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Neurodegeneration causes dysfunction and degeneration of neurons and is triggered by various factors
including genetic defects, free radicals, injury, and glutamate excitotoxicity. Among those, glutamate
excitotoxicity is implicated in chronic disorders including AD and ALS, and in acute insults in the CNS
including traumatic brain injury. Neurological disorders show hallmark morphological abnormalities
such as axon degeneration and cell body death. The molecular mechanisms underlying excitotoxicity-
induced neurodegeneration are complex and deciphering a molecular mechanism from one angle is
beneficial to understand the process, however, still difficult to develop strategies to suppress excitotox-
icity-induced degeneration due to existence of other mechanisms. Thus, directly identifying compounds
that can modulate excitotoxicity-induced neurodegeneration and subsequently clarifiying the molecular
mechanism is a valid approach to develop effective strategies to suppress neurodegeneration. We
searched for compounds that can suppress excitotoxicity-induced neurodegeneration and found that
CP-31398, a known compound that can rescue the structure and function of the tumor suppressor protein
p53 mutant form and stabilize the active conformation of the p53 wild-type form, suppresses excitotox-
icity-induced axon degeneration and cell body death. Moreover, CP-31398 suppresses mitochondrial dys-
function which has a strong correlation with excitotoxicity. Thus, our findings identify a compound that
can serve as a novel modulator of neurodegeneration induced by glutamate excitotoxicity.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction is exemplified by studies in a mice model of glaucoma showing
Neurodegenerative disorders involve degeneration of axons,
synapse loss, and cell body death. The spatiotemporal sequence
and the causal relationships of these events are difficult to deter-
mine and remain obscure. Within that regard, axon degeneration
and loss seem to precede the appearance of symptoms and the loss
of neuronal cell bodies in various neurodegenerative disease [1].
Axon degeneration is an active, controlled, and versatile process
of the axonal compartment competent for self-destruction. It can
be observed in conditions such as neurodegenerative disease, brain
injury, and pruning during neuronal development [1]. Particularly
in neurodegenerative disease, the degenerative process of axon is
likely to be distinct from that of cell body death [2]. This notion
that neuronal cell body protection by Bax (Bcl-2 associated X) dele-
tion cannot prevent axon degeneration and death [3], and in pro-
gressive motor neuronopathy (pmn) mice showing synapse loss
and axon degeneration despite the rescue of the cell bodies by
overexpression of Bcl-2 [4]. In addition, in mice models of PD, ax-
onal protection by WldS (slow Wallerian degeneration protein)
cannot prevent cell body death [5,6]. However, in ALS, the events
that trigger synapse loss could occur in axons or the cell bodies
suggesting that synapse loss observed in neurodegenerative dis-
ease could be triggered from distant subcellular sites [2,7,8]. Taken
together, mechanisms involved in degeneration of axons, synapse
loss, and cell body death are likely to be distinct from one another
with a possibility of some overlapping mechanisms.

Various factors including excessive glutamate exposure could
trigger neurodegeneration [9]. Glutamate is an excitatory neuro-
transmitter in the CNS that plays a pivotal role in long-term poten-
tiation and cognitive functions such as learning and memory.
However, exposure to excessive glutamate overactivates glutamate
receptors and triggers neurodegenerative processes known as
excitotoxicity that results in damage and loss of axons, synapse,
and the cell body [10]. Excitotoxicity is linked to chronic neurolog-
ical disorders, such as AD, PD, and ALS, and acute hypoxic–ische-
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mic brain injury [11]. The mechanisms underlying excitotoxicity is
a complex issue, however, the most upstream cue to neuronal
death is regarded as overactivation of glutamate receptors, espe-
cially the NMDA subtype. Overactivated NMDA receptors trigger
calcium influx, and lead to numerous events that are detrimental
to normal neuronal function including acute mitochondrial dys-
function and free radical production [9,11]. Hence, NMDA receptor
antagonists could potentially be of therapeutic benefit in chronic
and acute neurological disorders that manifest excessive NMDA
receptor activities [12].

At present, memantine, is the most successful compound that is
linked to excitotoxicity as it blocks excessive NMDA receptor activ-
ity without affecting the normal activity and is used for treatment
of patients with moderate-to-severe AD [13,14]. However, the
treatment is symptomatic but not causative. Many other pharma-
cological approaches attempting to block excitotoxicity including
antagonists of AMPA and kainate receptors, and intracellular free
radical scavengers and antioxidants have shown no clinical benefit
with treatments of patients with neurological disorders [9]. Thus,
identification of alternative compounds is still in need to attenuate
neuronal damage observed in chronic and acute neurological disor-
ders linked to excitotoxicity.

