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bstract

In this study, we address the hypothesis that aging modifies the intrinsic properties of oligodendrocytes, the myelin-forming cells of the
rain. According to our model, an “epigenetic memory” is stored in the chromatin of the oligodendrocyte lineage cells and is responsible
or the maintenance of a mature phenotype, characterized by low levels of expression of transcriptional inhibitors. We report here an age-
elated decline of histone deacetylation and methylation, the molecular mechanisms responsible for the establishment and maintenance of
his “epigenetic memory” of the differentiated state. We further show that lack of histone methylation and increased acetylation in mature
ligodendrocytes are associated with global changes in gene expression, that include the re-expression of bHLH inhibitors (i.e. Hes5 and
d4) and precursor markers (i.e. Sox2). These changes characteristic of the “aging” oligodendrocytes can be recapitulated in vitro, by treating
rimary oligodendrocyte cultures with histone deacetylase inhibitors.

Thus, we conclude that the “epigenetic memory loss” detected in white matter tracts of older mice induces global changes of gene expression

hat modify the intrinsic properties of aged oligodendrocytes and may functionally modulate the responsiveness of these cells to external
timuli.

2006 Elsevier Inc. All rights reserved.
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. Introduction

A large body of literature supports the hypothesis that
he ability to repair damage in the CNS is affected by age
Chari et al., 2003; Darsalia et al., 2005; Decker et al.,
002). One example for this postulate is the ability to repair
yelin after demyelination, a process defined as “remyeli-

ation”. It has been shown that young but not old rodents
re able to promptly and efficiently generate new myelin

fter a chemically induced demyelination (Shields et al.,
999). It has been proposed that the progressive decline of
he endogenous capacity for repair is the result of impaired

∗ Corresponding author at: Department of Neuroscience, R-304, R. Wood
ohnson Medical School, UMDNJ, 675 Hoes Lane, Piscataway, NJ 08854,
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ligodendrocyte progenitor cell (OPC) recruitment and dif-
erentiation (Sim et al., 2002), due to changes in growth
actor expression profiles (Hinks and Franklin, 2000). How-
ver, supplementation with growth factors did not reverse
he aging effect on remyelination (O’Leary et al., 2002;
enderis et al., 2003) and suggested the existence of changes

n the intrinsic properties of oligodendrocyte progenitors
n the brain of older mice. It remains unclear whether the
ging process per se affects also the intrinsic properties of
ature oligodendrocytes and this is the subject of the current

tudy.
We have previously shown that oligodendrocyte dif-

erentiation and myelin gene expression are the result of

tage-specific combinatorial codes of transcription factors,
hose equilibrium determines the levels of myelin gene prod-
cts (Gokhan et al., 2005). This equilibrium is affected by
he expression levels of inhibitory molecules (Liu et al.,

mailto:casaccpa@umdnj.edu
dx.doi.org/10.1016/j.neurobiolaging.2006.10.026
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006; Marin-Husstege et al., 2006) that are epigenetically
egulated (i.e. by modulation of chromatin components). It
s well established that modifications of nucleosomal his-
ones, the basic unit of chromatin, affect gene expression
Felsenfeld, 1992; Lee et al., 2006; Lieb and Clarke, 2005),
nd that transcriptional activation requires an open confor-
ation, while silencing requires compaction (i.e. “closing”)

f the chromatin structure (Kristjuhan et al., 2002; Vermaak
t al., 2003). The transition between open and closed confor-
ation of chromatin is dependent on the presence of acetyl

roups on lysine residues in the histone tails. When the
cetyl groups are present, the structure of chromatin is com-
atible with transcription (Vo and Goodman, 2001). When
he acetyl groups are removed (by enzymes called histone
eacetylases or HDACs), chromatin is in a closed confor-
ation and this renders the DNA not accessible to specific

ranscription factors. The resulting transcriptional repression
Nan et al., 1998) is later stabilized by methylation of spe-
ific lysine residues in the histone tails (Lachner et al., 2001;
akayama et al., 2001). Histone deacetylases comprise a

amily of proteins that can be further subdivided on the basis
f specific characteristics into three classes (de Ruijter et al.,
003). Class I (i.e. HDAC-1, -2, -3 and -8) are characterized
y nuclear localization and ubiquitous expression; class II
i.e. HDAC-4, -5, -6, -7) are mainly cytosolic and expressed
n a tissue-specific manner; class III (i.e. SIRT-1, SIRT-2,
tc.) are NAD-dependent enzymes. Class III enzymes can
e also distinguished from the other two classes because
heir enzymatic activity is inhibited by sirtinol, and is not
esponsive to pharmacological inhibitors (i.e. TSA or VPA)
hat known to efficiently inhibit the enzymatic activity of
lasses I and II HDAC family members (Schwer et al.,
002).

