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Abstract
Disruption of remyelination contributes to neurodegeneration and cognitive impairment in chronically disabled patients. Valproic
acid (VPA) inhibits histone deacetylase (HDAC) function and probably promotes oligodendrocyte progenitor cell (OPC) pro-
liferation and differentiation; however, the relevant molecular mechanisms remain unknown. Here, focal demyelinating lesions
(FDLs) were generated in mice by two-point stereotactic injection of lysophosphatidylcholine (LPC) into the corpus callosum.
Cognitive functions, sensorimotor abilities and histopathological changes were assessed for up to 28 days post-injury with or
without VPA treatment. Primary OPCs were harvested and used to study the effect of VPA on OPC differentiation under
inflammatory conditions. VPA dose-dependently attenuated learning and memory deficits and robustly protected white matter
after FDL induction, as demonstrated by reductions in SMI-32 and increases in myelin basic protein staining. VPA also promoted
OPC proliferation and differentiation and increased subsequent remyelination efficiency by day 28 post-FDL induction. VPA
treatment did not affect HDAC1, HDAC2 or HDAC8 expression but reduced HDAC3 protein levels. In vitro, VPA improved the
survival of mouse OPCs and promoted their differentiation into oligodendrocytes following lipopolysaccharide (LPS) stimula-
tion. LPS caused OPCs to overexpress HDAC3, which translocated from the cytoplasm into the nucleus, where it directly
interacted with the nuclear transcription factor PPAR-γ and negatively regulated PPAR-γ expression. VPA decreased the
expression of HDAC3 and promoted remyelination and functional neurological recovery after FDL. These findings may support
the use of strategies modulating HDAC3-mediated regulation of protein acetylation for the treatment of demyelination-related
cognitive dysfunction.
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Introduction

The white matter is mainly composed of myelinated nerve
fibres that play essential roles in signal transduction and com-
munication among different brain regions [1]. At present, a
large number of nervous system diseases, such as neonatal
brain white matter abnormalities, Alzheimer’s disease (AD),
multiple sclerosis (MS), and Huntington’s disease, are known
to be related to the loss of white matter; in addition, ischemic,
haemorrhagic and traumatic brain injury are related to white
matter loss [2, 3]. Most patients with myelination deficiencies,
such as MS, initially appear to have relapsing-remitting dis-
ease courses, but the diseases eventually evolve into second-
ary gradual deterioration and exhibit incomplete recovery.
During central nervous system (CNS) demyelination and
remyelination processes, oligodendrocytes, which are

Lingzhi Ding, Jiamin Zhou and Lisa Ye contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12035-020-02060-8) contains supplementary
material, which is available to authorized users.

* Zhenglin Jiang
jiangzl@ntu.edu.cn

* Guohua Wang
wgh036@hotmail.com

1 Department of Neurophysiology and Neuropharmacology, Institute
of Special Environmental Medicine and Co-innovation Center of
Neuroregeneration, Nantong University, 9 Seyuan Road,
Chongchuan District, Nantong 226019, Jiangsu, China

https://doi.org/10.1007/s12035-020-02060-8

/ Published online: 15 August 2020

Molecular Neurobiology (2020) 57:4810–4824

http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-020-02060-8&domain=pdf
https://orcid.org/0000-0002-4810-8534
https://doi.org/10.1007/s12035-020-02060-8
mailto:jiangzl@ntu.edu.cn
mailto:wgh036@hotmail.com


generated from endogenous oligodendrocyte precursor cells
(OPCs), are not only the first direct targets of insults but also
the major myelin-producing and myelin-maintaining cells [4].
It is believed that oligodendrocyte structure is important for
the maintenance of neuronal integrity as well as for mediation
of neuronal function. Although OPCs are crucial for myelin
repair and ultimately provide neuroprotective effects [5], they
usually fail to differentiate and mature in demyelinating and
inflammatory environments. Previous studies have revealed
that the reasons for failure may include excessive consump-
tion of the OPC pool during remyelination or inhibition of
OPC differentiation and maturation under pathological condi-
tions [6]. Unfortunately, the recovery process for white matter
in the adult brain disrupts sensorimotor function and elicits
profound neurobehavioural and severe cognitive impairments.
It has been shown that white matter integrity during CNS
repair is important for long-term recovery after myelin dam-
age [7]. Hence, traditional therapies targeting neurons alone
are inadequate; CNS repair requires the enhancement of the
remyelination process.

Some variations in the conformation of chromosomes are
due to core histone acetylation, which plays a crucial role in
regulating gene expression in eukaryotes [8]. Thus far, many
studies on intracellular protein acetylation have shown that
histone acetylation levels are decreased in various neurode-
generative diseases [9, 10]. Given this evidence, histone
deacetylase (HDAC) inhibitors (HDACIs) have been devel-
oped. Numerous studies have revealed that HDACIs charac-
teristically inhibit HDAC activity reversibly or irreversibly by
binding to their catalytic centres. This mechanism has been
extended tomany regulators of gene transcription. In addition,
HDACIs can cause excessive acetylation of target proteins
under pathological conditions to correct aberrant disease
states. Such excessive acetylation induces a series of biologi-
cal effects, including chromosome reconstruction, cell cycle
arrest, cell differentiation and transcription factor activation
and inactivation [10, 11]. Furthermore, HDACI treatment re-
duces oligodendrocyte death in the mouse optic nerve, and it
protects neurons, axons and associated glial cells from dam-
age under oxygen and glucose deprivation while preserving
white matter structural integrity [12]. A study on the patho-
genesis of neurodegenerative diseases has indicated that
HDACIs greatly decrease oligodendrocyte loss and my-
elin basic protein (MBP) reductions induced by ischae-
mia in the ipsilateral striatum, corpus callosum (CC)
and frontal cortex [13].

Valproic acid (VPA), also called 2-propylpentanoic acid, is
a short-chain fatty acid and a pan-HDACI. During recent de-
cades, VPA has been used for the treatment of neurological
diseases such as epilepsy, bipolar disorder, schizophrenia and
migraine because of its neuroprotective effects [14, 15]. VPA
exerts its functions via binding of its carboxylic acid group
with metal ions and mainly inactivates HDAC2, HDAC3 and

HDAC8 while increasing the acetylation levels of histone
proteins [16]. Owing to its simple chemical structure, VPA
can easily reach lesions. Furthermore, VPA can promote the
proliferation, differentiation and maturation of neural stem
cells after ischaemia [17]. Since oligodendrocytes are pro-
duced from OPCs or neural stem cells in adults, we hypothe-
sized that OPCs could successfully transform into myelin-
forming oligodendrocytes, strongly accelerate remyelination
and delay demyelinating injury after HDAC inhibition.

