA,
Duncan’s)
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Figure 10 Involvement of XIAP in protective effects of PFT in cultured
embryonic rat neurons. (a and b) In cultured rat embryonic neurons, protein
expression levels of the NF-kB-regulated protein XIAP decreased after exposure to
camptothecin (CPT, 10mM), whereas the p53 inhibitor PFT (200 nM) increased
protein levels of XIAP in this culture system. b-Actin immunostaining served as
loading control. (c) The XIAP inhibitor embelin was added to rat neuronal cultures
2 h and the p53 inhibitor PFT (200 nM) 1 h before induction of cell death by CPT
(10mM). The percentage of apoptotic nuclei was determined 24 h later after nuclear
staining with DAPI. Mean values and S.D. of percentage of apoptotic nuclei from five
dishes per group are presented. **Po0.01 compared to CPT-treated cells
(ANOVA, Scheffé’s)
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inhibitory p50 : p50 dimers. Most likely, the observed early
inhibition of NF-kB transcriptional activity that precedes the
expansion of brain damage was mediated by p53. p53
accumulated rapidly after trauma and could inhibit NF-kB
despite previous release from the IkB complex and transloca-
tion to the nucleus (Figure 10). Such inhibitory cross talk
between p53 and NF-kB in the nucleus has been attributed to
competitive binding to transcriptional cofactors, such as p300,
which may either bind p53 or NF-kB to promote the respective
transcriptional activity.11 In cultured neurons, the p53 inhibitor
PFT shifted the binding of p300 toward NF-kB thereby
accelerating NF-kB transcriptional activity and transactivation
of neuroprotective factors.12 Previous reports on the protec-
tive effects of the p53 inhibitor against irradiation-induced cell
death16 and ischemic brain lesion18 suggested that PFT acts
by preventing the nuclear translocation of p53. Both, inhibition
of p53 nuclear import and inhibition of p53 binding to p300
within the nucleus may equally contribute to the presently
observed enhanced NF-kB activity, in particular when PFT
was applied 3–6 h after trauma, when p53 already accumu-
lated in the nucleus. Further studies are required to delineate

in more detail the nature of NF-kB transcriptional activity after
TBI regarding the involved NF-kB subunits and potential
interaction with transcriptional cofactors. In the present study,
the PFT-mediated shift of transcriptional activities of p53
(blocked) and NF-kB (enhanced) resulted in reduced protein
levels of the p53-target Bax and increased expression of the
NF-kB-target XIAP in vitro and in vivo (Figure 11). Similar to
other members of the inhibitory of apoptosis protein family,
XIAP prevents cell death by various mechanisms28–30 and was
attributed a critical role for neuronal cell death in various
disease models, for example cerebral ischemia,13,31,32 neo-
natal hypoxia,14 retinal ischemia33 or epileptic seizures.34 In
line with the observed reduction of NF-kB transcriptional
activity, protein levels of full-length XIAP declined after TBI in
injured brain tissue. Further, we detected cleavage of XIAP
after trauma, indicating loss of function of this pro-survival
protein in the injured brain. The p53 inhibitor PFT counteracted
this process and increased XIAP expression in contused as
well as in healthy brain. Thus, PFT-mediated neuroprotection
and induction of NF-kB transcriptional activity correlated well
with enhanced levels of the NF-kB transcriptional-target XIAP.
Further evidence for the involvement of XIAP in PFT-

mediated neuroprotection was obtained in cultured neurons
exposed to different apoptotic insults. We found that the XIAP
inhibitor embelin blocked the protective effect of PFT against
neuronal apoptosis induced by camptothecin, glutamate or
OGD, thereby strongly suggesting the involvement of NF-kB-
dependent regulation of XIAP in the observed neuroprotective
effect. Hence, the present study adds evidence for
the compelling role of XIAP in neuronal survival and in the
neuroprotective effect of p53 inhibition in particular, since
the XIAP inhibitor embelin abolished the neuroprotective
effect of PFT in the various models of apoptosis.
In conclusion, our study demonstrates a causal role for p53

in delayed brain damage after experimental brain trauma and
that the underlying p53 death signaling involves inhibition of
NF-kB. In contrast, neuroprotective inhibition of p53 results in
enhanced NF-kB transcriptional activity and expression of
protective target genes such as XIAP. Inhibition of p53 and
concomitant activation of survival signaling by PFT therefore
emerges as an attractive therapeutic strategy for the treat-
ment after TBI, since our findings suggest pronounced
protective effects of the p53 inhibitor with a clinically relevant
therapeutic time window.