Our previous studies on oligodendrocyte differentiation in
ulture (Liu et al., 2006; Marin-Husstege et al., 2002) and in
eveloping animals (Shen et al., 2005) indicated that histone
eacetylation mediated by classes I and II HDAC activ-
ty is necessary for oligodendrocyte maturation and myelin
ene expression during postnatal brain development and that
s later followed by repressive histone methylation in the
uclei of mature cells (Shen et al., 2005). Since histone
eacetylation and methylation of lysine residues in the tail
f nucleosomal histones are critical epigenetic modulators of
ene expression during oligodendrocyte differentiation and
yelin formation, we postulated that they serve the purpose

f establishing a “molecular memory”, which is stored in the
hromatin of the oligodendrocyte lineage cells. This memory
s responsible for the down-regulation and stable repression
f inhibitory molecules in differentiated oligodendrocytes
Marin-Husstege et al., 2006).

The overall hypothesis tested in this study is that aging
esults in a progressive loss of this “epigenetic memory” in

ature oligodendrocytes, by decreasing the levels and activ-

ty of the histone modifying enzymes and thereby resulting
n profound changes of the intrinsic properties of these cells,
ue to global changes of gene expression.
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. Materials and methods

.1. Antibodies: sources and dilutions

Acetylated-lysine (1:1000, Upstate Biotechnology);
cetylated H3 (1:10,000, Upstate Biotechnology); APC/CC1
1:50, Oncogene Research Products); dimethyl-lysine 9
n Histone H3 (1:250, Upstate Biotechnology); HDAC1
1:6000, Affinity BioReagents, Inc.); HDAC2 (1:100, Santa
ruz Biotechnology, Inc.); HDAC3 (1:100, Santa Cruz
iotechnology, Inc.); HDAC4 (1:100, Upstate Biotech-
ology); HDAC5 (1:50, Santa Cruz Biotechnology, Inc.);
DAC6 (1:50, Santa Cruz Biotechnology, Inc.); HDAC7

1:50, Santa Cruz Biotechnology, Inc.); HDAC8 (1:100,
anta Cruz Biotechnology, Inc.); Id4 (1:200, Santa Cruz
iotechnology, Inc.); NG2 (1:100, Chemicon); PDGFR�

1:100, Chemicon); Sox2 (1: 200, Chemicon).

.2. Immunohistochemistry

Male and female C57BL/6 mice were perfused with 4%
FA in 0.1 M phosphate buffer, at distinct ages (postna-

al 3 weeks, 8 weeks and 8 months). The whole brains
ere removed from the skulls, post-fixed, cryopreserved

n 30% sucrose, embedded in Shandon M-1 embedding
atrix for frozen sectioning and sectioned coronally (20 �m).
rozen sections were permeabilized with blocking buffer
0.1 M phosphate buffer, 5% normal goat serum [Vector
aboratories] and 0.5% Triton X-100). Incubation with
istinct primary antibodies (see Section 2.1 for sources
nd dilutions) was performed overnight in a well sealed
umidified container at room temperature. The follow-
ng day, after 1 h incubation with secondary antibodies
irectly conjugated to specific fluorochromes (whole Ig-
y3, 1:200; Sigma–Aldrich) or biotinylated (RPN-1004,
:200; Amersham Biosciences), the sections were counter-
tained with DAPI (1:1000; Molecular Probes, Inc.) in the
bsence or presence of avidin-conjugated FITC, respectively.
mmunoreactive cells were visualized using an inverted fluo-
escence microscope (DM RA; Leica) and additional data
cquisition and analysis were performed using confocal
icroscopy (LSM510 Meta confocal laser scanning micro-

cope; Carl Zeiss MicroImaging, Inc.). Pinhole of 123 �m,
26 �m, and 124 �m were used with the 63× objective for
he rhodamine, DAPI, and FITC channels, respectively. The
hickness of the optical slices was 1 �m and stacks of seven
ere typically used for the generation of the projections. For
uantitative analysis we focused our analysis on a selected
rain region (i.e. the rostal corpus callosum), corresponding
o Bregma 0.02–0.98 mm, and interaural 3.82–4.48 mm of
he mouse brain atlas (Paxinos and Franklin, 1997).
.3. Total HDAC enzymatic activity measurement