The CC, which is positioned at the bottom of the cortex and
is connected to the left and right hemispheres by nerve fibres,
plays crucial roles in learning and memory [18, 19]. Few
studies have investigated the effect of VPA-mediated HDAC
inhibition on the proliferation and differentiation of OPCs
during the inflammation-induced demyelination. In this study,
we investigated whether VPA treatment could improve
remyelination and subsequent sensorimotor and cognitive
function recovery after demyelination by using a simple, reli-
able and inexpensive model of mouse CC demyelination that
has been previously described to exhibit functional and mor-
phological reproducibility and good validity [20]. We also
addressed the potential molecular mechanisms and biological
roles of individual HDAC subtypes during the process of
remyelination.

Materials and Methods

Experimental Animals

Male C57BL/6 mice aged 8–10 weeks and weighing 20–25 g
were provided by the Animal Center of Nantong University.
The mice were given free access to standard rodent food and
water and were maintained in a pathogen-free and climate-
controlled environment with a temperature of 25 ± 1 °C under
12-h light/dark cycles. All experiments were conducted ac-
cording to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and approved by the
Animal Ethics Committees of Nantong University (NU-
2017-39).

Lysophosphatidylcholine-Mediated Induction of Focal
Demyelinating Lesions

Focal demyelinating lesions (FDLs) were generated as de-
scribed in our previous work [20, 21]. Briefly, mice were
administered lysophosphatidylcholine (LPC) (9008-30-4,
Sigma-Aldrich, USA; Fig. 1a) at two injection sites in the
CC with a 10-μl syringe with a 33-gauge needle at a rate of
0.5 μl/min. The target sites for injection were determined ac-
cording to a mouse brain atlas (coordinates, 1 mm lateral and
0.3 and 0.8 mm anterior to the bregma; 2.0 and 2.2 mm deep
relative to the brain surface). Each site was injectedwith 10μg
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of LPC in 4 μl of sterile saline. Sham-operated animals were
injected with equal volumes of saline in double-point
injections.

VPA and BrdU Treatments

The HDACI VPA (as sodium valproate) was dissolved in sterile
saline and administered to mice with induced FDLs at doses of
50 and 100 mg/kg body weight, according to previous reports
[22, 23]. The LPCgroupwas administered saline. Equal volumes
of VPA and saline were injected intraperitoneally once a day
starting 2 h after surgery and every 24 h thereafter for 5 consec-
utive days. According to the experimental design, all animals
were randomly divided into a normal saline solution (sham)
group, an LPC group, an LPC+ 50 mg/kg VPA group and an
LPC + 100 mg/kg VPA group. To label the newly generated
cells, BrdU was dissolved in sterile saline and injected intraper-
itoneally (50mg/kg) according to the schedule of the experimen-
tal design shown in Fig. 1a.

Behaviour Tests

A series of behavioural tests were used to detect spatial learn-
ing ability, memory and sensorimotor deficits; the tests were
performed 5, 10 and 28 days after surgery by observers who
were blinded to the treatments. These behavioural tests includ-
ed the Morris water maze test, Y-maze test, open-field test,
novel object recognition test and rotarod test.

Morris Water Maze Test Cognitive function in mice was
assessed with a standard hidden platform test. Before surgery,
the animals were trained with 4 consecutive trials (starting
from each quadrant) per day for 2 days to enable them to adapt
to the environment. After training, the myelin sheath in the CC
was damaged by 1% LPC treatment, and the test was per-
formed on four consecutive days to detect learning ability by
measuring the escape latency. Following the last day of the
learning test, each animal was placed into the quadrant diag-
onal to the platform and subjected to a probe trial for evaluat-
ing memory. The probe trial was performed with the platform
removed to measure quadrant preference and platform locali-
zation ability. Movement within the maze and the duration
that the animal stayed in the target quadrant were recorded
using a video camera linked to a tracking software.

Open-Field Test This test was initiated on the tenth day. The
open-field box was made of white opaque plexiglass with
dimensions of 50 × 50 × 50 cm. Each mouse was gently
placed into a corner of the box and allowed to move freely
for 2 min, and then a camera was used to record the animal’s
activity for 10 min. After each trial, the apparatus was thor-
oughly cleaned with a 75% ethanol solution to remove resid-
ual odours. For the analysis, the open-field floor was divided
into two zones: the central region, which covered one-quarter
of the total area, and the peripheral region. The following
index parameters were measured: the total distance travelled,
the number of appearances in the central region, the distance

Fig. 1 Dose-dependent protective effects of VPA on neurological
performance in mice at 6 to 10 days and 24 to 28 days after FDL
induction. a Establishment of the FDL model and schematic of the time
points for detection. Left, identification of the two injection sites based on
a mouse brain map. Right, schedule of demyelination modelling and the
time points used in the different experiments. bRepresentative swimming
traces from the Morris water maze test for the learning phase (first line)
and memory phase (second line) at 6–10 days. c and d Latency to locate
the submerged platform for each group of mice in the short-term and
long-term Morris water maze tests. There were significant differences
compared with the LPC group results in the short-term learning ability

test, as shown in the left image of c. VPA at the 100mg/kg dose improved
spatial memory deficits in mice with induced FDLs when the platform
was absent, as shown in the right image of c. dDuring postoperative days
24–28, the mice in the LPC group had weaker memory recall and spent
significantly more time locating the submerged platform than the mice in
the sham group. However, the mice that received VPA treatment
(100 mg/kg) found the platform faster and spent more time in the same
quadrant as the platform than the mice that received LPC alone. The data
are displayed as the means ± SEMs, n ≥ 8 animals/group. *p < 0.05 and
**p < 0.01 for the indicated comparisons or vs. the sham group; #p < 0.05
vs. the LPC group
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travelled, the duration of stay in each zone and the ratio of the
distance travelled in the central region to the total distance.

Novel Object Recognition Test This test was performed in the
open-field arena on the tenth day. Prior to the test, each mouse
was placed in the box for 5 min so it could become familiar
with the environment. At the beginning of the experiment, two
identical objects were placed in two corners of the box, and
the animal was placed on the floor on the other side of the box
and allowed to explore for 5 min. Then, the animal was placed
back into its cage for 10 min. During this time, one of the
objects was replaced with an object of a different colour and
shape, and the other familiar object was moved to another
position to guard against space bias. The mouse was then
allowed to explore around the novel object for 5 min.
Approaching the object or sniffing and licking within 2 cm
of the object was considered exploratory behaviour. The mea-
sured parameters included the time spent exploring around the
familiar object (TF), the time spent exploring around the novel
object (TN) and the recognition index (RI), which was calcu-
lated as follows: RI = TN/(TN + TF). After each trial, the
observer wiped the box with alcohol to eliminate odours.

Y-Maze Test The Y-maze is also known as a three-way radi-
ated labyrinth box. The box used in this study was made of
white opaque plexiglass and shaped like the letter Y with three
arms that were 35 cm long, 5 cm wide and 15 cm high. A
mouse was put in the middle of the maze at the beginning of
the experiment, and a camera was used to record the entries of
the animal into each arm during an eight-minute period.
Movement into any of the three different arms was considered
correct; other activity was considered incorrect. The statistical
index was calculated based on the ratio of correct movements
and the number of entries.