Materials and Methods
Animals. All efforts were made to minimize suffering and the number of animals
according to the guidelines of the German animal protection law and derived
guidelines on the ethical use of animals. Female Sprague–Dawley rats (gestation
day 18) and male C57BL/6 mice were obtained from Charles River (Sulzfeld,
Germany). NF-kB-luciferase-reporter mice (genetic background: C57BL/6) were
used for the measurement of NF-kB transcriptional activity as described
previously.12 The NF-kB-luciferase transgene contained the firefly luciferase
gene, driven by two NF-kB sites responding to p65/p50, p50/cRel and other dimer
combinations of NF-kB as established in previous studies.35,36 All animals were
kept under controlled light and environmental conditions (12 h dark/light
cycle, 23711C, 5575% relative humidity) and had free access to food
(Altromin, Germany) and water.

CCI in mice. Male C57/Bl6 mice (25–28 g, Charles River, Kisslegg, Germany)
were anaesthetized in a halothane chamber (4%). Anesthesia was maintained with
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Figure 11 p53-mediated delayed neuronal death after brain trauma involves
inhibition of NF-kB. After TBI, the proapoptotic transcription factor p53 rapidly
accumulates and translocates to the nucleus of injured neurons. In the nucleus,
activated p53 transactivates pro-apoptotic factors, for example Bax which execute
the delayed neuronal death that causes secondary brain tissue loss after trauma. In
contrast, survival signaling in neurons involves nuclear translocation of NF-kB,
which can enhance synthesis of anti-apoptotic proteins, for example XIAP. Both
transcription factors compete for co-transcription factors such as p300/CBP to
stimulate synthesis of pro- or anti-apoptotic factors. Thus, p53 activation after brain
trauma results in reduced NF-kB survival signaling. On the other hand,
pharmacological inhibition of p53 by PFT indirectly supports NF-kB transcriptional
activity and therefore provides an efficient neuroprotective strategy, since inhibition
of the p53-dependent cell death program concomitantly stimulates NF-kB-
dependent transactivation of survival factors, for example XIAP
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a facemask using 1.2% halothane, in a mixture of 30% O2 and 70% N2O. Body
temperature during anesthesia was kept constant at 371C by a feedback-controlled
heating pad. TBI was performed as described earlier.2 Briefly animals were
craniotomized above the right parietal cortex under continuous cooling with saline
using a high-speed drill. CCI was performed perpendicular to the surface of the
brain (impactor tip diameter: 3 mm, impact velocity: 8 m/s, brain compression: 1 mm
for 150 ms). Thereafter, the craniotomy was closed with the initially removed bone
flap using conventional tissue glue (Histoacryl, Braun-Melsungen, Melsungen,
Germany). The skin over the craniotomy was carefully closed and animals were
transferred to an incubator heated to 351C until recovery of spontaneous motor
activity. Sham-operated animals underwent the same surgical procedure including
anesthesia and craniotomy but did not receive impact injury.

In the first series of experiments, male C57/Bl6 mice (n¼ 10 per group, 25–28 g)
received 6 or 8 mg/kg PFT (Calbiochem, Merck Bioscience GmbH, Schwalbach,
Germany) intraperitonealy 1 h before trauma. Control animals received the same
volume of vehicle before and after trauma (0.6% dimethylsulfoxide/saline, n¼ 10
per group). The doses of PFT were chosen on the basis of therapeutically
efficacious concentrations previously used in models of middle cerebral artery
occlusion in mice.7,12 Control animals were sacrificed 15 min and 24 h after trauma
to obtain primary and secondary lesion volumes. All treated animals were sacrificed
24 h after trauma. In a second series of experiments, the therapeutic window of PFT
was established. Male C57/Bl6 mice (n¼ 7 per group) received PFT in a dose of
8 mg/kg via intraperitoneal injection 15 min, 1, 3, 6 or 12 h after CCI. Controls
received vehicle at 6 h after brain trauma (0.8% dimethylsulfoxide/saline).