Here, we identify a compound, CP-31398, as a novel pharmaco-
logical modulator of excitotoxicity-induced neurodegeneration.
CP-31398 is originally developed as an anti-cancer compound
and is known to regain the structure and function of mutant p53
and stabilize active conformation of wild-type p53 [15,16]. Using
primary hippocampal cultures, we find that treatment with CP-
31398 suppresses excitotoxicity-induced axon degeneration, cell
body death, and mitochondrial dysfunction. The protective effect
by CP-31398 was greater on axons compared with that on the cell
bodies from degeneration.
2. Materials and methods

2.1. Antibodies and chemicals

Primary antibodies used are rat monoclonal anti-GFP (Nacalai
Tesque) and mouse monoclonal anti-bIII-tubulin (Covance). Sec-
ondary antibodies are Alexa Fluor� 488 or 568 fluorescents (Invit-
rogen). Chemicals used are CP-31398 (Tocris bioscience), PI
(Invitrogen), and DAPI dihydrochloride hydrate (Sigma).

2.2. Neuron culture, immunofluorescence, and transfection

Preparation of primary Wistar rat embryonic hippocampal neu-
rons and culture conditions for indirect immunofluorescence label-
ing of transfected neurons were performed as previously described
[17,18]. Procedures were approved by the Osaka University Institu-
tional Guidelines for the Care and Use of Laboratory Animals.
Transfection was performed using AMAXA Nucleofector transfec-
tion system (Lonza) with 4 lg of plasmid pEGFP-C1 (Clontech)
and approximately 3 � 106 of cells. Images were captured by con-
focal laser microscopy FV1000 system (Olympus) with 40� and
60� oil-immersion objective lenses, and with 2� or 3� zoom.

2.3. Neurite beading and cell death analyses

Hippocampal cultures subjected for neurite beading analysis
were incubated for 8 DIV at 37 �C, 5% CO2, and treated with
50 lM glutamate (Sigma), 10 lM CP-31398, or vehicle in combina-
tions as described in the Results section. Analysis was carried on by
observing visually-isolated transfected neurons, and a bead was
defined as previously described [17]. For cell body death analysis,
cells of approximately 3 � 104 were seeded on 13 mm diameter
glass cover slips (Matsunami) placed in 24-well dishes (Nunc)
pre-coated with 0.05 mg/ml poly-L-lysine (Sigma), and grown for
8 DIV at 37 �C, 5% CO2. Hippocampal cultures were incubated with
5 lg/ml of PI for 30 min prior to fixation. Quantification for cell
body death was achieved by measuring the ratio of PI-incorporated
bIII-tubulin-positive neurons within DAPI-labeled bIII-tubulin-
positive neurons.

2.4. Formazan dye assay

Mitochondrial dehydrogenase activity of hippocampal cultures
treated with 50 lM glutamate, 10 lM CP-31398, or vehicle in com-
binations as described in the Results section for 1, 3, and 6 h, was
measured using tetrazolium salt, WST-8 [2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt] (Cell Count Reagent SF, Nacalai Tesque). WST-8
was added for 3 h prior to terminating the reaction by 1% (w/v) so-
dium dodecyl sulfate. For formazan dye assay, cells were seeded at
approximately 7 � 104 on each well of 24-well dishes pre-coated
with 0.05 mg/ml poly-L-lysine and incubated for 8 DIV at 37 �C,
5% CO2. Assay was performed mainly under manufacture’s instruc-
tion and the values of optical density (O.D.) at 450 nm wavelength
were measured by microplate reader (Dainippon Pharma Co.) for
formazan dye production.

2.5. Statistics

Statistical analyses were done by one-way ANOVA with Bonfer-
roni/Dunn post test. In all instances, a value of p < 0.05 was consid-
ered significant.
3. Results

