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Inhibition of p53 Transcriptional Activity: A Potential Target
for Future Development of Therapeutic Strategies for
Primary Demyelination
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Oligodendrogliopathy, microglial infiltration, and lack of remyelination are detected in the brains of patients with multiple sclerosis and
areaccompanied by high levels of the transcription factor p53. In this study, we used the cuprizone model of demyelination, characterized
by oligodendrogliopathy and microglial infiltration, to define the effect of p53 inhibition. Myelin preservation, decreased microglial
recruitment, and gene expression were observed in mice lacking p53 or receiving systemic administration of the p53 inhibitor pifithrin-c,
compared with untreated controls. Decreased levels of lypopolysaccharide-induced gene expression were also observed in vitro, in
p53~' primary microglial cultures or in pifithrin-a-treated microglial BV2 cells. An additional beneficial effect of lack or inhibition of
P53 was observed in Sox2+ multipotential progenitors of the subventricular zone that responded with increased proliferation and
oligodendrogliogenesis. Based on these results, we propose transient inhibition of p53 as a potential therapeutic target for demyelinating

conditions primarily characterized by oligodendrogliopathy.
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Introduction

Multiple sclerosis (MS) is a demyelinating disorder characterized
by heterogeneity of clinical and neuropathological signs and dis-
ease susceptibility (Lucchinetti et al., 2000). At least two broad
categories have been defined based on neuropathological find-
ings: one is characterized by immune-mediated demyelination
occurring at perivenous locations, whereas the other one is char-
acterized primarily by myelin loss consequent to oligodendrogli-
opathy and is associated with extensive microglial infiltration
(Barnett and Prineas, 2004). An additional difference between
these two neuropathological findings is the presence of remyeli-
nation attempts that are frequently detected in the immune-
mediated forms and are less prominent in cases with extensive
oligodendrogliopathy (Lucchinetti et al., 2000). Very little is
known regarding the causes of oligodendroglial death in MS pa-
tients; however, increased levels of the pro-apoptotic transcrip-
tion factor p53 and of its downstream genes have been detected in
cases characterized by oligodendrogliopathy, microglial infiltra-

Received Sept. 17, 2007; revised March 23, 2008; accepted April 29, 2008.

This work was supported by National Institutes of Health (NIH)-National Insitute of Neurological Disorders and
Stroke Grant RO1NS052738, NIH-National Institute of Child Health and Human Development Grant P01 HD06576
and HD04612 ().D.V.), National Multiple Sclerosis Society (P.C.-B.), the Christopher and Dana Reeve Foundation, and
by the Multiple Sclerosis Research Foundation (P.C.-B.).

Correspondence should be addressed to Dr. Patrizia Casaccia-Bonnefil at her present address: Department of
Neuroscience, Mount Sinai School of Medicine, One Gustave Levy Place, Box 1065, New York, NY 10069. E-mail:
patrizia.casaccia@mssm.edu.

DO0I:10.1523/JNEUR0SCI.0184-08.2008
Copyright © 2008 Society for Neuroscience  0270-6474/08/286118-10$15.00/0

tion, and relative lack of remyelination (Kuhlmann et al., 2002;
Aboul-Enein et al., 2003; Wosik et al., 2003; Stadelmann et al.,
2005). Studies in cultured human oligodendrocytes further iden-
tified p53 as a critical pro-apoptotic effector (Ladiwala et al.,
1999; Wosik et al., 2003). We thereby hypothesized that this tran-
scription factor could play a very important role in models of
primary demyelination consequent to oligodendrocyte
dystrophy.

To test this hypothesis, we have adopted the cuprizone model
of toxic demyelination, which is characterized by oligodendro-
cyte apoptosis and microglial infiltration (Hiremath et al., 1998;
Matsushima and Morell, 2001). In this model, a reproducible
pattern of demyelination can be induced in the dorsal corpus
callosum of C57BL/6 mice by administering a cuprizone diet for
6 weeks (Matsushima and Morell, 2001). After 3 weeks of contin-
uous feeding, mature oligodendrocytes die by apoptosis, and this
is associated with microglial infiltration in the absence of any
breakage of the blood—brain barrier (Hiremath et al., 1998) and
increased expression of microglial gene products (Morell et al.,
1998; Jurevics et al., 2002). In this study, we demonstrate that
elevated levels of p53 can be detected in the corpus callosum of
mice during the first 2-3 weeks of cuprizone diet. Using genetic
deletion and pharmacological inhibition of p53, we demonstrate
that this transcription factor modulates three prominent events
characteristic of human and animal models of primary demyeli-
nation consequent to oligodendrogliopathy, including extensive
oligodendrocytic apoptosis, microglial activation, and lack of re-
myelination. Thus, we propose the transient inhibition of p53
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Table 1. Sequences of primers for quantitative PCR
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(Harlan Teklad Certified LM-485, code
7012CM), which was available ad libitum. Sham
and cuprizone-treated C57BL/6] mice (n = 40)
were killed weekly for the time-course study
(n = 24); the remaining 16 C57BL/6], the
p53+/+ (n = 24), and p537/7 mice (n = 24)
were maintained on the cuprizone diet for the
specified time period or received additional
treatment as indicated by the specific experi-
mental paradigm. Mice were maintained in
sterile pathogen-free conditions according to
protocols approved by the Institutional Animal
Care and Use Committee of Robert Wood
Johnson Medical School/University of Medi-
cine and Dentistry of New Jersey.