For quantification of brain injury, animals were sacrificed by cervical dislocation in
deep halothane anesthesia. Brains were carefully removed, frozen in dry ice and
stored at �801C until further use. Histomorphometric quantification was performed
as described earlier.2 Briefly, 10mm coronal sections were collected every 500mm
on a cryostat (CryoStar HM 560, Microm, Walldorf, Germany) and stained with
cresyl violet. The contusion area of each section was measured on digitized images
with a standard image analysis software (Optimate 6.52, Media Cybernetics, Silver
Spring, MD, USA) by an investigator blinded to the treatment of the animals. The
infarct volume (Vi) was calculated based on the contusion areas (A) obtained from
15 sections by the equation:

Vi ¼ 0:5mm�ðA1 þ A2 þ . . .þ A15Þ

Physiological parameters. Physiological parameters were measured in
male C57/Bl6 mice (n¼ 5) in long-term anesthesia induced by an intraperitoneal
injection of medetomidine (0.5 mg/kg, Domitor, Dr E Graeub AG, Basel,
Switzerland), Fentanyl (0.05 mg/kg b.w., Janssen-Cilag, Neuss, Germany) and
Midazolam (5 mg/kg b.w., Dormicum, Roche, Basel, Switzerland). Animals were
intubated with an orotracheal tube and mechanically ventilated (MiniVent 845, Hugo
Sachs Elektronik, March-Hungstetten, Germany) using 30% O2. Entidal CO2 was
measured continuously using microcapnography (Microcapnograph CI 240,
Columbus instruments, Columbus, OH, USA). Body temperature was maintained
at 37.01C by a feedback-controlled heating pad. A catheter was introduced into the
femoral artery for continuous measurement of mean arterial blood pressure (MABP)
and for blood sampling. Arterial blood gases, arterial pH, sodium and potassium
concentrations were measured 30 min before and 30 min after intraperitoneal
injection of PFT (8 mg/kg, n¼ 5) or vehicle (0.8% dimethylsulfoxide/saline, n¼ 5).

Embryonic neuronal cultures. Cortices were removed from the brains
of embryonic day 18 (E18) rats or embryonic day 14 (E14) mice, and cells were
dissociated by mild trypsination and trituration as described previously.7 The
dissociated neurons were then seeded onto polyethyleneimine-coated 35 mm
culture dishes (for survival analysis) or 60 mm culture dishes (for protein analysis)
and grown in Neurobasal medium (Invitrogen, Karlsruhe, Germany) supplemented
with 5 mM HEPES, 1.2 mM glutamine, B27 supplement (Invitrogen, Karlsruhe,
Germany, 20 ml/l) and gentamicin (0.1 mg/ml). All experimental treatments were
performed on 8- to 10-day-old cultures, at which time they contained less than 5%
astrocytes as determined previously by GFAP immunocytochemistry.36 PFT was
added to the cultures at a final concentration of 200 nM. Camptothecin (10 mM;
Sigma, Deisenhofen, Germany) were added 1 h after pretreatment with the p53
inhibitor. Dimethylsulfoxide (Sigma, Deisenhofen, Germany) at a final concentration
of 0.1% was used as the vehicle for PFT and camptothecin. For OGD, glucose-free
EBSS medium (6800 mg/l NaCl, 400 mg/l KCl, 264 mg/l CaCl2� 2H2O, 200 mg/l
MgCl2 � 7H2O, 2200 mg/l NaHCO3, 140 mg/l NaH2PO4�H2O, pH 7.2)

supplemented with gentamicin (5 mg/l) was purged with N2/CO2 (95%/5%) for
30 min resulting in oxygen content of 2–3%. After 10 days in culture, neurons were
washed three times with this medium and incubated for 4 h in an oxygen-free
N2/CO2 (95%/5%) atmosphere. Control cultures were incubated in EBSS with
10 mM glucose. Thereafter, the medium was replaced by standard culture medium
(see above). To induce glutamate excitotoxicity, neurons (10 days in culture) were
exposed to 20mM glutamate in EBSS with 10 mM glucose. At 4, 8, 12, or 24 h after
onset of PFT treatment or the indicated apoptotic challenges, cells were harvested
for protein extraction or fixed with 4% formaldehyde in phosphate-buffered saline
(PBS) quantification of cell death, respectively. Neuronal apoptosis was quantified
after staining the nuclei with the DNA-binding fluorochrome Hoechst 33258
(Molecular Probes, Göttingen, Germany) according to standard protocols as
described previously.37 Experiments were repeated at least twice and analyses
were performed without the knowledge of the treatment history.