3.1. CP-31398 suppresses axon degeneration

We have previously reported that p53 function could modulate
the process of axon degeneration by administration of p53 function
inhibitors, Pifithrin-a and -l [19]. Pifithrin-a inhibits p53-medi-
ated transactivation, by which pro-apoptotic and cell cycle regula-
tors are produced [20]. Pifithrin-l inhibits the association of p53 to
mitochondria by reducing the affinity of cytoplasmic p53 with
anti-apoptotic Bcl-XL and Bcl-2 proteins without affecting p53-
mediated transactivation [21]. Inhibition of p53-mediated transac-
tivation by Pifithrin-a suppresses excitotoxicity-induced axon
degeneration, which is further suppressed by additional treatment
with taxol [19]. On the contrary, inhibition of p53 association with
mitochondria by Pifithrin-l induces axon degeneration in a normal
condition, suggesting that cytoplasmic p53 supports axonal integ-
rity rather than inducing apoptosis in neurons [19]. Thus, we
hypothesized that stabilization and retention of cytoplasmic p53
function in neurons could protect axons from excitotoxic insults.
We took a pharmacological approach and used the styrylquinazo-
line compound, CP-31398, that has previously been shown to re-
gain the structure and function of mutant p53 as well as stabilize
the active conformation of wild-type p53 [15,16,22]. First, we as-
sessed whether CP-31398 administration has an impact on excito-
toxicity-induced axon degeneration by analyzing the neurite
beading phenotype. A focal bead-like swelling phenotype in neu-
rites is an early neurodegenerative feature in acute and chronic
neurological disorders [23]. Previous studies have used CP-31398
at a range of 0.5–35 lM in in vitro studies using cell lines
[24,25]. Since CP-31398 has not been used in studies with primary
cultured neurons, we first determined the optimal concentration of
CP-31398 with rat embryonic hippocampal cultures at 8 DIV.
Treatment with 10 lM concentration for 3 h had no notable effect
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showing less than 2% the number of neurons with beading neurites
(unpublished observation, T.F.). Treatment with 25, 50, and
100 lM concentrations for 3 h showed approximately 8%, 12%,
and 47% the number of neurons with beading neurites, respec-
tively, inducing degeneration (unpublished observation, T.F.). For
assessing the impact on excitotoxicity-induced axon degeneration,
we selected the concentration of 10 lM for our study. We analyzed
GFP-overexpressing visually-isolated neurons that contained bead-
ing neurites. In 8 DIV hippocampal cultures, simultaneous treat-
ment with glutamate and CP-31398, and with glutamate alone
for 3 h showed approximately 2.4% and 43.6% the number of neu-
rons with beading neurites, respectively (Fig. 1A and B). Treat-
ments with CP-31398 alone, and with vehicle alone for 3 h
showed approximately 3.3% and 1.0% the number of neurons with
beading neurites, respectively (Fig. 1A and B). Thus, CP-31398 sup-
pressed more than 90% the phenotype of excitotoxicity-induced
axon degeneration compared with glutamate treatment alone,
and CP-31398 treatment alone had no notable effect on axonal
integrity (Fig. 1B). This result indicates that CP-31398 effectively
protects axon from excitotoxicity-induced degeneration.
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Fig. 1. CP-31398 suppresses axon degeneration. (A) Representative images of GFP
vector-transfected 8 DIV hippocampal neurons treated with vehicle, 50 lM
glutamate, and 50 lM glutamate + 10 lM CP-31398 for 3 h and labeled for GFP,
bIII-tubulin, and DAPI. GFP- and bIII-tubulin-labeled images are presented. Bars:
60 lM. (B) Quantification of neurons containing beading neurites (>196 cells
counted for each condition). GFP vector-transfected 8 DIV hippocampal neurons
treated with vehicle, 10 lM CP-31398, 50 lM glutamate, and 50 lM gluta-
mate + 10 lM CP-31398 for 3 h showed 1.0%, 3.3%, 43.6%, and 2.4%, respectively
(⁄p < 0.01). All statistics represent mean ± SEM of 3 independent experiments.
3.2. CP-31398 suppresses cell body death

In a number of neurodegenerative conditions, the mechanism of
axon degeneration and cell body death is likely to be distinct [2].
Based on this notion, we assessed whether CP-31398 administra-
tion also has an impact on excitotoxicity-induced cell body death
by PI incorporation analysis. In 8 DIV hippocampal cultures, simul-
taneous treatment with glutamate and CP-31398, and with gluta-
mate alone for 3 h showed approximately 24.0% and 50.5% the
number of PI-incorporated neurons, respectively (Fig. 2A and B).
Treatments with CP-31398 alone, and with vehicle alone for 3 h
showed approximately 5.9% and 1.5% the number of PI-incorpo-
rated neurons, respectively (Fig. 2A and B). Thus, CP-31398 sup-
pressed more than 50% the phenotype of excitotoxicity-induced
cell body death compared with glutamate treatment alone, and
CP-31398 treatment alone had no notable effect on the cell body
(Fig. 2B). This result indicates that CP-31398 effectively protects
the cell body from excitotoxicity-induced death, however, in a less
degree compared with that observed in axons.
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Fig. 2. CP-31398 suppresses cell body death. (A) Representative images of 8 DIV
hippocampal neurons treated with vehicle, 50 lM glutamate, and 50 lM gluta-
mate + 10 lM CP-31398 for 3 h and PI (red) for 30 min labeled for bIII-tubulin
(green) and DAPI (blue). Merged images of PI/DAPI and PI/bIII-tubulin are
presented. Bars: 20 lm. (B) Quantification of PI-incorporated neurons (>733 cells
counted for each condition). PI-incorporated hippocampal neurons treated with
vehicle, 10 lM CP-31398, 50 lM glutamate, and 50 lM glutamate + 10 lM CP-
31398 for 3 h showed 1.5%, 5.9%, 50.5%, and 24.0%, respectively (⁄p < 0.01). All
statistics represent mean ± SEM of 3 independent experiments.
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3.3. CP-31398 suppresses mitochondrial dysfunction