Accelerating Rotarod Test During the test period, motor func-
tion was measured with a rotarod apparatus that accelerated
from 4 to 40 rpm at a constant rate of 1 rpm per 10 s. The
amount of time that passed before each mouse fell off the
rotarod device was recorded for up to 300 s in each of 3 trials.
The mice received preoperative training for 3 days with 3
daily trials separated by 4-h intervals. Postoperative testing
was performed in 3 trials 10 days after FDL establishment,
and the mean latency to fall was analysed.

Protein Extraction and Western Blotting

After mice were anaesthetized, the damaged brain tissue was
removed with bent forceps on ice and placed in 1.5 ml RNase-
free centrifuge tubes. Total protein was lysed and purified
using RIPA buffer (#P0013B, Beyotime, China) in the pres-
ence of the protease inhibitor phenylmethylsulfonyl fluoride
(PMSF, 1 mM, ST506, Beyotime, China). The buffer

contained 50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS and appropriate
concentrations of protease-inhibiting reagents, including sodi-
um orthovanadate, sodium fluoride, EDTA and leupeptin. The
samples were then fully homogenized by trituration and sub-
jected to sonication and centrifugation at 13,000 rpm for
15 min at 4 °C; then, the supernatants were collected. The
protein concentrations were determined with a BCA kit
(RE232694, Thermo, USA) in a microplate reader (BioTek,
VT, USA). The proteins were denatured for 5 min at 95 °C in
the presence of sample buffer. A discontinuous sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
system (P0012A, Beyotime, China) was then used to separate
the proteins before performing transmembrane transfer (onto
PVDF membranes purchased fromMillipore). Next, all mem-
branes were blocked with blocking buffer (5% nonfat dry milk
in TBS containing 0.1% Tween-20) for 2 h at room tempera-
ture and then incubated overnight at 4 °C with primary anti-
bodies against the following proteins: HDAC1 (1:1000,
#PA1-860, Thermo, USA), HDAC2 (1:1000, #ab12169,
Abcam, USA), HDAC3 (1:1000, SAB4503482, Sigma-
Aldrich, USA), HDAC8 (1:1000, #PA5-11243, Thermo,
USA), acetyl-histone H4 (1:1000, #13944, CST, USA),
acetyl-histone H3 (K12, 1:1000, #8173, CST, USA),
PPAR-γ (1:2000, ab59256, Abcam, USA), β-actin
(1:10000, A2228, Sigma-Aldrich, USA) and GAPDH
(1:2000, G9545, Millipore, USA). The blots were then incu-
bated with different HRP-conjugated secondary antibodies for
2 h at room temperature after washing with 0.1%TBS/Tween-
20 3 times. The immunoreactive bands were visualized using
a Chemiluminescent HRP Substrate Kit (1431401, Millipore,
USA) and quantified with the ImageJ software to determine
the differences in protein expression among the different
groups.

Nuclear Protein Extraction

Nuclear protein extracts of primary OPCs were prepared using
the NE-PER nuclear extraction kit (Fisher Scientific, USA), as
described previously [24]. Cells were washed with ice-cold
PBS and then transferred to prechilled 1.5 ml Eppendorf tubes
on ice. The cells were pipetted up and down several times to
disrupt cell clumps, after which the samples were centrifuged
at 500×g for 5 min. The supernatant was removed from each
pellet, and the pellet was resuspended in 400μl of cytoplasmic
extraction reagent I with protease inhibitors and then incubat-
ed for 10 min on ice. Subsequently, the samples were added to
22 μl of ice-cold cytoplasmic extraction reagent II before a 5-
min centrifugation step at 14,000×g. The supernatant contain-
ing the cytoplasmic fraction was removed, and the nucleus-
enriched pellet was resuspended in 200 μl of nuclear extrac-
tion reagent and then incubated on ice for 40 min. Following a
final centrifugation step at 14,000×g for 10 min, the protein
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concentration in the supernatant containing the nuclear protein
extract was measured with a BCA assay. The extracts were
kept at − 80 °C for future use.

Tissue Section Preparation and Immunofluorescence
Analysis

All procedures were performed at room temperature unless
otherwise noted. Brain tissue was harvested after transcardial
perfusion of a physiological saline solution containing heparin
sodium followed by 0.01 M phosphate-buffered saline (PBS,
pH 7.4) containing 4% paraformaldehyde. The tissues were
postfixed overnight at 4 °C and then cryoprotected overnight
at 4 °C in 0.01M PBS containing 30% sucrose. Then, 25-μm-
thick transverse sections were cut from frozen tissue at −
19 °C with a freezing cryostat (CM1900UV, Leica,
Germany). For immunofluorescence analysis, free-floating
sections were first blocked to prevent nonspecific binding
for 1 h at room temperature in 0.01 M PBS containing 5%
normal donkey serum (Jackson ImmunoResearch
Laboratories, USA) and 0.3% Triton X-100. Then, the sec-
tions were incubated with adenomatous polyposis coil (APC)
(1:200, OP80, Calbiochem, USA), oligodendrocyte transcrip-
tion factor 2 (Olig2) (1:500, AB9610, Millipore, USA), NG2
(1:200, MAB5384, Millipore, USA), MBP (1:500, Abcam,
Cambridge, UK), anti-nonphosphorylated neurofilament H
(SMI-32; 1:500, Calbiochem, MilliporeSigma, USA) and
BrdU (1:500, ab6326, Abcam, UK) antibodies at 4 °C over-
night. Next, the sections were incubated with corresponding
secondary antibodies conjugated with fluorophores and dilut-
ed in the same solution before being mounted with DAPI
Fluoromount-G (K3215-YB35B, SouthernBiotech, USA).
For BrdU immunolabelling, brain sections were incubated in
2 N HCl for 30 min at room temperature and then processed
via the immunostaining protocol described above. Finally,
confocal images were captured under a Leica TCS SP8 con-
focal microscope and analysed with the LAS X software ver-
sion 2.0.

Luxol Fast Blue Staining

Luxol Fast Blue (LFB) staining was used to evaluate demye-
lination and remyelination levels at the lesion sites. Sections
around the injection site were selected from each group and
stained with an LFB kit (#KTLFB, American MasterTech,
USA). The sections were then rinsed in distilled water and
incubated in an LFB stain solution preheated to 60 °C for
1 h. The sections were dipped several times into 0.05% lithi-
um carbonate followed by 70% alcohol until the grey matter
and white matter could be differentiated. The sections were
then washed in distilled water, dehydrated in a graded series of
alcohols, cleared with three rinses in fresh xylene, mounted

with permanent mountingmedium, coverslipped and screened
by microscopy.

Electron Microscopy

Mouse brain tissue was dissected and fixed overnight in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4). The tis-
sues were postfixed with 1% osmium tetroxide and embedded
in Epon. Semithin (0.5 μm) and ultrathin (60 nm) sections
were prepared for imaging using Reichert-Jung ultramicro-
tomes. Toluidine blue-stained semithin sections were exam-
ined by light microscopy (with a BX51 Olympus microscope
equipped with an Optronics Microfire digital camera). The
ultrathin sections were examined by transmission electron mi-
croscopy using an FEI Tecnai Spirit G2 BioTWIN micro-
scope equipped with a bottom-mounted Eagle 4 k (16-
megapixel) camera.