Pifithrin treatment in vivo. The first group of
C57BL/6] mice was subject to DMSO (n = 7) or
pifithrin-a (n = 7) (2 mg/kg body weight, i.p.)

injection every other day after mice were fed

with 0.2% cuprizone diet for 2 weeks. After 10 d
of continuous injection and feeding treatment, four mice were killed for
perfusion with 4% paraformaldehyde (PFA) followed by cryopreserva-
tion and immunohistochemical analysis, and the remaining three mice
were killed for RNA extraction. The second group of mice was subject to
DMSO (n = 4) or pifithrin-a (n = 4) (2 mg/kg body weight, i.p.) injec-
tion every other day after mice were fed with 0.2% cuprizone diet for 4
weeks. After 10 d of continuous injection and feeding treatment, four
mice were killed for perfusion with 4% PFA for immunohistochemical

Gene expression profiling using Affymetrix microarrays. Total RNA was
isolated from whole brains of wild-type C57B mice or p53 knock-out
mice after 4 weeks of cuprizone treatment using Trizol (Invitrogen) and
cleaned up with the RNeasy Mini kit (Qiagen). RNA from each group
(n = 3) was pooled in equimolar amount before hybridization with
GeneChip Mouse Expression Set 430A Arrays (Affymetrix), which con-
tains probes for detecting 22,600 transcripts. After RNA isolation, all the
subsequent technical procedures including quality control, measure-
ment of RNA concentration, cDNA synthesis, biotin labeling of cRNA,

Gene Forward Reverse
BDNF 5'-CCATAAGGACGCGGACTTGT-3’ 5'-AAGAGTAGAGGAGGCTCCAAAGG-3’
B2-Microglobulin 5'-GATACATACGCCTGCAGAGTTAAGC-3' 5'-GATCACATGTCTCGATCCCAGTAG-3'
CHKL3 5'-ACTATTTTGAAACCAGCAGCCTTT-3" 5'-AGATCTGCCGGTTTCTCTTAGTCA-3
@1 5'-TGGTTGACATACTGGATCACTATACTA-3’ 5'-CGATCACAAATCCACACATATCATT-3"
(NPase 5'-TGGTGTCCGCTGATGCTTAC-3' 5'-CCGCTCGTGGTTGGTATCAT-3"
Gadd45 5'-ATTACGGTCGGCGTGTACGA-3’ 5'-CAGCAGGCACAGTACCACGTTA-3’
GAPDH 5'-ACCCAGAAGACTGTGGATGG-3' 5'-CACATTGGGGGTAGGAACAC-3’
Lysozyme 5'-GTCACTGCTCAGGCCAAGGT-3' 5'-TAGCCAGCCATTCCATTCCT-3'
MSC-2 5'-GGGTACTACTGCACAGCAGACAAC-3’ 5'-GGAATTTTCACGGTGATGTTCA-3"
p21 5'-GAGACAACGGCACACTTTGCT-3 5'-CCACAGGCACCATGTCCAA-3’
Sox2 5'-AACTTTTGTCCGAGACCGAGAA-3' 5'-C(TCCGGGAAGCGTGTACT-3"
Tcf4 5'-GTCCTCGCTGGTCAATGAAT-3 5'-CCCTTAAAGAGCCCTCCATC-3'
TNFou 5'-GCACCACCATCAAGGACTCAA-3' 5'-TGCAGAACTCAGGAATGGACAT-3’
p53 5'-CTCACTCCAGCTACCTGAAGA-3’ 5'-AGAGGCAGTCAGTCAGTCTGAGTCA-3’
MouselL1[3 5'-GTGAATGCCACCTTTTGACA-3 5'-CAAAGGTTTGGAAGCAGCC-3’
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Figure 1. Upregulation of p53 levels in the corpus callosum of mice on a cuprizone diet. 4,

Quantitative real-time PCR of p53 mRNA levels in samples isolated from the dorsal corpus
callosum of mice treated with cuprizone for the indicated times (2wk, 3wk, 4wk, 6wk) and in
mice treated with cuprizone and then allowed to recover for 2 or 3 weeks (2wk post cup, 3wk
post cup). The levels were normalized to GAPDH, and the levels detected in mice that were fed
a normal diet were arbitrarily set as reference point (untreated). Bar graphs represent the
mean of at least four independent experiments, each performed in triplicate. Error bars indi-
cate SEM. *p << 0.05 (one-way ANOVA followed by Bonferroni’s multiple comparison test). wk,
Week; cup, cuprizone. B, Immunohistochemistry of corpus callosum of untreated wild-type
mice and cuprizone-treated wild-type (p53 /™) or p53 knock-out (p53 ~/~) mice stained
with antibodies against p53 (red) and DAPI (blue). Staining of the sections from cuprizone-
treated p53 ~/~ mice served as control for antibody specificity. Scale bar, 80 wm.

function as a potential therapeutic target for demyelinating con-
ditions characterized by primary oligodendroglial dysfunction.