HDAC activity was measured using HDAC Activity
ssay/Drug Discovery Kit (BIOMOL Research Laborato-
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ies, Inc.), following manufacturer’s instruction. In brief,
xtracts of the corpus callosum of C57Bl/6 mice of differ-
nt gender and ages were generated in lysis buffer (50 mM
EPES, pH 7.0, 250 mM NaCl, 0.15% Nonidet P-40, 1 mM
TT, 1 mM EDTA, 0.01% PMSF, 1 mM aprotinin, and
mM leupeptin), as previously described (Vo and Goodman,
001). Protein concentration was measured and 100 �g of
roteins were added to a 96-well plate in 25 �l HDAC assay
uffer (BIOMOL Research Laboratories, Inc.). A fluorimet-
ic acetylated substrate (i.e. acetylated histone H3) was added
nd the reaction was allowed to proceed at room temperature
or one hour and then followed by incubation with the devel-
per (Fluor de LysTM from BIOMOL) for 10–15 min. To test
he relative contribution of distinct classes of HDAC to the
ctivity detected in the whole cell extracts of the corpora cal-
osa, in some experiments, increasing concentration of TSA
10 nM, 50 nM, 500 nM) or sirtinol (10 �M, 50 �M, 200 �M)
ere added to the reaction. Enzymatic activity was eval-
ated in a microtiter plate-reading fluorimeter (PerSeptive
iosystems CytoFlour Multiwell plate reader-4000) (excita-

ion = 360 nm, detection of emitted light = 460 nm).

.4. Semi-quantitative RT-PCR

Total RNA was isolated using RNeasy Mini kit (Qia-
en, Hilden, Germany) from individual corpus callosum
f mice at distinct ages. Total RNA (9 �g/each sample)
as used in 40 �l of reverse transcription (RT) reac-

ion. The PCR was performed in a 20 �l reaction mixture
ontaining 2 �l cDNA as template and 0.1 �M specific
ligonucleotide primer pairs. Cycle parameters were 30 s
t 94 ◦C, 30 s at 50 ◦C, and 1.5 min at 72 ◦C for 25 cycles.
he following oligonucleotide primers were used: Sox
(3′: AACGCCTTCATGGTATGGTC; 5′: TGGTCATG-
AGTTGTACTGC); Sox11(3′: CTTCATGGTGTGGTCC-
AGA; 5′: GTCCGTCTTGGGCTTTTTG); Hes5(3′: CAA-
GAGAAAAACCGACTGC; 5′: GCTGGAAGTGGTAA-
GCAGC for mouse and 3′: TTATGGCCCCAAGTACCGT-
GCG; 5′: TTTCACCAGGGCCGCCAGAGGC for rat);

d2(3′:TCTCCTCCTACGAGCAGCAT; 5′: ATTCAGATG-
CTGCAAGGAC for mouse and 3′: CCGGTGAGGTCCG-
TAGGAAAA; 5′: CCACAGAGTACTTTGCTGTCATT

or rat); Id4(3′:GATGAAGGCGGTGAGCCCGGTG; 5′:
ACAGCATTCTCTGCCGCTGA for mouse and 3′: TTCT-
GAGATGAAGGCGGTGAGCCCGGT G; 5′: TTTCGCG-
TCAGCGGCACAGAATGCTGTC for rats); p21(3′: GTC-
AATCCTGGTGATGTCCGA; 5′: TTGGTCTTCTGCAA-
AGAAA); actin(3′: TGGAATCCTGTGGCATCC; 5′:
CGTACTCCTGCTTGCTG); Olig1(3′: ATGAGCTGGT-
GGTTACAGG; 5′: CACCAGCTGGGAGAGAGAAC);
lig2(3′: CTGGTGTCTAGTCGCCCATC; 5′: CACCAGT-
GCTTCATCTCCT); Nkx2.2(3′: GGGTTTTCAGTCAA-

GACA; 5′: TGTACTGGGCGTTGTACTGC for mouse

nd 3′: GTCGCTGACCAACACAAAGACGGG; 5′: GGTT-
GCCGTCCCTGACCAAGAC for rat); Sox10(3′: GACCA-
TACCCTCACCTCCA; 5′: CCCCTCTAAGGTCGGGAT-

t
c
C
K

ging 29 (2008) 452–463

G for mouse and 3′: GGAGCAAGACCTATCAGAGGT;
′: CAAAGGTCTCCATGTTGGACA for rat); Mash1(3′:
TTCCTTAAGGCCTCTGGCT; 5′: GAACCCGCCATA-
AGTTCAA).

.5. Densitometric analysis

Densitometry of the RT-PCR bands was analyzed using
mageJ Software, a PC version of the NIH Image program.
he density of the actin bands was used to standardize the
ensity of the respective RT-PCR products. The density val-
es of bands from young mice or oligodendrocyte progenitors
ere arbitrarily set as 100%. The relative change of intensity
f the RT-PCR bands was shown as mean ± S.D. Significance
as calculated using Student’s t-test.