Quantitative Real-Time PCR

Mice under anaesthesia were perfused intracardially with
precooled physiological saline solution, and their brains were
quickly removed. Total RNA was isolated from the
demyelinated lesions using TRIzol Reagent (15596-018,
Ambion by Life Technologies) according to the manufac-
turer’s instructions. The RNA was then reverse transcribed
to generate cDNA using a RevertAid First Strand cDNA
Synthesis Kit (K1622, Thermo, USA). Quantitative real-time
PCR (qRT-PCR) analysis was performed to determine the
mRNA levels of HDAC1, HDAC2, HDAC3, HDAC8,
TNF-α and IL1-β in brain tissue from the four groups of mice
(the NS, LPC, LPC + 50 mg/kg VPA and LPC + 100 mg/kg
VPA groups) using FastStart Universal SYBR Green Master
Mix (04913914001, Roche Diagnostics GmbH, USA) with
the primers listed in Table 1. Standard curves for the genes
of interest were generated with serial dilutions of mouse
cDNA. The qRT-PCR program included a step at 95 °C for
10 min and 40 cycles of 95 °C for 15 s and 60 °C for 60 s.

Table. 1 Primer sequences

Name (mouse species) Primers used in PCR (from 5′ to 3′)

HDAC1 forward CAGACTCAGGGCACCAAGAGGAAA

HDAC1 reverse GGGTGCCCTTGTCCATAATAGTAG

HDAC2 forward AGACAAATCCAAGGACAATAGTGGT

HDAC2 reverse CAAATTCAAGGGTTGCTGAGTTGT

HDAC3 forward CAATCTCAGCATTCGAGGACATG

HDAC3 reverse
HDAC8 forward
HDAC8 reverse
GAPDH forward
GAPDH reverse

GCAACATTTCGGACAGTGTAGCC
CAATCCGAAGGCAGTGGTT
GCCAGCTGCCACTGTAGG
GTAAGAAACCCTGGACCACCC
AGGGAGATGCTCAGTGTTGG
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GAPDH expression was used as a normalization control, and
the ΔΔCT method was applied to compute gene expression
fold changes. The data are shown as the mean ± standard error.

Primary Progenitor Cell Culture and Differentiation

Primary OPCs were harvested from postnatal day (P) 0-P2
mouse pup cortices. Briefly, the skin and skull of each pup
were cut along the midline, and the brain was cut out and
placed into a Petri dish with a sufficient volume of prechilled
HBSS without Ca2+ or Mg2+. Afterwards, the cortices were
isolated under a stereomicroscope and transferred into a 10-
cm2 Petri dish containing HBSS without Ca2+ or Mg2+. All of
the cortices were weighed and transferred into gentleMACS C
tubes with preheated Enzyme Mix 1 (Enzyme P in Buffer X),
after which Enzyme Mix 2 (Enzyme A in Buffer Y) was
added. The cells were incubated in a gentleMACS
Dissociator. The reagents used to prepare Enzyme Mix 1
and Enzyme mix 2 were included in a Neural Tissue
Dissociation Kit with papain (130-092-628, Miltenyi Biotec,
Bergisch Gladbach, Germany). OPC separation was per-
formed with a mouse CD140a (PDGFRα) MicroBead Kit
(130-101-502) according to the manufacturer’s instructions.
The chemically defined OPC basal medium contained 4 mM
GlutaMAX, 1 mM sodium pyruvate, 0.1% BSA, 50 μg/ml
apotransferrin, 5 μg/ml insulin, 30 nM sodium selenite,
10 nM D-biotin, 10 nM hydrocortisone, 10 ng/ml PDGF-
AA and 10 ng/ml bFGF. The cells were pretreated with one
of three different concentrations of VPA (0.3, 1.0, or 3 mM)
for 30 min. Lipopolysaccharide (LPS, L2630, Sigma-Aldrich,
USA; 5 μg/ml) was then added, and the cells were cultured for
an additional 24 h. After removing LPS, the OPCs were
grown in differentiation medium containing one of the three
concentrations of VPA for four additional consecutive days
before being subjected to immunocytochemical staining for
NG2 and MBP. The OPC differentiation medium contained
10 ng/ml CNTF and 5 μg/ml N-acetyl-L-cysteine (NAC). In
addition, triiodothyronine (T3) can trigger a massive differen-
tiation of cultured OPCs by binding the nuclear T3 receptor
α1 [25] and 15 nM T3 was additionally added as a positive
control.

Microarray

After being treated with vehicle, VPA (1 mM), LPS (5 μg/ml)
or LPS +VPA for 24 h, OPCs were collected. Total RNAwas
isolated with an RNeasyMini Kit (Qiagen, USA) according to
the manufacturer’s instructions. Two to three replicate RNA
samples were used for each treatment group. The gene expres-
sion of OPCs was assessed with an Agilent SurePrint G3
Mouse GE 8 × 60 K Microarray Kit (G4852A; CapitalBio
Corp., Beijing, China).

Co-Immunoprecipitation Method

The cells were subsequently washed with PBS and lysed
using lysis buffer (1 mmol/L PMSF, 5 mmol/L 2-
mercaptoethanol, 2 mmol/L MgCl2, 20 mmol/L HEPES,
150 mmol/L NaCl, 10 μg/ml leupeptin and 10 μg/ml
aprotinin). The lysates were then added to protein A beads
(Thermo Fisher Scientific, USA), and the mixtures were incu-
bated overnight with primary antibodies against IgG or
PPAR-γ (Abcam, USA) at 4 °C. The beads were washed
twice using lysis buffer to remove unbound proteins. To elute
the bound proteins, the beads were then resuspended in sam-
ple buffer and boiled at 95 °C for 3 min, and subjected to
immunoblotting. The corrected density for different treatment
groups was calculated using the initialize value to subtract the
background of IgG, and finally normalized to Input lane.

Lentiviral shRNA Infection

Lentiviral shRNA directed at mouse HDAC3 (sc-35539-V),
and a lentivirus containing a control, nontargeting sequence of
shRNA (sc-108080), were purchased from Santa Cruz
Biotechnology (USA). OPCs were plated in a 6-well plate
24 h prior to viral infection. The medium was removed from
each well and replaced with 1 ml of a mixture of complete
medium with polybrene (sc-134,220, Santa Cruz
Biotechnology) at a final concentration of 5 μg/ml per well.
ShRNA-expressing lentiviral particles were thawed at room
temperature and mixed gently, and then 2 μl of lentiviral par-
ticles (1 × 106 infectious units) was used to infect the cells in
each well. The plate was swirled gently for mixing and then
incubated for 24 h. Cell lysates were generated for Western
blot analysis.