Materials and Methods

Animal model of experimental demyelination induced by dietary cuprizone.
All of the experiments were performed in 8-week-old mice. For the ex-
periments on p53 expression levels and pifithrin-a« treatment, we used
C57BL/6] mice (n = 40). For the immunohistochemical experiments,
the microarray gene expression profiling, and the validation by quanti-
tative real-time PCR, we used mice obtained from Trp53 TmITyi C57BL/6]
heterozygous breeding pairs (n = 24 p53™/"; n = 24 p53 /7). Mouse
genotypes were confirmed by tail clipping and PCR using the primers
5'-ACAGCGTGGTGGTACCTTAT-3 (ImRo36), 5'-TATACTCAGAG-
CCGGCCT-3" (ImRo37), and 5'-TCCTCGTGCTTTACGGTATC-3’
(neo), yielding a fragment of 375 bp for p53™/" and 525 bp in p53 '~
mice. Eight-week-old male p53 ~/~ and p53™/" sibling mice were placed
on a diet of 0.2% (w/w) cuprizone (Sigma) mixed into milled chow

hybridization, and scanning of the arrays were performed using standard
procedure at the Cancer Institute of New Jersey.

Quantitative real-time PCR. Total RNA was extracted from mouse
brains by using Trizol reagent (Invitrogen) and cleaned using the RNeasy
Mini kit (Qiagen). RNA quality was assessed by electrophoresis on dena-
turing MOPS (4-morpholinepropanesulfonic acid) gels and spectropho-
tometry. Two micrograms of total RNA were used in 20 ul of reverse
transcription (RT) reaction, using the SuperScript RT-PCR kit (Invitro-
gen). Quantitative real-time PCR was performed using Applied Biosys-
tems SYBR green PCR master mix in the 7900HT Sequence Detection
PCR System. Negative controls (samples in which reverse transcriptase
was omitted) were amplified individually by PCR using the different
primer sets used in the present studies to ensure the absence of genomic
DNA contamination. PCR amplification resulted in the generation of
single bands. The melting curve of each sample was measured to ensure
the specificity of the amplified products. Data were normalized to the
internal control glyceraldehyde-3-phosphate dehydrogenase (GAPDH )
and analyzed using Pfaffl AACt method. For primers used in quantitative
PCR, see Table 1.

Statistical analysis was performed using GraphPad Prism 4.01 software
(Graph Pad Software) by ANOVA followed by Bonferroni’s multiple
comparison test or Friedman test, followed by Dunn’s multiple-
comparison test. An unpaired Student’s ¢ test was used when only two
conditions were compared.

Immunohistochemistry, confocal image acquisition, and quantitative
analysis. For immunohistochemistry, animals were anesthetized and per-
fused intracardially with 4% PFA in 0.1 M phosphate buffer, pH 7.2. Weil
myelin staining was performed by the histopathology service Neuro-
Science Associates. For all the other experiments, the brains were re-
moved, postfixed overnight in the same solution at 4°C, cryopreserved in
30% sucrose in 0.1 M phosphate buffer, and embedded in optimal cutting
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temperature compound. Frozen sections (20 wm) were cut, incubated in
blocking buffer PGBA (0.1 M phosphate buffer, 0.1% gelatin, 1% bovine
serum albumin, 0.002% sodium azide) containing 10% normal goat se-
rum (0.5% Triton X-100 was added for cytoplasmic and nuclear anti-
gens) for 30 min, and incubated overnight with the primary antibody
diluted in the same blocking buffer. After rinsing in PBS, sections were
incubated with the appropriate secondary antibodies conjugated to flu-
orescein or rhodamine (Southern Biotechnologies, GE Healthcare, Jack-
son ImmunoResearch, and Vector Laboratories). 4',6-Diamidino-2-
phenylindole (DAPI; 1:1000; Invitrogen) was used as a nuclear
counterstain. Immunostained sections were analyzed using a fluorescent
microscope (DMRA; Leica) followed by confocal analysis (LSM 510 meta
confocal laser-scanning microscope; Carl Zeiss Microlmaging). Confo-
cal images were captured at a 1 wm interval, and stacks of six slices were
typically used for the generation of the projections. For the quantification
of the in vivo experiments, a minimum of three sections per mouse and
three mice for each group were evaluated. The following primary anti-
bodies were used: anti-B-tubulin III (1:500, clone Tujl; Covance), anti-
GFAP (1:1000; Dako), anti-bromodeoxyuridine (BrdU; 1:200; Dako),
Sox2 (1:1000; Millipore Bioscience Research Reagents), CC1/APC
(mouse monoclonal, 1:50; Oncogene Research Products), myelin basic
protein (MBP; mouse monoclonal SMI99, 1:1000 for immunobhisto-
chemistry and Western blot analysis; Sternberger Monoclonals), Macl
(rat monoclonal, 1:100; Millipore Bioscience Research Reagents), and
Ki67 (Abcam). After incubation with primary antibodies, the cells were
stained with the appropriate secondary antibodies conjugated with flu-
orophores (Jackson ImmunoResearch) or with biotin (Vector Laborato-
ries). To stain with anti-BrdU antibodies (1:200; Dako), the sections were
treated with 2N HCI for 10 min at room temperature, followed by neu-
tralization in 0.1 M borax, pH 8.6, for 10 min at room temperature. After
washing with 0.1 M phosphate buffer, the cells were incubated with anti-
BrdU antibodies in PGBA containing 0.1% Triton X-100 for atleast 3 h at
room temperature. Then, the cells were incubated with appropriate sec-
ondary antibodies and DAPI. Immunoreactive cells were analyzed using
a fluorescence microscope (Leica), and images were captured using a
Hamamatsu CCD camera using the Image software.