NF-jB DNA-binding activity. NF-kB DNA binding activity was determined
in brain extracts with the TransAM NF-kB p65 activation assay according to the
manufacturer’s protocol (Active Motif, Rixensart, Belgium). Briefly, brain tissue from
the different brain quadrants as outlined above were extracted with freshly prepared
Complete Lysis Buffer. Samples with 10mg of protein in 20ml were added to 30ml
Binding Buffer in the assay wells and incubated for 1 h at room temperature (RT).
Later, the wells were washed three times with 200 ml Washing Buffer. The NF-kB
antibody (1 : 1000 dilution in antibody binding buffer) was added and incubated for
1 h at RT. After further washing steps, the secondary HRP-conjugated antibody
(1 : 1000 dilution) was added, incubated for 1 h at RT, washed and then the wells
were incubated with developing solution (100ml) for 10 min. Afterwards, 100ml Stop
Solution was added and the absorbance was determined within 5 min at 450 nm
with a reference wavelength of 655 nm. Blank controls received Complete Lysis
Buffer without protein, and positive controls were incubated with cell extracts from
Jurkat cells delivered with the assay. NF-kB DNA binding was determined in
duplicates of each sample and corrected for total protein content.

Luciferase assay. Luciferase activity was measured in protein extracts from
cultured neurons or brain tissue obtained from E14kB-luciferase reporter mice
using a luciferase detection kit according to the manufacturer’s protocol (Promega,
Madison, WI, USA) as described previously.12 Briefly, after treatment intervals of
6–24 h, the cells were scraped in ice-cold PBS, centrifuged at 600� g for 10 min at
41C, and the pellet was homogenized in 100–150 ml of luciferase reporter lysis
buffer. In addition, cortical and hippocampal brain tissue from NF-kB-reporter mice
was homogenized in 500ml reporter lysis buffer 1–24 h after PFT treatment and/or
onset of focal cerebral ischemia. Brain and cell homogenates were centrifuged at
14 000� g for 10 min at 41C, and total protein content in the supernatant was
determined using the Pierce BCA kit (Perbio Science, Bonn, Germany). Aliquots
of 30ml of the protein extracts were added to 100ml of luciferase assay buffer
containing the luciferase assay substrate, and immediately measured in a
luminometer. Luminescence was expressed in an arbitrary scale as relative light
units (RLU). Because some analyses were performed in parallel with different sets
of cultures and different badges of luciferin reagent, values were expressed as RLU
as percentage of control values. Double measurements were performed with each
sample and every experiment was repeated at least twice to confirm the results. All
analyses were performed without knowledge of the treatment history.

Immunoblot analysis
Brain tissue. Male C57/Bl6 mice were subjected to CCI and sacrificed at various
time points thereafter (15 min, 3, 6, 12, and 24 h; n¼ 3 per time point). A separate
group of sham-operated mice (anesthesia and craniotomy but no trauma, n¼ 3)
served as controls. Brains were carefully removed and cut into 4-mm thick coronal
sections using a brain matrix. The coronal section containing the contusion was
further divided into four quadrants (Figure 1a). Quadrants a and b contained tissue
from the contralateral hemisphere. Quadrant c contained the contusion, while
quadrant d contained the non-injured ipsilateral tissue. The quadrants were
homogenized at 41C in complete lysis buffer containing a protease inhibitor cocktail
and DTT (Active Motif, Rixensart, Belgium), centrifuged at 13 000 r.p.m. for 15 min
and stored at �801C until further use. Protein concentration was determined using
the Bradford method (Bio-Rad Laboratories, Hercules, CA, USA).38 Proteins were
separated using a 10% Bis–Tris gel (Invitrogen, Carlsbad, CA, USA; 10 mg/lane) by
electrophoresis and transferred into a nitrocellulose membrane. The membranes
were incubated with primary antibodies for p53 (mouse monoclonal, Cell Signaling
Technologies, Beverly, MA, USA), XIAP (rabbit polyclonal, BD Biosciences, San