Statistical Analysis

All experimental values are expressed as the means ± SEMs.
Two-group comparisons were performed using Student’s t
tests, and multiple-group comparisons were performed using
one-way ANOVA and the Student Newman-Keuls test for
post hoc testing. All statistical tests were conducted in the
GraphPad Prism software version 5.0. A value of p < 0.05
was determined to indicate statistical significance.

Results

VPA Improved Short- and Long-Term Cognitive
Function after FDL Induction

We first performed two-point stereotactic injection of LPC
into the CC, which contributed to chronic demyelination.
Short-term cognitive function was monitored by the Morris
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water maze test after 6–10 days and by the Y-maze and novel
object recognition test at 10 days after surgery. LPC induced
demyelination in the CC area and further impaired short-term
spatial learning and spatial memory, as revealed by signifi-
cantly increased escape latency when the platformwas present
and reduced duration of swimming in the target quadrant
when the platform was absent (Fig. 1b, c), respectively.
Notably, the escape latency was greatly reduced after
100 mg/kg VPA treatment during the learning phase
(Fig. 1c, p < 0.05). However, the escape latency of the mice
in the LPC + 50 mg/kg VPA group was not significantly dif-
ferent from that of the mice in the LPC group (Fig. 1c).
Therefore, VPA treatment elicited dose-dependent neuropro-
tective effects in the mice after FDL induction. Similar to the
learning data, the memory data also suggested that the dose of
100 mg/kg VPA was the best choice for subsequent experi-
ments (Fig. 1d, p < 0.01).

Further verifying the notable effects of VPA on mice with
induced FDLs, we also found that the RI in the novel object
recognition test (Fig. S1A) and the correct movement ratio in
the Y-maze test were markedly greater for VPA-treated mice
than for control mice (Fig. S1B and C). The percentage of time
spent in the central region and the percentage of distance trav-
elled in the central region in the open-field test were not dif-
ferent among groups (Fig. S1D, E and F). Similarly, LPC
injection had little influence on sensorimotor function in the
CC (as assessed by rotarod test), as shown in Fig. S1G.

The effects of VPA treatment on long-term cognitive def-
icits were examined by the Morris maze test (Fig. 1d) on
postoperative days 24–28. Compared with that of the sham
group, the latency of the LPC group was significantly higher
in the learning test (Fig. 1d, p < 0.01), but this difference was
attenuated by VPA treatment (p < 0.05 or p < 0.01). The mem-
ory of mice in the LPC + 100 mg/kg VPA group was signifi-
cantly better than that of mice in the LPC group (Fig. 1d, p <
0.05). Unexpectedly, the correct movement ratio in the Y-
maze test was not significantly different between the groups
at day 28 after FDL induction (Fig. S1H and I).

VPA Facilitated OPC Proliferation and Differentiation
In Vivo and In Vitro

To assess the effects of VPA on OPC proliferation and differ-
entiation after demyelination, double staining was performed
to identify newly generated BrdU+/NG2+ cells in primarily
damaged CC tissue at day 7 post-FDL induction. Compared
with those after sham surgery, the numbers of NG2+ and
BrdU+/NG2+ cells in the ipsilateral CCwere slightly increased
at day 7 after FDL induction and were significantly increased
after VPA treatment (Fig. 2a, b, c, p < 0.01). Interestingly, the
number of NG2+ OPCs was increased by VPA treatment;
however, there were no significant differences in the numbers

of BrdU+/NG2+ cells among the three groups in the ipsilateral
striatum (data not shown).

To observe the effect of VPA on OPC differentiation after
FDL induction, the numbers of APC+/Olig2+ and BrdU+/
APC+/Olig2+ cells, which represented differentiated oligoden-
drocytes and newly proliferating oligodendrocytes, respec-
tively, were counted in the CC area 28 days after LPC-
induced demyelination. Overall, immunofluorescence for the
oligodendrocyte markers APC and Olig2 was significantly
greater in the VPA group than in the LPC treatment group
(Fig. 2d, e, p < 0.05). Furthermore, there were more newly
proliferating oligodendrocytes in the ipsilateral CC in mice
with induced FDLs than in sham-operated mice (Fig. 2d, f,
p < 0.01). Compared with the LPC group, however, the VPA
group exhibited greater oligodendrocyte formation from
OPCs (Fig. 2d, f, p < 0.05).

Similar results were observed with regard to the effect of
VPA on the differentiation of primary cultured OPCs into
oligodendrocytes after induction of inflammation by LPS
in vitro. OPCs were harvested from P0-P2 mouse cortices
using complete dissociation and separation kits (Fig. 3a). To
enhance OPC proliferation, the cells were maintained for
7 days in chemically defined basal OPC medium. At 7 days
post-plating, OPCs appeared bright under phase contrast mi-
croscopy and had typical bipolar or tripolar morphology
(Fig. 3b). Furthermore, we identified cells using the early
OPC marker NG2 (Fig. 3c). Different concentrations (0.3, 1
and 3 mM) of VPA were added to study the effect of VPA on
OPC differentiation. MBP+ oligodendrocytes derived from a
fraction of OPCs formed dramatically more complex arbori-
zation patterns after treatment with 1 mMVPA for 5 days than
after subjection to the control protocol (Fig. 3d). MBP fluo-
rescence was fairly stable in these mature oligodendrocytes
under control conditions; however, LPS evoked severe loss
of oligodendrocyte processes (Fig. 3e, p < 0.01). This loss of
processes was alleviated by 1 mM VPA treatment (Fig. 3e,
p < 0.01). However, the higher dose of 3 mM did not cause
any obvious changes to these parameters (Fig. 3e).

VPA Promoted White Matter Repair after FDL
Induction

We further performed double immunofluorescence staining
for MBP and SMI-32 (Fig. 4a) and LFB staining (Fig. 4b) to
observe the integrity of myelin. Figure 4d shows that MBP
levels were significantly lower in the LPC group than in the
sham group, while the fluorescence intensity of SMI-32 in-
creased after FDL induction (p < 0.01). The ratio of SMI-32 to
MBP is considered to be introduced as an established mea-
surement for demyelination [20, 24]. VPA treatment signifi-
cantly reduced the ratio of SMI-32 to MBP at 28 days post-
injury (Fig. 4a, d, p < 0.01), and it partially restored LFB
staining (Fig. 4b), suggesting long-term remyelination of
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axons. Similar results were observed in Western blot analysis.
The expression level of MBP was significantly lower on the
experimental side than on the contralateral side in the LPC
group (Fig. 4c, e, p < 0.05), revealing obvious demyelination
in the ipsilateral hemisphere. However, VPA treatment
inhibited MBP loss; the MBP levels were significantly higher
after LPC and VPA treatment than after LPC treatment alone
(Fig. 4c, e, p < 0.05). We further investigated the effects of
VPA on the ultrastructure of the myelin sheath in the CC at
28 days post-FDL induction (Fig. 4f). The axons in the sham
group samples were closely packed and myelinated with more
abundant myelin sheaths than the axons in the treatment
groups. The FDL mice showed profound injury to myelinated
axons, characterized by swollen, hydropic degeneration of
axons. However, VPA treatment (100 mg/kg) stimulated the
regeneration of myelin in mice, in which thin, myelin sheaths
appeared to support the integrity of axons and no swollen
axons or spheroids were present. Quantification of the g-
ratio (the ratio of axonal diameter to overall diameter of the
axon plus myelin), LPC-treated mice (0.688 ± 0.024) had a

significant increase compared with the sham controls (0.927
± 0.027), and the g-ratio was significantly attenuated by L-
serine treatment (0.802 ± 0.019, p < 0.01).