.6. Primary cultures and TSA treatment

Oligodendrocyte progenitors were isolated from the cor-
ex of postnatal day 1 rats, and cultured according to

cCarthy and de Vellis (1980). After shaken from the flasks,
rogenitors were labeled with the A2B5 antibody and fur-
her purified using magnetic beads (Miltenyi Biotec, Auburn,
A), as described in Liu et al. (Liu et al., 2005). Cells were
aintained proliferating by the addition of bFGF and PDGF

10 ng/ml) in Sato medium (DMEM, 100 �g/ml albumin,
00 �g/ml apo-transferrin, 16 �g/ml putrescine, 0.06 ng/ml
rogesterone, 40 ng/ml selenium, 5 �g/ml insulin, 1 mM
odium pyruvate, 2 mM l-glutamine, 100 units/ml penicillin,
00 �g/ml streptomycin). The removal of mitogens from the
edium (mitogen withdrawal) was considered as the start of

ifferentiation. Treatment with trichostatin A (TSA, 5 ng/ml),
as initiated when the culture medium was replaced with
itogen-free chemically defined Sato medium.

. Results

We have previously shown that the generation of oligo-
endrocytes requires an increase in myelin gene expression
nd a decrease in the levels of transcriptional inhibitors
hat correlates with the acquisition of an “epigenetic mem-
ry”, consisting of histone deacetylation followed by histone
ethylation (Shen et al., 2005). To test the hypothesis that

ging affects the molecular mechanism responsible for the
aintenance of this “memory” in oligodendrocyte lineage

ells, we assessed the occurrence of global repressive his-
one methylation in the nuclei of CC1+ oligodendrocytes
n the largest white matter tract of the brain, the corpus
allosum (Fig. 1). In the initial experiments, a total of 18
57Bl/6J mice age 3 weeks, 8 weeks and 8 months and of
ither gender (n = 3 per gender and age) were sacrificed and

he brains cryopreserved. Coronal brain sections were pro-
essed for immunohistochemistry, using antibodies against
C1 to identify oligodendrocytes and against dimethylated
9 on histone H3 to identify the secondary modifications that
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Fig. 1. Age-dependent loss of repressive histone methylation in oligodendrocyte lineage cells. High magnification view of representative confocal imaging of
the medial corpus callosum in coronal brain sections from 3-week-old (panels A–C), 8-week-old (panels D–F), and 8-month-old (panels G–I) mice. Sections
were immunostained with antibodies against oligodendrocyte surface marker CC1 (red in panels A, C, D, F, G and I) and against dimethylated lysine 9 residues
on histone H3 (green in panels A, B, D, E, G and H). Nuclei were visualized with DAPI (blue). Note the progressive decline of immunoreactive nuclei for
r H3) occ
p f CC1+
t b versio
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epressive histone methylation (dimethylated lysine 9 residues on histone
ercentage of Methyl-K9-H3+/CC1+ cells normalized by the total number o
he references to colour in this figure legend, the reader is referred to the we

ffect specific repressive lysine residues in nucleosomal his-
one H3 (Fig. 1A–I). While more than half of the nuclei of
C1+ cells (59.5 ± 5.5%) in 3 week young mice were charac-

erized by intense nuclear staining for methylated K9 histone
3 (Fig. 1A–C and J), only few CC1+ cells (22.77 ± 1.57%)

howed dimethylated histone H3 in the nuclei of 8-month-old
ice (Fig. 1G–I and J). Besides the decreased percentage of
C1+ oligodendrocytes expressing methylated histone H3

n the older mice, also the expression levels of methylated
istone H3 were significantly lower in 8-month-old brain
Fig. 1H) compared to younger mice (Fig. 1B). Thus, repres-
ive global histone methylation decreases with age.

Since during developmental myelination the repressive
ethylation of lysine 9 in histone H3 is preceded by the

emoval of acetyl groups (Shen et al., 2005), we asked
hether the age-dependent decrease of global histone methy-

ation was associated with defective histone deacetylation
nd corresponding increased acetylation. For this reason,
rain sections from C57Bl/6 mice of increasing age and
f both genders were processed for immunohistochemistry
sing antibodies specific for the acetylated form of histone H3
Supplementary Fig. 1A–F) or for acetylated lysine residues
Supplementary Fig. 1G–L). In agreement with the model
roposed for developmental myelination, our results showed
n inverse correlation between decreased lysine methylation
n histone H3 and increased lysine acetylation. A minimum
f three mice per gender was used in each age group and
he number of acetylated nuclei was counted in white mat-
er tracts analyzed at the corresponding anatomical levels in
t least three sections per animal (Supplementary Fig. 1M
nd N). The results were then normalized by total number of
API+ nuclei in the same region. This quantification revealed