In vitro experiments in primary cultures of microglial cells from p5.
and p53~'~ mice and in the BV2 microglial cell line. Postnatal day 1
cortices from p53 /" and p53 /" siblings were used for cell culture.
Briefly, after removal of the meninges, cortical tissue was minced and
dissociated by gentle trituration in NM10 medium (DMEM plus 10%
FBS), using fire-polished Pasteur pipettes. Cells were plated into P75
tissue culture flasks coated with 10 ng/ml poly-p-lysine and cultured at
37°C in a humidified incubator with 10% CO, supplementation. The
medium was changed every 2 d. Three weeks later, cells were harvested by
shaking at 37°C at 190 rpm overnight. The collected cells were plated into
uncoated 10 cm tissue culture dishes. Thirty minutes after plating, the
floating cells were discarded by replacing the medium. The following day,
cells were treated with 100 ng/ml lypopolysaccharide (LPS) for 6 h, and
the RNA was harvested for additional analysis. The immortalized micro-
glia cell line, BV2, was donated by V. Bocchini (University of Perugia,
Perugia, Italy); it was generated by infecting primary mouse microglia
cultures with a v-raf/v-myc oncogene-carrying retrovirus (J2) (Blasi et
al., 1990). BV2 cells were maintained in DMEM/F-12 containing 10%
FCS. Confluent cultures were passed by trypsinization. BV2 cells were
cultured in DMEM/F-12 plus 10% FBS until ~75% confluent.
Pifithrin-e (20 um) and/or LPS (100 ng/ml) were added at the same time,
and cells were harvested in Trizol 6 h later. Control cells received the
same volume of water or DMSO. Total RNA was extracted as reported
above. Expression levels of the genes of interest were normalized to
GAPDH levels.

In vitro experiments in multipotential neural precursors derived from the
adult subventricular zone. Subventricular zones (SVZs) were dissected
from 8-week-old C57BL/6] mice in Leibovitz’s L-15 medium (Invitro-
gen). After digestion with papain (Sigma), cells were mechanically disso-
ciated by pipetting and resuspended in complete medium consisting of
DMEM/F-12 (Invitrogen) supplemented with B27 (Invitrogen), 25 mm
glucose, 2 ng/ml heparin (Sigma), 20 ng/ml epidermal growth factor
(EGF) and 10 ng/ml FGF. An equal number of cells was plated in 48-well

3+/+
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Figure2. Micelacking p53 are less sensitive to cuprizone-induced demyelination. 4, Bright-
field low-power (2.5X) and high-power (20 <) micrographs of coronal brain sections of wild-
type mice at the level of the dorsal fornix. At 8 weeks of age, wild-type siblings (p53 /) were
fed for 4 weeks with regular food (control diet) or with a modified diet containing 0.2% cupri-
zone and then killed. Brain sections were stained with Weil's to detect myelinating tracts. Note
the reduction of myelinating fibers in the corpus callosum of cuprizone-treated wild-type mice
(arrow). B, Low- and high-power micrographs of coronal brain sections from p53-deficient
siblings (p53 ~/~)eitheruntreated (control diet) or treated with cuprizone. Note the sparing of
myelin in the corpus callosum of cuprizone-treated mice (arrow).

plates. Cells were incubated at 37°C in a 5% CO, incubator for 7 d and
added fresh EGF (Peprotec) and FGF (Peprotec) every other day. To test
multipotency of neural precursors in vitro, neurospheres were rinsed in
0.1 M phosphate buffer and mechanically dissociated. The same number
of cells was plated in 8-well chamber slides in differentiation medium:
DMEM/F-12 supplemented with B27, 25 mm glucose, and 1% FBS (In-
vitrogen). The following day, cells were pretreated with 25 uMm cuprizone
(Sigma) for 24 h and allowed to differentiate for 5 additional days in
differentiation medium in the presence or absence of 20 uM pifithrin-a.