HDAC3 Expression Was Increased after FDL and
Decreased by VPA Treatment

The protein levels of acetylated-H3, acetylated-H4 and class 1
HDACs (HDAC1, HDAC2, HDAC3 and HDAC8) were
evaluated via Western blot analysis to test the inhibitory effect
of VPA on HDAC activity in the damaged CC at 5 days after
FDL induction. There were no significant differences in
HDAC1, HDAC2, HDAC3 and HDAC8 mRNA levels
among the groups (Fig. 5a, p > 0.05). LPC treatment de-
creased the protein expression of acetyl-H3 and acetyl-H4
from control levels; however, VPA conspicuously increased
the expression of these proteins (Fig. 5b, c, p < 0.05). As
shown in Fig. 5d, e, neither HDAC1 nor HDAC2 protein
expression was influenced by LPC or VPA. Unlike the qRT-
PCR results, HDAC3 expression was significantly enhanced

Fig. 2 VPA promoted the proliferation and differentiation of OPCs
following FDL induction. a VPA increased the number of OPCs during
remyelination at 10 days after FDL induction. The images were taken at
the time of proliferation and migration of oligodendrocyte lineage cells
into the CC lesions, and BrdU+ and NG2+ OPCs are shown. Scale bars =
75μm. b and cCounts of NG2+OPCs and BrdU+/NG2+ newly generated
OPCs in the CC lesion sites. d VPA induced changes in differentiating

oligodendrocytes at 28 days after FDL induction. The numbers of BrdU+/
APC+/Olig2+ cells were increased in demyelinating lesions following
VPA treatment. Scale bars = 100 μm. e and f The total numbers of
APC+/Olig2+ oligodendrocytes and the numbers of newly generated
BrdU+/APC+/Olig2+ oligodendrocytes in CC regions. The data
represent the means ± SEMs. n = 6 per group; *p < 0.05 and **p < 0.01
for the indicated comparisons or vs. the sham group
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following demyelination, but its expression was prevented by
VPA (Fig. 5e, p < 0.05). Interestingly and unexpectedly,
HDAC8 levels were markedly lower after FDL induction than
under control conditions (Fig. 5e, p < 0.01).

HDAC3 Regulated PPAR-γ Activity during OPC
Differentiation

To elucidate the molecular mechanisms by which HDAC in-
hibition reinforces OPC differentiation, we performed micro-
array analysis of VPA that examined the differentiation of
primary cultured OPCs into oligodendrocytes after treatment
with LPS in vitro. The results showed that 59 myelination-
related genes were upregulated by more than twofold in VPA-
treated OPCs compared with OPCs treated with LPS alone.
Among the 59 myelination-related genes with detectable
changes, 30 were upregulated by more than ninefold.
PPAR-γ was the most dramatically upregulated gene, with a
greater than 17-fold increase (Fig. S2).

To validate the microarray results, we assessed the expres-
sion of PPAR-γ in vivo and in vitro. In the above well-defined
FDL model of demyelination/remyelination, OPCs began to
migrate to the lesions approximately 6 days after FDL induc-
tion, where they further differentiated prior to the 14th day and
induced complete remyelination after 4 weeks. The expres-
sion levels of PPAR-γ gradually decreased from day 5 on-
ward, reaching their lowest points at day 10, before gradually
returning to baseline levels at day 21 after FDL induction
(Fig. 6a). However, PPAR-γ levels were significantly higher
in the VPA group than in the LPC group (Fig. 6b, p < 0.01).

We further examined the spatiotemporal kinetics of
HDAC3 in LPS- and VPA-treated primary cultured OPCs.
HDAC3 predominantly localized to the nucleus in untreated
OPCs, but it became even more concentrated in the nucleus
and sparse in the cytoplasm at 24 h after LPS treatment
(Fig. 6c, p < 0.01 or p < 0.05). Cytosolic HDAC3 levels were
significantly higher in the VPA group than in the control and
LPS-only groups, and VPA treatment almost completely

Fig. 3 Effect of VPA on the differentiation of primary culturedOPCs into
oligodendrocytes after treatment with LPS in vitro. a Schematic view of
the protocols used to obtain OPCs from P0-P2 mouse cortices and to
differentiate OPCs into oligodendrocytes after treatment with VPA at
different concentrations with or without LPS (5 μg/ml). b Phase micros-
copy images at day 7. Scale bar = 100 μm. c OPCs stained positive for
NG2 with DAPI counterstaining. Scale bar = 50 μm. d Representative

fields showing MBP (green)/NG2 (red) staining during differentiation
in the absence or presence of VPA (0.3, 1 or 3 mM) after 24 h of LPS
treatment. T3 was regarded as the positive control group. Scale bar =
30 μm. e The areas were calculated with ImageJ and are expressed in
the bar graph as the means (μm2) ± SEMs for five independent experi-
ments. **p < 0.01 for the indicated comparisons or vs. the control group.
Scale bar = 50 μm
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reversed the LPS-induced increases in nuclear HDAC3 levels
(Fig. 6c, p < 0.01 or p < 0.05). These findings suggest that
VPA increases cytosolic HDAC3 levels in differentiated OPCs
by promoting HDAC3 translocation to the cytoplasm. However,
the expression of HDAC3 in both LPS- and VPA-treated prima-
ry OPC cultures returned to baseline by 48 h (Fig. 6c).

The above data suggest that VPA may function by regulating
the HDAC3-PPAR-γ pathway. To test whether the inhibition of
PPAR-γ activity that occurred upon HDAC inhibition was the
consequence of an interaction between PPAR-γ and HDAC3,
nuclear extracts from OPCs were immunoprecipitated with an
anti-PPAR-γ antibody. A 48-kDa protein in the immunoprecip-
itates was recognized by an anti-HDAC3 antibody, indicating
that HDAC3 directly interacted with PPAR-γ in vitro after LPS
stimulation (Fig. 6d, lane 3). However, VPA treatment decreased
the interaction of PPAR-γ with HDAC3 (Fig. 6d, lane 4).

Similar to the results found in vivo, the in vitro results
revealed that culturedOPCs exposed to LPS for 24 h exhibited
higher HDAC3 protein levels than control cells, and the LPS-
induced increases were reversed by VPA treatment (Fig. 6e,
p < 0.01 or p < 0.05). In contrast, PPAR-γ protein levels were
decreased by LPS stimulation and were noticeably increased
by VPA treatment (Fig. 6e, p < 0.01 or p < 0.05).