statistically significant increase (p < 0.001) in the percent-

ge of acetylated nuclei in the corpus callosum of old male
57Bl/6 mice (x = 67.67 ± 3.01%, average ± S.D. of total
API+ cells) compared to young mice of the same gender

o
T
o
d

urring as part of the aging process. The bar graphs (panel J) indicate the
cells (**p < 0.01) (scale bar = 10 �m, 63× objective). (For interpretation of
n of the article.)

x = 24 ± 2.65% average ± S.D. of total DAPI+ cells). A sim-
lar trend was observed in old females (x = 74.67 ± 4.51%
verage ± S.D. of total DAPI+ cells) compared to younger
nes (x = 23 ± 2.65% average ± S.D. of total DAPI+ cells).
o further confirm that the increased number of nuclei

mmunoreactive for acetyl lysine reflected changes occur-
ing in the oligodendrocyte lineage cells, we further analyzed
ections by double immunohistochemistry, using the CC1
ntibody to identify differentiating and mature oligodendro-
ytes (Fig. 2A–F). Although a small portion of Aclys+/CC1+
double positive) cells were typically detected in young
ice (x = 23.97 ± 1.05% average ± S.D. of total CC1+cells),

here was a remarkably greater proportion of Aclys+/CC1+
ouble positive cells in older mice (x = 73.33 ± 2.08% aver-
ge ± S.D. of total CC1+ cells (Fig. 2G). From these data we
onclude that aging oligodendrocytes undergo a progressive
ecline of the mechanisms associated with transcriptional
epression (i.e. histone methylation and deacetylation) and a
orresponding increase of histone modifications associated
ith active transcription (i.e. histone acetylation).
The enzymatic activity responsible for the removal of

cetyl group from lysine residues of nucleosomal histones
s provided by a family of proteins called histone deacety-
ases (HDACs) that can be grouped into two subgroups,
epending on their responsiveness to specific pharmaco-
ogical inhibitors. Classes I and II HDACs are specifically
nhibited by trichostatin A (TSA), while class III activity
s responsive to sirtinol. To begin understanding whether
ncreased level of histone acetylation observed during the
ging process was the consequence of decreased HDAC activ-
ty, we performed enzymatic assays on brain extracts from
-week-old (n = 6) and 8-month-old (n = 6) C57Bl/6 mice

f either gender, using a fluorimetric method (Fig. 3A–B).
his revealed a 32.7% decrease of total HDAC activity in
ld females compared to young ones (Fig. 3B), and a 50%
ecrease in old males compared to young ones (Fig. 3A). To
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Fig. 2. Acetylation is detected at low level in the nuclei of oligodendrocyte in the brain of young mice, but is a common finding in the brain of aged mice.
Confocal images of the medial corpus callosum from C57Bl/6 mice of different age and gender (3 weeks: A and B; 8 weeks: C and D; 8 months: E and F;
female: A, C and E; male: B, D and F), immunostained with antibodies specific for acetylated lysine residues (Aclys, green) and for the antibody identifying
mature oligodendrocytes (CC1, red). (Panel G) Bar graphs represent the results of the double Aclys+ CC1+ cell counts normalized by total number of CC1+
cell count (***p < 0.001). Note that in young mice the majority of the nuclei of the CC1+ oligodendrocytes have deacetylated proteins, as indicated by the lack
o wever, t
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f immunoreactivity for Aclys antibodies (panels A and B). With aging, ho
orpus callosum, until the majority of the cells have acetylated nuclei (panel
o colour in this figure legend, the reader is referred to the web version of th

ain insight regarding the subgroup of histone deacetylase
ffected during the aging process, we repeated the experiment
y adding to the protein extracts increasing concentrations of
he classes I and II inhibitor TSA (Fig. 3C) or of the class III
nhibitor sirtinol (Fig. 3D). In agreement with the major role
f classes I and II HDACs in contributing to the total HDAC
ctivity, we observed that TSA inhibited HDAC activity in
hole cell lysates in a dose dependent fashion. We detected a
5% reduction of the enzymatic activity at concentrations of
SA below the IC50 of the compound (IC50 = 125–250 nM)
nd more than 95% reduction at 500 nM (Fig. 3C). In con-
rast, the enzymatic activity of whole cell lysates from the
orpora callosa of young and old mice was only partially
ecreased by concentrations of sirtinol (Fig. 3D) above the
C50 of this pharmacological inhibitor (IC50 = 40 �M). Since
lasses II and III HDACs are mainly cytosolic (Shen et al.,
005; Southwood et al., 2006) while increased histone acety-
ation was detected in the nuclei of aging oligodendrocytes,
e conclude that the decreased HDAC activity detected in
lder mice was to be attributed to class I HDACs.