Results

P53 is expressed in the corpus callosum of mice treated with
cuprizone, and its ablation and pharmacological inhibition
decrease the extent of demyelination

Elevated levels of the transcription factor p53 were previously
described in the brain of MS patients characterized by demyeli-
nation consequent to oligodendroglial cell death and by micro-
glial infiltration (Kuhlmann et al., 2002; Wosik et al., 2003). The
animal model that best recapitulates these neuropathological
findings is the cuprizone model of demyelination that is charac-
terized by loss of myelin in the dorsal corpus callosum because of
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Figure 3. Increased oligodendrocyte survival and myelin sparing in mice lacking p53. 4,
Relative RNA levels of the myelin gene transcripts for cgt and cnp detected in the dorsal corpus
callosum of p53 */* and p53 ~/~ mice after 4 weeks of feeding on a control or 0.2% cuprizone
diet. The RNA levels in each sample were referred to the GAPDH levels, and the levels detected
inthe untreated animals were chosen as a reference point. Note the higher levels of myelin gene
transcripts detected in cuprizone-treated p53 ~/~ mice compared with treated wild-type sib-
lings. *p << 0.05; **p << 0.01. Error bars indicate SEM. B, Confocal image of coronal brain
sections of wild-type ( p53™*/*) and knock-out ( p53 /™) siblings fed a control or cuprizone
diet for 4 weeks and then stained with antibodies specific for MBP to identify myelinated fibers
(red) and DAPI (blue) as nuclear counterstain. Scale bar, 50 pm. €, Confocal image of coronal
brain sections of wild-type ( p53™/*) and knock-out ( p53 ~/~) siblings fed a control or a
0.2% cuprizone diet for 4 weeks and then stained with the CC1 antibody to identify oligoden-
drocytes (red) and DAPI (blue) as nuclear counterstain. D, Bar graphs indicate the relative
number of CC1+ cells detected in the dorsal corpus callosum of p53™*/ and p53 '~ mice
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oligodendrocytic death and microglial activation (Matsushima
and Morell, 2001). To define whether p53 levels were also up-
regulated in the corpus callosum of cuprizone-fed mice, we per-
formed real-time PCR on samples isolated at multiple time
points during cuprizone treatment (Fig. 1A). In agreement with
the previous findings in the brain of MS patients, in this animal
model we also detected a twofold increase in p53 transcripts dur-
ing the first 2-3 weeks of cuprizone diet that temporally corre-
lated with oligodendrocytic apoptosis and microglial infiltration
(Matsushima and Morell, 2001). The increased transcripts were
accompanied by enhanced immunoreactivity in the corpus cal-
losum of cuprizone-treated mice in coronal sections stained with
a commercially available antibody against p53, the specificity of
which was supported by the inability to stain sections from
knock-out mice (Fig. 1B). Based on these results, we hypothe-
sized that p53 may play an important role in the cuprizone model
of demyelination.

To test this hypothesis, we compared the extent of myelin loss
in the dorsal corpus callosum of p53™/* (n=4)and p53 '~ (n =
4) mice after 4 weeks of cuprizone treatment (Fig. 2). Myelin in
the corpus callosum of p53*/* and p53 /" treated mice was
detected by Weil staining. Loss of myelinated fibers was detected
in the dorsal corpus callosum of cuprizone-treated p53*/" mice
(Fig. 2A) but not in the same brain region of cuprizone-treated
p53~' siblings (Fig. 2B). The myelin loss detected in p53™/*
mice (n = 3) after 4 weeks of cuprizone was consistent with the
decreased levels of myelin transcripts assessed by real-time PCR
(Fig. 3A). The levels of ceramide-galactosyl-transferase (cgt) were
66.6 * 4%, and the levels of 2',3’cyclic nucleotide-3’-
phosphodiesterase (cnp) transcripts in cuprizone-treated p53™*/*
mice were 61.8 = 5% lower than untreated controls. In contrast,
in cuprizone-treated p53 ~/~ mice, the cgt levels were only 31.2 +
5% lower, and those of cnp were 28 = 6% lower than untreated
controls (Fig. 3A). Additional results supporting the preservation
of myelinated fibers in the corpus callosum of p53 ™'~ mice (n =
3) was provided by immunohistochemical analysis of coronal
sections stained by antibodies specific for MBP (Fig. 3B). The
persistence of MBP staining correlated with the greater number
of surviving CC1+ oligodendrocytes in the corpus callosum of
cuprizone-treated p53 /'~ mice compared with wild-type mice
(n = 3) (Fig. 3C,D). In agreement with the hypothesized role of
p53 as a pro-apoptotic gene, decreased apoptosis was detected in
the corpus callosum of cuprizone-treated p53 ~/~ mice compared
with p53™/" mice (Fig. 3E). Together, these data suggested an
important role for p53 function in myelin loss consequent to
oligodendrogliopathy.