Given the robust preservation of PPAR-γ levels following
inhibition of HDAC3 with VPA in LPS-challenged OPCs, we
further tested the direct effects of HDAC3 on PPAR-γ. To this
end, we infected primary culturedOPCswith lentiviral vectors
(Ln) bearing shRNA targeting HDAC3 or bearing a scram-
bled control sequence. HDAC3 knockdown increased
PPAR-γ expression (Fig. 6f, p < 0.01), suggesting that
HDAC3 lies upstream of PPAR-γ signalling in the prolifera-
tion and differentiation of OPCs.

Discussion

To better simulate white matter diseases, we established a
model of LPC-induced focal lesions that causes inflammation
and enables study of the progression of demyelination-related
processes, including the proliferation, differentiation and mat-
uration of OPCs [26, 27]. OPCs migrate to damaged areas 6–
10 days after injury; then, the OPCs differentiate and mature
in 10–14 days, and remyelination occurs 1 month after injury
[28, 29]. Our findings show that compared with the classic
single-point LPC injection model, the two-point LPC

Fig. 4 Repair of white matter after demyelination was promoted byVPA.
a Double immunofluorescence staining for a dephosphorylated
neurofilament protein (SMI-32, red) and MBP (green) in the ipsilateral
CC at 28 days after sham surgery or LPC injection and VPA treatment.
Under normal circumstances, SMI-32 localizes to neuronal cell bodies
and neurites and is phosphorylated; once the myelin sheath is damaged
and degenerated, SMI-32 is easily stained. A larger ratio of SMI-32 to
MBP intensity indicates more severe demyelination. b LFB staining in
the CC at 28 days after sham or LPC injection and VPA treatment. The
100 mg/kg dose of VPA enhanced the intensity of myelin staining at
lesion sites; the VPA-treated group showed blue staining that was weaker
than that of the control group but stronger than that of the LPC group.
Scale bar = 200 μm. c Western blot analysis of MBP expression in the

contralateral and ipsilateral side in each group of animals. d The degree of
white matter demyelination is shown as the SMI-32/MBP intensity ratio.
eMBP intensity was measured and calculated as the fold change relative
to the intensity on the contralateral sham side. f High-magnification im-
ages of normal-appearing and demyelinated white matter in the CC were
obtained by electron microscopy. In the normal saline solution-injected
(sham) group, closely packed myelinated axons (black arrows) were
abundant. After FDL, nearly complete demyelination was observed in
many axons (red arrows). VPA treatment successfully induced
remyelination, but a thinner layer coated the neurons in the VPA-treated
group than in the sham group (green arrows). Bar = 1 μm. The values
shown are the means ± SEMs from four animals per group. *p < 0.05 and
**p < 0.01
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injection model can induce not only short-term demyelination
but also long-term demyelination with little remyelination in
the mouse CC [20]. In this study, the FDL model group
showed stable and obvious differences from the sham group
and provided considerable research value for the study of
proteins and molecular mechanisms.

Previous studies using BrdU/MBP to mark proliferating
oligodendrocytes have revealed that HDACIs regulate the ex-
pression of MBP and have indicated that this process may be
related to promotion of oligodendrocyte proliferation (12).
VPA, an HDACI that directly inhibits HDACs, has been im-
plicated in many biological activities [30]. The present study
also suggests that VPA is a suitable therapeutic candidate for
the prevention of demyelination-related cognitive dysfunc-
tion. We observed that VPA promoted OPC proliferation
and differentiation after demyelinated lesions were induced.
The electron microscopy and water maze results obtained
4 weeks after FDL induction suggested that VPA could

promote oligodendrocyte proliferation and oligodendrocyte-
mediated myelin repair, which could aid in the recovery of
advanced cognitive functions. In vitro, VPA also improved
the survival of mouse OPCs and preferentially increased
OPC differentiation into oligodendrocytes after LPS stimula-
tion. Such findings suggest that the molecular mechanism by
which VPA alleviates white matter injury may involve inhibi-
tion of the activity of HDACs and increases in histone H3 and
H4 gene expression and lysine acetylation (which affects gene
expression) [31]. We also noticed that VPA at the highest
concentration (3.0 mM) appeared to be less effective.
Although the initial step of VPA action appears to be the
inhibition of HDACs, various adverse effects may occur with
the increase of the dose. This adverse influence was consistent
with other report [32].

Importantly, we found that there were no significant chang-
es in HDAC1, HDAC2 and HDAC8 following FDL induc-
tion; however, HDAC3 expression was upregulated in

Fig. 5 VPA treatment suppressed the protein expression of HDAC3
during remyelination but failed to inhibit the expression of other class I
HDACs at the gene and protein levels 5 days after FDL induction inmice.
a There were no significant differences in the mRNA levels of HDAC1,
HDAC2, HDAC3 and HDAC8 among the groups. b Examples of acetyl-
H3 and acetyl-H4 protein levels in the CCs of mice after LPC injection, as
measured with Western blot analysis. c Mean values of acetyl-H3 and
acetyl-H4 expression in mice. Reductions were observed in the LPC +
100 mg/kg VPA group. VPA treatment increased the protein expression
of acetyl-H3 and acetyl-H4 during remyelination. d Examples of

HDAC1, HDAC2, HDAC3 and HDAC8 protein expression in the CCs
of mice. e Mean protein levels of HDAC1, HDAC2, HDAC3 and
HDAC8 in the CC. No differences in HDAC1 and HDAC2 were ob-
served in mice following VPA treatment. However, FDL induction sig-
nificantly enhanced HDAC3 expression, and this effect was prevented by
VPA treatment. Unexpectedly, HDAC8 levels were markedly lower in
the LPC group than in the control group. The data are expressed as fold
changes versus the sham group values and are presented as the means ±
SEMs. n = 4 per group; *p < 0.05 and **p < 0.01 for the indicated com-
parisons or vs. the sham group
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lesioned CC tissues, suggesting that HDAC3 plays an important
role in LPC-induced demyelination. These findings indicate that
VPA exerts neuroprotective effects probably inhibiting HDAC3
expression and activity. A similar finding was observed for
HDAC3 in mouse optic nerves after being exposed to OGD
[33]. The period of OGD upregulated HDAC1, HDAC2 and
HDAC3 considerably, with HDAC3 being the most prominent.
Consequently, HDAC 3 was prominently expressed in proximal
axons and dendrites of neurons, as well as in axons of the CC
[12]. Because this episode of demyelination lesion modifies
HDACs expression in CC, it is reasonable to propose that the
region-specific HDACs expression patterns in different white
matter tracts may contribute to regional vulnerability and deter-
mine the mechanisms of injury.