The decreased HDAC enzymatic activity observed in

rotein extracts from aged brains could be attributed to a
unctional block or decreased protein expression. To dis-
inguish between these two possibilities we asked whether
he expression of classes I and II HDACs in oligodendro-

s
w
d
l

here is a progressive increase of double-positive Aclys+/CC1+ cells in the
F) (scale bar = 10 �m, 63× objective). (For interpretation of the references

e.)

ytes were affected by the aging process. For this purpose,
oronal brain sections from aging C57Bl/6 mice were pro-
essed for immunohistochemistry using antibodies against
pecific HDAC isoforms of class I (Fig. 4) and of class II
Fig. 5). Although we observed a generalized age-dependent
ecrease of HDAC expression (Fig. 4D, H, L, P), only class I
DACs showed a nuclear localization (Fig. 4), while class II
DACs were either absent from oligodendrocytes or primar-

ly cytosolic (Fig. 5). Since defective histone deacetylation
as observed in the nuclei of CC1+ cells in older mice, we

onclude that the decreased expression of class I HDACs
s primarily responsible for the defective removal of acetyl
roups from lysine residues on histone H3 observed in oligo-
endrocyte lineage cells in the aging brain.

Together all these data indicate that the aging process
as associated with the decreased ability of mature oligo-
endrocytes to retain repressive changes of nucleosomal
istones that have been shown to affect the regulation of
ene expression. To determine whether the age-dependent
ecline in histone methylation and deacetylation was also
ssociated with aberrant gene expression, we performed a

emi-quantitative RT-PCR of RNA samples isolated from
hite matter tracts of younger and older mice, using con-
itions that allowed the detection of transcripts within the
inear range (Fig. 6A). A prominent finding of our study
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Fig. 3. The age-dependent increase of histone acetylation correlates with the progressive decrease of HDAC activity. (Panels A and B) Enzymatic HDAC
activity was measured in whole cell brain lysates (WCL) from male (A) and female (B) C57Bl/6 mice of different ages, using a fluorimetric assay based
on the release of conjugated-acetyl group from acetylated histone substrates. (Panel C) To define the relative contribution of classes I and II HDACs to the
activity present in extracts of the corpus callosum, increasing concentrations of the HDAC pharmacological inhibitor TSA were added during the incubation
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f the extracts with the acetylated substrates. (Panel D) To define the relativ
ncreasing concentrations of the pharmacological inhibitor sirtinol, were ad
**p < 0.001).

as the age-dependent decrease of oligodendrocyte-specific
ranscription factors, including Sox10 and Olig2, but not

ash1, Sox11 and Olig1 (Fig. 6B–C), in older mice com-
ared to younger ones. This decrease in the expression
evels of these transcriptional activators was paralleled by
he detection of statistically higher levels of transcriptional
nhibitors (i.e. Hes5, Id4 and Nkx2.2) and precursor mark-
rs (i.e. Sox2) in aging mice compared to younger controls
Fig. 6D–E). Since the expression levels of these inhibitors
uring oligodendrocyte progenitor differentiation is depen-
ent on histone deacetylase activity (Shen et al., 2005), we
ypothesized that that aging would allow the re-expression
f inhibitors in mature oligodendrocytes. To test this hypoth-
sis we performed immunohistochemistry of white matter

racts of young and old mice with antibodies specific for
he precursor markers (Sox2), a molecule that is epigeneti-
ally down-regulated during the differentiation of progenitors
nto mature oligodendrocytes (Fig. 7A). In agreement with

p
t
o
t

bution of class III to the activity present in extracts of the corpus callosum,
ing the incubation of the extracts with the acetylated substrates (**p < 0.01;

he prediction that loss of epigenetic memory results in the
e-expression of progenitor molecules in mature cells, we
etected greater number of Sox2+/CC1+ cells in aged mice,
finding that was rarely observed in young animals (Fig. 7A).
o further confirm that the increased levels of Hes5 and
d4 detected in older mice resulted from defective epige-
etic memory, rather than accumulation of oligodendrocyte
rogenitors, we performed additional immunohistochemical
xperiments using antibodies specific for progenitor mark-
rs, such as PDGFR alpha (Fig. 7B) and NG2 (Fig. 7C).
lthough fewer progenitors were detected in all the white
atter tracts of older mice compared to the young ones, the