The function of mitochondria has a strong correlation with
excitotoxicity as the majority of increased intracellular calcium is
sequestered into mitochondria leading to mitochondrial toxicity,
metabolic acidosis, and free radical generation [26,27]. Inhibition
of p53-mediated transactivation by Pifithrin-a suppresses excito-
toxicity-induced mitochondrial dysfunction [19]. On the contrary,
inhibition of p53 association with mitochondria by Pifithrin-l
has no notable effect on excitotoxicity-induced mitochondrial dys-
function [19]. From these previous findings, the role of cytoplasmic
p53 function on neuronal mitochondrial function in excitotoxicity
remains obscure. Thus, we assessed the impact of p53 stabilization
by CP-31398 on excitotoxicity-induced mitochondrial dysfunction
in 8 DIV hippocampal cultures. We measured the activity of mito-
chondrial dehydrogenase, and the ratio of measured values com-
pared with vehicle treated control was quantified. Treatments
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Fig. 3. CP-31398 suppresses mitochondrial dysfunction. Mitochondrial dehydroge-
nase activity was analyzed using tetrazolium salt, WST-8, and formazan dye
production was quantified by measuring O.D. 450 nm wavelength. The ratio of
measured values of each condition compared with control (vehicle) is presented.
With 1 h treatment of vehicle, 10 lM CP-31398 (CP), 50 lM glutamate
(Glut) + 10 lM CP-31398 (CP), and 50 lM glutamate (Glut) showed 1.00, 0.95,
1.00, and 0.85, respectively. With 3 h treatment of vehicle, CP, Glut + CP, and Glut
showed 1.00, 0.84, 0.59, and 0.42, respectively (⁄p < 0.01). With 6 h treatment of
vehicle, CP, Glut + CP, and Glut showed 1.00, 0.76, 030, and 0.16, respectively
(⁄⁄p < 0.05). Statistics represent mean ± SEM of 3 independent experiments and 16
independent sets of samples.
with vehicle alone, CP-31398 alone, glutamate and CP-31398,
and glutamate alone for 1 h, showed similar activities with ratios
of 1.00, 0.95, 1.00, and 0.85, respectively (Fig. 3). On the contrary,
treatments with glutamate and CP-31398, and glutamate alone
for 3 h showed mitochondrial dehydrogenase activities with ratios
of 0.59 and 0.42, respectively, an approximately 40% increase of
mitochondrial function by CP-31398 treatment compared with
glutamate treatment alone (Fig. 3). No notable alterations were ob-
served in mitochondrial dehydrogenase activities treated with
vehicle alone, and CP-31398 alone showing ratios of 1.00 and
0.84, respectively (Fig. 3). In 6 h treatment, vehicle alone, CP-
31398 alone, glutamate and CP-31398, and glutamate alone
showed mitochondrial dehydrogenase activities with ratios of
1.00, 0.76, 0.30, and 0.16, respectively (Fig. 3). A more than 80% in-
crease of mitochondrial function was observed by CP-31398 treat-
ment compared with glutamate treatment alone. A moderate
reduction of mitochondrial dehydrogenase activity was detected
with CP-31398 treatment in a normal condition. This result indi-
cates that CP-31398 effectively protects mitochondria from excito-
toxicity-induced dysfunction.
4. Discussion

Our results demonstrate for the first time that CP-31398, a com-
pound that is known to regain the structure and function of mutant
p53 as well as stabilize the active conformation of wild-type p53,
effectively suppresses axon degeneration, cell body death, and
mitochondrial dysfunction of neurons. CP-31398 is originally
developed as an anti-cancer styrylquinazoline compound which
exerts its’ activity to rescue the structure and function of mutant
p53, inhibit human tumor xenografts in vivo, enhance wild-type
p53 expression and activity, restore DNA-binding activity of p53,
block ubiquitination and degradation of p53 without affecting
Mdm2 binding ability, and induce p21 and Bax expressions as well
as apoptosis in p53-mutant carrying cells [15,22,24,28,29]. Despite
the culminating notion that CP-31398 is a p53 modulator to elim-
inate tumors by inducing p53-dependent apoptosis from rigorous
studies with cancer cell lines, whether CP-31398 affects neurons
in the same manner remained an open question.