Mechanisms of neuronal death after brain trauma
N Plesnila et al

1539

Cell Death and Differentiation



Diego, CA, USA) and Bax (monoclonal, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) at a dilution of 1 : 1000 in 5% (w/v) nonfat dry milk dissolved in PBS containing
0.05% (w/v) Tween 20 (PBST). The primary antibodies were detected using the
appropiate horseradish peroxidase-conjugated goat anti-mouse or horse anti-rabbit
secondary antibodies (1 : 5000 dilution, Zymed Laboratories Inc., San Francisco,
CA, USA). Protein was detected using a Bio-Rad Opti-4 CN substrate kit (Bio-Rad
Laboratories, Hercules, CA, USA) or ECL-based detection (Pierce, Rockford, IL,
USA) of chemiluminescence on film (Amersham Biosciences, Freiburg, Germany).
Cultured neurons. Immunoblot analysis was performed as described
previously.39 For each time point, the cells were harvested in lysis buffer
containing 50 mM Tris–HCl, 0.1% Triton X-100, protease inhibitor cocktail
(Complete Mini, Roche) and phosphatase inhibitor cocktails I and II (Sigma
P5726, Sigma P2850). After homogenization and centrifugation at 14 000� g for
15 min at 41C, protein concentrations were determined in the supernatant using the
BCA kit (Perbio Science, Bonn, Germany). Equal amounts of total protein were
loaded on 10% SDS-polyacrylamide gels. After separation by electrophoresis, the
proteins were transferred onto a nitrocellulose membrane. Unspecific binding was
blocked by a buffer containing 0.5% Tween-20 and 5% nonfat dry milk in PBS.
Later, the blots were incubated with primary antibodies diluted in 5% dry milk in PBS
overnight at 41C. Following antibodies were used: rabbit anti-XIAP (BD Biosciences,
San Diego, CA, USA) and mouse anti-Bax (Santa Cruz Biotechnology, Santa Cruz,
CA, USA). After washing the membranes with PBS, the blots were incubated with
peroxidase-conjugated anti-mouse or anti-rabbit IgG (1 : 5000, Vector Laboratories
Inc.) at RT for 1 h. After an additional wash with 0.05% Tween-20 in PBS,
peroxidase activity was detected on x-ray film (CL-XPosure Film, Pierce) after
incubation of the membrane with ECL solution (Amersham Biosciences).

Immunohistochemistry. Six hours after CCI, brains of C57/Bl6 mice were
carefully removed and postfixed in 4% paraformaldehyde for 24 h at 41C. Later, the
brains were paraffin embedded, cut into 4 mm sections and mounted on gelantine-
coated slides. Sections were deparaffinized with rotihistol and rehydrated in a
graded series of ethanol. For staining, a Histomouse-SP kit (Zymed Lab SA System,
San Francisco, CA, USA) was used according to the manufacturer’s instructions.
Endogenous peroxidases were quenched with 3% hydrogen peroxide. After
incubation with blocking reagents, slides were exposed to the p53-specific primary
antibody (1C12 monoclonal, Cell Signaling Technologies, Beverly, MA, USA) at a
dilution of 1 : 50 in PBS containing 0.3% Triton X and 2% BSA. Sections were then
incubated with a biotinylated secondary anti-mouse antibody and enzyme conjugate
was added. Finally, the sections were incubated with the substrate chromogen
mixture until staining became evident. The specificity of p53 staining was confirmed
by appropriate negative controls (no primary antibody). In order to determine
nuclear versus cytosolic localization, p53-immunoreacted brain sections were
counterstained with the fluorescent DNA-binding dye 40,6-diamidino-2-phenylindole
dihydrochloride (DAPI) and analyzed with a confocal laser-scanning microscope
(Zeiss, Jena, Germany).
Co-immunostainings. In order to verify nuclear translocation of p53 and NF-kB
p65 and expression of XIAP in neurons, co-immunostainings were performed with
the respective antibodies against anti-p53 (rabbit polyclonal, Santa Cruz
Biotechnologies, Santa Cruz, CA, USA; 1 : 100), anti-XIAP (1 : 100), NF-kB p65
(rabbit polyclonal, NeoMarkers, Fremont, CA, USA; 1 : 100) and anti-NeuN (mouse
monoclonal, 1 : 100; MAB377 Chemicon/Millipore, Billerica, MA, USA) antibodies.
The antibodies were incubated on the brain slices in 4% goat serum (p53, p65,
XIAP) or 4% horse serum (NeuN) and detected with an anti-rabbit-biotinylated
antibody/oregon green streptavidin system (Vector laboratories, Invitrogen) or anti-
mouse-Alexa 546 antibody (Vector laboratories), respectively. Controls were
processed either without any primary antibody or with only one of two primary
antibodies used for co-labeling. Nuclei were counter-stained with DAPI. After the
staining procedures, the sections were sealed under a coverslip with Fluorsave
(Sigma) to prevent bleaching and then analyzed with a confocal laser-scanning
microscope (DAPI: 364 nm excitation/385 nm longpass filter emission; Oregon
green: 488/505–530 bandpass filter; Alexa 546: 543/560 longpass filter). All
excitations were performed separately with fixed laser intensity settings to avoid
unspecific signals and to compare staining intensities; further, cross signaling was
excluded by measuring the respective negative controls and mono-stained sections
with the same laser settings.