ecline in progenitor number was more evident in specific
egions (i.e. the corpus callosum) than others (i.e. cerebellar

eduncles) (Fig. 7C). Together, these results suggested that
he epigenetic memory loss detected in oligodendrocytes of
lder mice resulted in changes of gene expression, including
he up-regulation of transcriptional inhibitors.
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Fig. 4. Progressive decrease of class I HDAC expression in the medial corpus callosum of aged mice. Confocal images of coronal brain sections stained
with antibodies against the class I histone deacetylases HDAC1 (A–C), HDAC2 (E–G), HDAC3 (I–K) and HDAC8 (M–O) and against the cell surface
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To further test this hypothesis in an in vitro system, we
sed primary cultures of oligodendrocyte progenitors. When
aintained in the presence of mitogens, such as PDGF and

FGF, these cells actively proliferate and are characterized
y high levels of expression of transcriptional inhibitors of
he bHLH family, including Hes5, Id2, and Id4 (Fig. 8A).
n addition, these cells express the transcriptional activator
ox10 and the homeodomain protein Nkx2.2 (Fig. 8A). Upon
emoval of mitogens from the medium, these cells promptly
xit from the cell cycle and down-regulate the levels of Hes5,
d2, and Id4, while the levels of Sox10 and Nkx2.2 do not
hange significantly (Fig. 8A and B). In the presence of the
istone deacetylase inhibitor TSA, the cells are still able to
xit from the cell cycle, but the levels of Hes5, Id2, and
d4 remain elevated and this translates into greater protein
evels of these inhibitors (Fig. 8C). Thus, treatment of dif-
erentiating oligodendrocytes with HDAC inhibitors mimics
he results obtained from our studies of transcription factor
xpression in white matter tracts of aged mice.

Together our findings identify modification of chromatin

omponents occurring in oligodendrocytes that indicate a
rogressive loss of the epigenetic memory. The resulting
hanges in gene expression detected in older oligodendro-
ytes compared to young ones may provide a mechanistic
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(panels D, H, L and P) represent the results of the corresponding double
01). (For interpretation of the references to colour in this figure legend, the

xplanation for the changes of the functional properties of
ligodendrocytes in the aged brain.

. Discussion

Older subjects are more susceptible than younger ones
o pathogenic stimuli. Previous studies have addressed the
ecreased repair ability of cells in several organs, including
kin1 (Ashcroft et al., 1995; Gerstein et al., 1993), mus-
les (Goldspink, 2004), blood vessels (Heiss et al., 2005;
auscher et al., 2003), eye lens (Vrensen, 1995), and the
rain (Shields et al., 1999; Sim et al., 2002). The progressive
ecline of the ability to repair demyelinating lesions, with
ncreasing age (Shields et al., 1999; Sim et al., 2002), has
een attributed to the inefficient recruitment of progenitors to
he lesion site (Sim et al., 2002), the insufficient production of
pecific growth factors (Hinks and Franklin, 2000) or differ-
ntiation factors (Sim et al., 2002). However, the mechanisms
esponsible for the age-related increase in the susceptibil-

ty to pathogenic stimuli have not been investigated. In this
tudy, we focused on age-related changes of the intrinsic
roperties of oligodendrocyte lineage cells, and identify the
rogressive loss of the “epigenetic memory” that is stored in
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Fig. 5. Progressive decrease of class II HDAC expression, in the medial corpus callosum of aged mice. Confocal images of coronal brain sections stained
with antibodies against the class II histone deacetylases HDAC4 (A–C), HDAC5 (E–G), HDAC6 (I–K) and HDAC7 (M–O), and against the cell surface
oligodendrocytic marker CC1 (red) (scale bar = 10 �m, 63× objective). Bar graphs (panels D, H, L and P) represent the results of the corresponding double
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he chromatin of oligodendrocytes and that modulates gene
xpression.

The concept of a molecular “memory” regulating the
attern of gene expression is a very well characterized
henomenon in the study of imprinting and inheritance of
arental traits (Bantignies and Cavalli, 2006; Heard et al.,
001; Smith et al., 2001; Zhou et al., 2005). In the oligo-
endrocyte lineage, we have previously shown that global
hromatin changes occur during developmental myelination
Shen et al., 2005) and that chromatin rearrangements are crit-
cal for the differentiation of oligodendrocytes (Kondo and
aff, 2004; Liu et al., 2006; Marin-Husstege et al., 2002).
e reported that oligodendrocyte “epigenetic memory” is