In our present study in primary hippocampal cultures, CP-
31398 treatment alone has no notable effect on the morphology
of axons and the cell body, and only a moderate effect on the activ-
ity of mitochondrial dehydrogenase with prolonged treatment in a
normal condition. In our previous findings, inhibition of p53-med-
iated transactivation by Pifithrin-a protected axons from degener-
ation and attenuated the loss of mitochondrial dehydrogenase
activity in an excitotoxic condition [19]. If the active conformation
of wild-type p53 in hippocampal neurons is stabilized by CP-
31398, p53-mediated transactivation would enhance and result
in exacerbation of excitotoxicity-induced degeneration of axons
and the cell bodies, which is not the case. On the other hand, we
have previously shown that inhibition of cytoplasmic p53 associa-
tion with mitochondria by Pifithrin-l induces axon degeneration
in a normal condition [19]. In this case, stabilization of the active
conformation of cytoplasmic p53 could protect axons and the cell
bodies from excitotoxicity-induced degeneration. Taken together,
the effect of CP-31398 might weigh more on the function of the
cytoplasmic p53 than that of the nucleic p53.

Up to this point, there is no evidence that CP-31398 directly
associates with p53. This fact renders room for a possibility that
the effect of CP-31398 on p53 function is secondary and that prop-
er target factors of CP-31398 still remain unidentified. It has previ-
ously been reported that the absence of p53 protects neuronal cells
in the CNS from being damaged and eliminated by excitotoxicity in
in vivo and in vitro studies [30,31]. p53 wild-type (p53 +/+),
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heterozygous (p53 +/�), and deficient (p53 �/�) mice in a kainate-
induced excitotoxicity model which is associated with well defined
patterns of neuronal cell loss, was used for evaluation of p53-
dependent cell death in vivo. A majority of p53 wild-type and het-
erozygous mice exhibited extensive cell loss in the hippocampus
including subregions CA1, CA3, the hilus, and the subiculum, as
well as in the amygdala, cerebral cortex, caudate-putamen, and
thalamus [30]. In marked contrast, a majority of p53 deficient mice
displayed no signs of neuronal cell damage, and a minor popula-
tion of mice showed mild-to-moderate cell damage confined to
the CA1 and CA3b regions of the dorsal hippocampus [30]. Thus,
a single copy of the p53 gene is sufficient to confer neuronal cell
vulnerability and the absence of p53 causes almost complete neu-
roprotection from kainate-induced excitotoxicity. A more precise
study to determine the protective effect of the absence of p53 in
neurons was performed with isolated primary cultured neurons
from the hippocampus and cerebral cortex of p53 wild-type, het-
erozygous, and deficient mice, combined with excessive exposure
to glutamate or kainate [31]. Neurons that contained at least one
copy of the p53 gene were severely damaged by glutamate- or kai-
nate-induced excitotoxicity. On the contrary, neurons deficient in
p53 exhibited little-to-no damage in response to excitotoxicity
[31]. Overexpression of p53 using adenovirus-mediated transduc-
tion in p53 deficient mice was sufficient to promote death of hip-
pocampal neurons in the absence of excitotoxins [31]. Thus,
consistent with the in vivo study, the absence of p53 causes almost
complete neuroprotection from excitotoxicity. If p53 is the direct
target of CP-31398, our results showing that CP-31398 protects
neurons from excitotoxicity-induced axon degeneration, cell body
death, and mitochondrial dysfunction, contradicts these previous
findings based on genetically defined mice and primary cultured
neurons. It is most likely that p53 is not the direct target of CP-
31398 and that other bona fide target factors are unidentified
and still elusive. As CP-31398 protects axons more effectively than
the cell bodies from excitotoxicity, direct target factors might re-
side in the axonal compartment and activate molecular pathways
to suppress excitotoxicity-induced degeneration as the primary ef-
fect. Identifying proper CP-31398 target factors (e.g. proteins and
lipids) could contribute to decipher and/or identify more detailed
molecular mechanisms that could effectively modulate the process
of excitotoxicity-induced axon degeneration, cell body death, and
mitochondrial dysfunction. Importantly, future studies involving
CP-31398 in the modulation of neurodegenerative processes re-
quire in vivo analyses using rodents as a model to carefully inves-
tigate the toxicity of CP-31398 in normal conditions, and to
investigate the effectiveness of CP-31398 in rodent models of
ischemia or kainite-induced seizures that induce neuronal damage.
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