To further explore the potential therapeutic value of these
findings, we asked whether pharmacological inhibition of p53
with pifithrin-a (Culmsee et al., 2001) would similarly prevent
myelin loss in the cuprizone model of demyelination. We
adopted two distinct protocols of pifithrin-a administration. Ina
first set of experiments, wild-type C57BL/6 mice (n = 8) received
systemic administration of pifithrin-a (2 mg/kg body weight; n =
4) or vehicle control (n = 4) during the second and third week of

<«

receiving either control or 0.2% cuprizone diet. n = 3 animals per condition; ***p < 0.001. E,
Bar graphs indicate the relative number of TUNEL+ cells detected in the dorsal corpus callosum
of p53™/" and p53 ~/~ mice after 3 weeks of control or 0.2% cuprizone diet. n = 3 animals
per condition; ***p < 0.001. Note thatin p53 ~/~ mice the difference in the number of CC1+
and TUNEL+ cells between the untreated and cuprizone-treated groups is not statistically
significant. Un, Untreated (control); cup, cuprizone; TUNEL, terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling.
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cuprizone diet, at a time coincident with the
detection of elevated p53 levels and peak of
oligodendrocytic apoptosis in the corpus
callosum (Fig. 4 A). In a second set of exper-
iments, pifithrin-a (n = 4) or vehicle con-
trol (n = 4) was administered after the peak
of oligodendrocytic death, during the
fourth and fifth week of cuprizone treat-
ment (Fig. 4D). Early administration of
pifithrin-« significantly increased oligo-
dendrocyte survival (Fig. 4B) while de-
creasing the number of apoptotic cells (Fig.
4C) detected in the corpus callosum. In
contrast, late administration of pifithrin-«
had aless prominent effect on oligodendro-
cyte survival (Fig. 4 F), although it still pro-
tected the existing myelinated fibers (Fig.
4E). These results suggested that, besides
the role in oligodendrocyte apoptosis, p53
might affect the integrity of myelinated fi-
bers also by a second mechanism, possibly
involving the activation of microglial cells
recruited to the corpus callosum.

Genetic and pharmacological inhibition
of p53 function decreases microglial
recruitment and gene expression

In agreement with the protective role of p53
inhibition, gene expression profiling of
samples isolated from the corpus callosum
of p53*/* and p537'" mice using Af-
fymetrix gene microarrays revealed greater
levels of myelin gene transcripts (supple-
mental Table 1, available at www.
jneurosci.org as supplemental material)
and lower levels of activated microglial gene
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Figure4. Systemicadministration of pharmacological inhibitors of p53 is most effective in protecting oligodendrocytes and
myelin when started during the first 3 weeks of cuprizone treatment. A, Schematic representation of the early administration
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n = 3for each treatment; ***p << 0.001; **p << 0.01. ¢, TUNEL+ cell counts in the corpus callosum of animals that received
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tion (cup+pif). n = 3 for each treatment; ***p < 0.001; *p << 0.05. D, Schematic representation of the late administration
protocol of pifithrin-c treatment (red arrows) started during the fourth week of cuprizone diet (black arrows). The asterisk
denotes the time point of analysis when the animals were killed and the brains were processed forimmunohistochemistry. E,
Confocal image of coronal brain sections of wild-type mice on a regular diet (control) or fed a cuprizone diet for 5.5 weeks in the
absence (cuprizone 5.5 wk) or presence of systemic pifithrin-« administration (cup + pif 5.5 wk). Sections were stained with
MBP antibody to identify myelinated fibers (red) and DAPI (blue) as nuclear counterstain. F, Bar graph quantification of CC1+
oligodendrocytes in the dorsal corpus callosum of animals that received either a control diet or a 0.2% cuprizone diet for 5.5
weeks in the absence (cup) or presence of systemic pifithrin-c (cup + pif) administration during the fourth week. n = 3 for each
treatment; ***p < 0.001; **p << 0.071. Error bars indicate SEM. pif, Pifithrin-c; cup, cuprizone.

transcripts (supplemental Table 2, available

at www.jneurosci.org as supplemental material), in cuprizone-
treated p53 '~ compared with p53*/* mice. As expected,
cuprizone-treated p53 '~ mice did not exhibit the characteristic
upregulation of p53-dependent target genes (i.e., p21, gadd45)
detected in treated p53*/* mice (Fig. 5A). Previous studies had
reported the characteristic upregulation of microglial genes, in-
cluding lysozyme, B2-microglobulin, and several cathepsins in the
corpus callosum of cuprizone-fed mice (Morell et al., 1998;
Jurevics et al., 2002). In agreement with the hypothesis that p53
function interferes with the program of microglial gene activa-
tion, we detected lower levels of lysozyme, B2-microglobulin, and
tnfa in the corpus callosum of cuprizone-treated p53 '~ mice
compared with p53™/" mice (Fig. 5B). Similar results were ob-
tained in mice receiving systemic administration of pifithrin-«
because systemic administration of this inhibitor significantly
impaired the cuprizone-induced upregulation of p21 and gadd45
transcripts in cuprizone-fed mice (Fig. 5C) and lowered the tran-
scriptional activation of microglia in response to cuprizone (Fig.
5D).