Electromobility shift assay. Tissue was homogenized (Potter S, B Braun
Biotech) in 1 ml Buffer A (10 mM Hepes pH 7.9; 10 mM KCl; 0.1 mM EDTA; 0.1 mM
EGTA; 1 mM DTT; 0.5 mM PMSF) and further incubated (41C, 20 min) in Buffer A

containing 25ml NP-40 10%. Probes were centrifuged at 12 500 r.p.m. for 1 min, the
supernatant was discarded and the remaining pellet was suspended in 50 ml Buffer
B (20 mM Hepes pH 7.9; 0.4 mM NaCl; 1 mM EDTA; 1 mM EGTA; 20% Glycerol;
1 mM DTT; 0.1 mM PMSF). Samples were kept at 41C for 30 min under continuous
shaking. After centrifugation at 12 500 r.p.m. for 15 min, supernatants were frozen at
�801C. Protein contents in the nuclear extracts were analyzed by the Bradford
method.38 The consensus binding sequence used for NF-kB was 50-
AGTTGAGGGGACTTTCCCAGGC-30 (Promega, Mannheim, Germany).

To ensure equal amounts of proteins, 25 mg of protein were provided in a total
amount of 14ml, containing 2 mg poly(dIdC), 10 mM Tris–HCl, 4% glycerol, 1 mM
MgCl2, 0.5 mM EDTA, 50 mM NaCl and 0.5 mM DTT. Samples have been
incubated for 10 min at RT. To start NF-kB – DNA binding reaction, 1 ml of the
radioactive-labeled oligonucleotide was added and samples were left for 30 min
at RT. The protein–oligonucleotide complexes have been separated by gel
electrophoresis (Mini-Protean 3, Bio-Rad) with 0.25� TBE buffer (containing
22.25 mM Tris, 22.25 mM boric acid and 0.5 mM EDTA) at 100 V for 60 min using
non-denaturizing polyacrylamide gels.

Following electrophoresis, gels have been exposed to cyclone storage phosphor
screens (Canberra-Packard) for 24 h, followed by analysis with a phosphor imager
station (Cyclone Storage Phosphor System, Canberra-Packard).

Statistical analysis. Analysis was performed with the SigmaStat 2.0 software
package (SPSS Inc., Richmond, CA, USA). Data are presented as means7S.D. or
as indicated in the legends. Values were compared by Friedman’s one-way analysis
of variance ANOVA on ranks and Student–Newman–Keuls post hoc test. All values
are given as means7S.D. if not indicated otherwise. For evaluation of cell culture
experiments ANOVA combined with Scheffé’s test was used for multiple
comparisons. Statistical differences are presented at probability levels of
Po0.05, Po0.01 and Po0.001.
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