stablished in two steps, characterized by deacetylation of
ysine residues in the tails of nucleosomal histones followed
y the more stable histone methylation (Shen et al., 2005).
n this study, we show that these two events required for the
stablishment of the oligodendrocyte epigenetic memory (i.e.
istone methylation and histone deacetylation) are defective

n the aged mice. We also show that this functional decline
s consequent to decreased levels of the enzymatic activi-
ies responsible for these chromatin changes. Since these
hromatin changes during developmental myelination cor-
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indicated area. Note that class II expression is very weak comparatively to
colour in this figure legend, the reader is referred to the web version of the

elate with the decline of transcriptional inhibitors, the loss
f the epigenetic memory during the aging process is con-
istent with the heterochronic expression of transcriptional
nhibitors in mature cells. The high levels of histone acety-
ation detected in the nuclei of mature oligodendrocytes in
he corpus callosum of older mice correlated with the detec-
ion of high levels of transcriptional inhibitors (i.e. Hes5,
d4), and the persistent expression of markers of the precur-
or stage (i.e. Sox2). These results are indicative of significant
nd important repercussions on gene expression consequent
o changes of levels and activity of chromatin modifying
nzymes. The re-activation of gene expression is not a ran-
om phenomenon, but rather it is selective for those genes
hose levels progressively decrease during development, due

o the establishment of the “epigenetic memory”. Among
he differentiation inhibitors, for instance, only Id4 is upreg-
lated, while the expression levels of the family member
d2 are not affected. Similarly, among the transcriptional
ctivators of oligodendrocyte differentiation, Olig2 is down-

egulated, while its homologue Olig1 was not affected. The
attern of gene expression observed in the aging brain, char-
cterized by decreased Olig2 expression concomitant with
kx2.2 upregulation is reminiscent of the pattern detected
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Fig. 6. Increased expressions of transcriptional inhibitors in the aging corpus callosum. (Panel A) Amplification of actin message using progressive dilutions and
increasing concentrations of the cDNA indicates that the results shown in panels B and D are collected within the linear range. (Panel B) mRNA expression of
several oligodendrocyte differentiation activators from the RNA extraction of young (8 weeks) and old (8 months) mice corpus callosum. (Panel C) Densitometric
analysis of the results shown in panel B. (Panel D) mRNA expression of transcriptional inhibitors of RNA extracted from the corpus callosum of young (8
weeks) and old (8 months) mice. (Panel E) Densitometric analysis of the data shown in panel D (*p < 0.05; **p < 0.001).

Fig. 7. Aberrant expression of Sox2 in CC1 positive cells. (Panel A) Confocal images showing protein expression of Sox2 (green) in mature oligodendrocytes
identified by CC1+ immunoreactivity (red) in young (8 weeks) and old (8 months) mice. Arrows indicate the Sox2/CC1 double positive cells (scale bar = 10 �m,
objective 63×). (Panel B) Confocal image showing the decreased expression of PDGFR� expression (green) in the corpus callosum of older mice (8 m) compared
to young ones (8w). (Panel C) Confocal image of NG2+ oligodendrocyte progenitors (green) in the corpus callosum and cerebellar peduncles of young (8
weeks) and old (8 months) mice. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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Fig. 8. The pattern of gene expression detected in the corpus callosum of older mice can be recapitulated in vitro by treating differentiating oligodendrocytes
with pharmacological inhibitors of HDAC. (Panel A) mRNA expression of the indicated transcription factors in RNA samples isolated from primary cultures
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n ventral neural progenitors of zebrafish lacking (Cunliffe
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ty for the establishment of the epigenetic memory of gene
xpression in developing oligodendrocytes. Therefore, we
ypothesize that with aging, the progressive decline of the
nzymatic activity responsible for the expression profile in
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rocytes in young animals. In agreement with a critical role
f HDAC in the establishment of this “epigenetic memory”,
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nhibitors show a pattern of gene expression that is similar
o the one observed in the aging brain. Thus, we propose
hat aging modifies the intrinsic properties of oligodendro-
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nd inducing global changes of gene expression.

It is important to mention here that “global” changes in
ene expression imply the dysregulated expression of sev-
ral inhibitors and therefore have a much greater functional
mpact on the cell than changes in the expression of single

olecules.
Finally, we would like to mention that, although the
nvolvement of class III deacetylases, SIRTs, in aging had
een previously reported in yeast and worms (Bitterman
t al., 2003; Guarente, 2000), this is the first report of the
nvolvement of class I HDACs in the aging brain.
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The data presented in this study provide a molecu-
ar explanation to the decreased responsiveness of the
ells to extracellular factors and suggest that chromatin
odifications and changes in the “epigenetic memory” of

he cells may have very profound effects on therapeutic
utcomes.
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