Decreased expression of genes characteristic of activated mi-
crogliain p53 ~/~ mice could result from impaired recruitment of
microglial cells to the corpus callosum of cuprizone-fed mice
and/or from a transcriptional effect of p53 in the recruited mi-
croglial cells. The presence of microglial cells was first assessed in
the corpus callosum of cuprizone-fed p53 '~ mice using immu-
nohistochemistry and antibodies specific for the antigen Macl.

Fewer Macl+ cells were detected in the corpus callosum of
cuprizone-treated p53 '~ mice compared with p53™/" mice
(Fig. 6A,B). Similar results were detected in mice receiving
pifithrin-« treatment either before (Fig. 6C) or after the occur-
rence of oligodendroglial death (Fig. 6 D,E). When pifithrin-«
treatment was started during the early stages of cuprizone diet, we
observed a decline in oligodendrocytic apoptosis and the nearly
complete absence of Macl+ cells in the corpus callosum of
treated animals (Fig. 6C). This effect could be attributable to the
fact that fewer microglial cells were recruited to the corpus callo-
sum if fewer oligodendrocytes died. In a second set of experi-
ments, pifithrin-a treatment was initiated after the period of
massive oligodendrocytic death had already occurred. Also in this
case, however, pifithrin-a-treated mice showed a significantly
reduced number of Macl "-immunoreactive cells in the corpus
callosum (Fig. 6 D). Together, these results suggest that modula-
tion of p53 function affects the behavior of microglial cells in
multiple ways.

To further define whether the effect of p53 inhibition on mi-
croglial cells was cell intrinsic and independent of cross talks with
the oligodendrocytic population, we adopted a reductionist ap-
proach and used either the BV2 microglial cell line or primary
microglial cultures isolated from the cortices of p53 ™'~ and
p53*/" mice. The advantage of the in vitro experimental system is
the possibility to evaluate the effect of p53 on microglial gene
expression, using a homogeneous and controlled experimental
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Figure 5.  Decreased expression of microglial genes in mice with genetic deletion or phar-

macological inhibition of p53. 4, B, Quantitative real-time PCR of the mRNA levels for the p53
target genes gadd45, p21, and tcf4 (A) and of B2-microglobulin, lysozyme, and tnf-c (B) in
samples isolated from the corpus callosum of untreated (un) and cuprizone-treated (cup)
p53*/* and p53 '~ mice. €, D, Quantitative real-time PCR of the mRNA levels for the p53
target genes gadd45, p21, and tcf4 (€) and of 32-microglobulin, lysozyme, and tnf-c (D) in
samples isolated from the corpus callosum of untreated controls (control diet), cuprizone-fed
mice (cup), and cuprizone-fed mice receiving pifithrin-c treatment (cup + pif). The RNA levels
were referred to the GAPDH levels, and the values detected in cuprizone-treated mice in the
absence and presence of pifithrin treatment were referred in terms of percentage value relative
to the levels detected in untreated controls. *p << 0.05; **p << 0.01. Error bars indicate SEM.

setting. Consistent with the possibility that p53 modulated the
expression of genes characteristic of activated microglia, we de-
tected increased p53 levels in cultured microglial BV2 cells after
LPS (100 ng/ml) stimulation (Fig. 7A). LPS also induced the
expression of the p53 gene target p2I, and this increase was
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blocked by cotreatment with pifithrin-a (20 um) (Fig. 7B). The
LPS-dependent elevation of p21 transcript levels was also de-
tected in p53™/" primary cultures of microglial cells from mice,
but not in cells isolated from p53 ~/~ mice (Fig. 7C). Treatment of
BV2 cells with pifithrin-« effectively reduced the LPS-dependent
activation of the microglial genes lysozyme and B2-microglobulin,
although it had no effect on the levels of cathepsin Z (Fig. 7D).
Similarly, LPS stimulation or cuprizone treatment (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material)
of primary microglial cultures elicited a greater increase in the
transcript levels of B2-microglobulin and tnfa in p53™"" cells
compared with p53 /" mice (Fig. 7E). The fact that pifithrin or
genetic ablation of p53 did not completely abolish the transcrip-
tional response of microglia to LPS is consistent with the impor-
tance of nuclear factor-«kb (NF-«kb) regulation of this transcrip-
tional program (Lu et al., 2007). Together, these data support a
role for p53 as one of the modulators of gene expression in acti-
vated microglial cells.