We further hypothesized that VPA induces genomic
reprogramming in OPCs, thereby triggering OPC differentiation.
To test this hypothesis, gene-chip microarrays were performed

using OPCs treated for 5 days with VPA or a vehicle.
Interestingly, PPAR-γ, but not PPAR-α or PPAR-β, was upreg-
ulated by VPA. PPAR-γ is a transcription factor that regulates
over 100 genes involved in inflammation, cell proliferation and
differentiation [34]. Consistent with the microarray results,
PPAR-γ expressionwas increased inOPCs uponVPA treatment
or HDAC3 knockdown. Early studies have shown that PPAR-γ-
agonist therapy can improve the clinical symptoms of MS, AD,
spinal cord injury and stroke [35, 36]. In addition, PPAR-γ can
regulate neural stem cell and OPC differentiation and gene ex-
pression to induce the differentiation of mature oligodendrocytes
and decrease the expression of differentiation-related genes in
glial cell lines [36, 37].

However, PPAR-γ activity is affected by posttranslational
modifications, such as phosphorylation, generic ubiquitination
and specific ubiquitination [38]. When ligands are absent,
PPAR-γ is activated by acetylation [39]. In the current study,

Fig. 6 VPA abolished HDAC3-mediated inhibition of PPAR-γ function
and reduced interaction between HDAC3 and PPAR-γ. a Temporal
changes in PPAR-γ expression in the CC after FDL induction in vivo.
bVPA promoted in vivo PPAR-γ expression in the CC 5 days after FDL
induction. c VPA modulated the spatiotemporal distribution of HDAC3
in LPS-treated OPCs in vitro. Western blot analysis of HDAC3 expres-
sion in the cytosolic and nuclear fractions of OPCs at 24 h after LPS
stimulation. HDAC3 levels were decreased in the cytoplasm and in-
creased in the nucleus after LPS stimulation. Cytosolic GSK3β expres-
sion was significantly higher in the VPA group than in the control or LPS-
only group, and VPA treatment completely reversed the LPS-induced
increases in nuclear HDAC3 levels. However, HDAC3 levels returned
to baseline levels in all groups within 48 h. d HDAC3 directly interacted

with PPAR-γ in cultured OPCs. LPS promoted the binding of HDAC-3
and PPAR-γ, but this effect was reversed by VPA treatment. e VPA
suppressed the protein expression of HDAC3 but increased the protein
expression of PPAR-γ in cultured OPCs at 24 h after LPS stimulation. f
HDAC3 negatively regulated PPAR-γ expression in cultured OPCs.
Lentivirus-mediated HDAC3 knockdown increased the protein expres-
sion of PPAR-γ. The efficiency of HDAC3 protein knockdown was
confirmed by Western blot analysis at 24 h after lentiviral infection.
The data are expressed as fold changes relative to the sham or control
levels and are presented as the means ±SEMs. n = 4 per group; *p < 0.05
and **p < 0.01 for the indicated comparisons or vs. the LPS or control
group
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LPS induced overexpression of HDAC3, which translocated
from the cytoplasm into the nucleus in OPCs, and directly
interacted with the nuclear transcription factor PPAR-γ.
Previous studies have already shown that nuclear translocation
of HDAC3 is required for inhibition of transcriptional activity of
PPAR-γ, whereas inhibition of HDAC3 activity results in the
activation of PPAR-γ by protein acetylation [40, 41]. Multiple
sites of PPAR-γ, including K289, K386, K462 and K466, are
reported to be modified by acetylation [39]. In addition, PPAR-γ
has been promoted to regulate neural stem cell and OPC differ-
entiation and gene expression to induce the differentiation of
mature oligodendrocytes [36]. Therefore, further studies should
screen PPAR-γ functional target genes by gene-chip technology
and use viruses to induce or reduce PPAR-γ expression.

Because the acetylation of histones modulates chromatin or-
ganization, the inhibition of HDACs can significantly impact the
transcriptional levels of various genes [42]. HDACs activity is
thought to inhibit differentiation to oligodendrocytes [43].

Consistently, VPA treatment changes global gene expression
patterns in various cell types, which reduces oligodendrocyte
death, and protects neurons and associated glial cells [12].
Moreover, HDAC3 deletion enhances Schwann cells
remyelination and myelin thickness after peripheral nerve injury
in mice [44]. Besides, this is a model of focal demyelination
lesions in the CC area caused by inflammatory response, which
is based on the rationale that many inflammatory diseases are
paralleled by the loss of myelin. We previously reported that
Scriptaid, a novel inhibitor of class I/II HDACs, inhibition of
HDACs in microglia is a potential future therapy in TBI and
other neurological conditions with white matter destruction
[24]. Thus, we intend to detect whether VPA targets other cell
types in the brain after FDL, notablymicroglia in future research.

We hypothesized that OPCs could successfully transform
into myelin-forming oligodendrocytes, strongly accelerate
remyelination and delay demyelinating injury after VPA treat-
ment (Fig. 7). In terms of this mechanism, inflammation-

Fig. 7 Proposed mechanism
underlying the control of OPC
differentiation after focal white
matter demyelination. Focal
demyelination is induced via two-
point stereotaxic injection of LPC
into the mouse CC. Demyelination-
triggered inflammation causes
OPCs to overexpress HDAC3,
which is driven from the cytoplasm
into the nucleus, where it binds to
the nuclear transcription factor
PPAR-γ. Extensive studies have
shown that PPAR-γ is essential for
OPC proliferation and differentia-
tion and contributes to
remyelination of white matter.
However, once PPAR-γ is bound
to HDAC3, its transcription is
inhibited, and PPAR-γ is potential-
ly dysregulated during
remyelination. Dysregulation of
HDAC3-PPAR-γ signalling in the
nuclei of OPCs results in arrest of
OPCs at a premyelination stage and
delays repair. The HDAC inhibitor
VPA can decrease HDAC3 ex-
pression, prevent HDAC3 translo-
cation and thus prevent HDAC3
binding to PPAR-γ. Upon recover-
ing its activity, PPAR-γ can then
induce OPC recruitment into the
lesions via proliferation and migra-
tion, initiation of remyelination via
the differentiation of these OPCs
into myelin sheath-forming oligo-
dendrocytes, and completion of
remyelination
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induced demyelination causes OPCs to overexpress HDAC3,
which translocated from the cytoplasm into the nucleus, where
it then binds to the nuclear transcription factor PPAR-γ. Once
deacetylated by HDAC3 due to the direct interaction, the tran-
scription of PPAR-γ is inhibited, and PPAR-γ is potentially
deactivated during remyelination. Dysregulation of HDAC3-
PPAR-γ signalling in the nuclei of OPCs arrests OPCs at a
premyelination stage and delays repair. The HDAC inhibitor
VPA may decrease HDAC3 expression, prevent HDAC3
translocation and thus decrease HDAC3 binding to PPAR-γ.
Upon recovering its activity, PPAR-γ can then promote OPC
recruitment into white matter lesions via proliferation and mi-
gration, which is followed by initiation of remyelination (via
differentiation of these OPCs into myelin sheath-forming oli-
godendrocytes) and completion of remyelination. This pro-
cess aids in the regeneration of the myelin sheath on axons
and ameliorates the cognitive dysfunction caused by
demyelination.
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