We have previously mentioned that primary demyelination
consequent to oligodendrogliopathy and microglial infiltration is
also associated with defective repair. Because p53 affected both
oligodendrocyte loss and microglial activation, we asked whether
this molecule could also modulate the behavior of cells affecting
repair. Previous studies had shown that demyelination of the
corpus callosum is repaired by resident oligodendrocyte progen-
itors and by multipotential cells residing in the adult SVZ (Nait-
Oumesmar et al., 1999; Picard-Riera et al., 2002; Murtie et al.,
2005; Trebst et al., 2007). Other studies (Billon et al., 2004), in-
cluding those from our group (Gil-Perotin et al., 2006), had re-
ported an important role for p53 in regulating the pool of oligo-
dendrocyte progenitors in the developing brain and in
modulating the behavior of multipotential cells in the adult SVZ.
However, the potential role of p53 in repair after demyelination
remained to be defined. To address this question, we tested p53
expression in the SVZ of cuprizone-treated mice (supplemental
Fig. 2, available at www.jneurosci.org as supplemental material)
and compared the responsiveness of multipotential SVZ cells in
p53™/" mice with that observed in p53 '~ and also in pifithrin-
treated p53™/* mice after cuprizone-induced demyelination. Im-
munohistochemical analysis of coronal brain sections using an-
tibodies specific for the neural stem cell marker Sox 2 (Kondo and
Raff, 2004) revealed an increase in immunoreactive cells in re-
sponse to cuprizone-induced demyelination, a response that was
enhanced by pifithrin-treated mice (Fig. 8 A). In agreement with
previous reports on the role of p53 in multipotential progenitors
of the adult SVZ (Gil-Perotin et al., 2006), p53 '~ mice had
greater resting numbers of Sox2+ cells, and cuprizone treatment
significantly increased their number (Fig. 8 B). Because SVZ cells
can be also characterized for the presence of the oligodendrocyte
precursor surface molecule polysialic acid-neural cell adhesion
molecule (PSA-NCAM) (Ben-Hur et al., 1998; Nait-Oumesmar
et al., 1999, 2007; Decker et al., 2000), we conducted a similar
analysis on the adult SVZ of cuprizone-treated mice. Consistent
with the results obtained for Sox2, cuprizone treatment per se
induced a significant increase in PSA-NCAM + cells in the SVZ of
untreated p53 *'* mice (Fig. 8C). This increase was further en-
hanced by either treatment with pharmacological inhibitors of
p53 (Fig. 8C) or in animals with genetic ablation (Fig. 8 D). Over-
all, these results suggest that p53 function is important for regu-
lating the number of multipotential progenitors in the SVZ that
are involved in repair.

Because p53 is an important modulator of the cell cycle, we
asked whether the increased number of Sox2+ cells was attribut-
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able to increased proliferation and possibly
altered differentiation of SVZ cells.
Pifithrin-o treatment increased the number
of proliferating cells in vivo, as assessed by
the increased number of Ki67+ cells in the
SVZ (Fig. 9A), similar to what previously
reported for the characterization of the p53-
deficient mice (Gil-Perotin et al., 2006). To
further define whether the effect on the
multipotential progenitors was direct or
mediated by other cell types, we dissected
cells from the adult SVZ of p53~'~ and
p537" mice (Fig. 9B), cultured them as
neurospheres, and allowed them to differ-
entiate into distinct lineages in cuprizone-
containing medium. Consistent with an
inhibitory role of p53 in oligodendroglio-
genesis, we detected increased generation of
oligodendrocytes and reduced generation
of astrocytes in p53 '~ cultures, as de-
scribed previously (Gil-Perotin et al., 2006).
The experiment was then repeated with
SVZ cells isolated from wild-type animals
and treated with cuprizone and pifithrin-a,
to mimic the in vivo condition (Fig. 9C).
Also in this case, p53 inhibition favored
oligodendrogliogenesis at the expenses of
astrocyte generation (Fig. 9D).

Based on these cumulative results, we
suggest that transient p53 inhibition should
be further explored for the development of
attractive therapeutic target for demyeli-
nating conditions characterized by primary
demyelination.

Discussion

The transcription factor p53 is a well char-
acterized molecule with the ability to in-
duce cell-cycle arrest and apoptosis in sev-
eral cell types, in response to a wide variety
of toxic stimuli (Giaccia and Kastan, 1998).
Previous studies had identified p53 gene
polymorphism in patients with MS (Kuhl-
mann et al., 2002) and reported high levels
of protein expression in the brain of pa-
tients with demyelinated lesions character-
ized by extensive oligodendrogliopathy and
lack of remyelination (Wosik et al., 2003).
In this study, we define the functional sig-
nificance of p53 inhibition using the cupri-
zone model of demyelination, character-
ized by oligodendrocytic apoptosis and
microglial infiltration, the two neuropatho-
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Figure 6.  Pifithrin-c treatment of cuprizone-fed mice reduces recruitment of microglial cells to the corpus callosum even if
initiated after oligodendrocyte apoptosis has occurred. A, Confocal image of coronal brain sections of wild-type ( p53*/*) and
knock-out ( p53 ) siblings fed eithera control diet ora 0.2% cuprizone diet for 4 weeks and stained with Mac1 antibody (red)
to identify microglial cells and with DAPI (blue) as nuclear counterstain. B, Bar graphs indicate the relative number of Mac1+
cells detected in the dorsal corpus callosum of p53 /™ and p53 ~/~ mice receiving either control (Un) or 0.2% cuprizone (cup)
diet.n = 3 animals per condition; ***p << 0.001. ¢, Schematic representation of the duration of the early pifithrin-« treatment
(red arrows) in mice fed a cuprizone diet for 3.5 weeks (black arrows). The asteri