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Abstract: White matter injury is an important component of stroke pathology, but its pathophysiology and potential 
treatment remain relatively elusive and underexplored. We previously reported that after permanent middle ce-
rebral artery occlusion (pMCAO), sodium butyrate (SB) and trichostatin A (TSA) induced neurogenesis via histone 
deacetylase (HDAC) inhibition in multiple ischemic brain regions in rats; these effects-which depended on activa-
tion of brain-derived neurotrophic factor (BDNF)-TrkB signaling-contributed to behavioral improvement. The present 
study found that SB or TSA robustly protected against ischemia-induced loss of oligodendrocytes detected by confo-
cal microscopy of myelin basic protein (MBP) immunostaining in the ipsilateral subventricular zone (SVZ), striatum, 
corpus callosum, and frontal cortex seven days post-pMCAO. Co-localization of 5-bromo-2’-deoxyuridine (BrdU)+ 
and MBP+ cells after SB treatment suggested the occurrence of oligodendrogenesis. SB also strongly upregulated 
vascular endothelial growth factor (VEGF), which plays a major role in neurogenesis, angiogenesis, and functional 
recovery after stroke. These SB-induced effects were markedly suppressed by blocking the TrkB signaling pathway 
with K252a. pMCAO-induced activation of microglia (OX42+) and macrophages/monocytes (ED1+)-which has been 
linked to white matter injury-was robustly suppressed by SB in a K252a-sensitive manner. In addition, SB treatment 
largely blocked caspase-3+ and OX42+ cells in ipsilateral brain regions. Our results suggest that HDAC inhibitor-
mediated protection against ischemia-induced oligodendrocyte loss may involve multiple mechanisms including 
oligodendrogenesis, VEGF upregulation, anti-inflammation, and caspase-3 downregulation. Taken together, the re-
sults suggest that post-insult treatment with HDAC inhibitors is a rational strategy to mitigate white matter injury 
following ischemic stroke.
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Introduction

Most stroke conditions stem from cerebral 
artery occlusions that block blood flow to the 
brain. The evolution of this ischemic pathophys-
iology is complex, and takes place within min-
utes to hours and over days. Extremely short-
term events include energy depletion, exci- 
totoxicity, calcium overload, and necrosis. 
Long-term events include apoptosis, cerebral 
infarction, oxidative stress, neuroinflammation, 
edema, and blood-brain barrier disruption [1].

Recent preclinical studies have identified his-
tone deacetylase (HDAC) inhibitors as potential 
therapeutic drugs for a variety of brain disor-

ders, including stroke (for a review, see [1-4]). 
Specifically, pan-HDAC inhibitors such as val-
proic acid (VPA), sodium butyrate (SB), and 
trichostatin A (TSA) have been found to 
decrease brain infarct volume, suppress neuro-
inflammation in the ischemic region, and reduce 
neurological deficits in a rat ischemic model 
using middle cerebral artery occlusion (MCAO) 
[5-7]. VPA and SB also repaired MCAO-induced 
disruption of the blood-brain barrier and 
reduced edema, at least partly by inhibiting 
NF-κB activation as well as matrix metallopro-
teinase expression and activity [8]. VPA also 
enhanced MCAO-induced angiogenesis by 
upregulating vascular endothelial growth factor 
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(VEGF) and other pro-angiogenic factors [8]. 
Furthermore, SB or TSA treatment via HDAC 
inhibition induced cell proliferation and neuro-
genesis in neurogenic niches such as the sub-
ventricular zone (SVZ) and dentate gyrus (DG), 
as well as in ischemic brain areas such as cor-
tex and striatum [9]. In the latter study, 
SB-induced neurogenesis and behavioral 
improvement depended on BDNF-TrkB (the 
high-affinity receptor for BDNF) signaling path-
way, in that intracerebral injection of K252a, a 
TrkB inhibitor, blocked all of these SB-induced 
beneficial effects.

Oligodendrocytes play a key role in the myelina-
tion of axons and contribute to the mechanisms 
of demyelination repair in the white matter 
region of the CNS [10, 11]. Oligodendrocytes 
are vulnerable to cerebral ischemia, resulting in 
depletion of the oligodendrocyte pool and white 
matter hypomyelination [12-14]. Injury to oligo-
dendrocytes and white matter is key to the 
impaired brain function associated with a vari-
ety of pathological conditions, including stroke. 
N-methyl D-aspartate (NMDA) receptors with 
unusual subunit compositions were found to be 
expressed in oligodendrocytes and activated 
during ischemia, which triggered calcium over-
flow and excitotoxicity [15, 16]. Microglia acti-
vation is also thought to be an important mech-
anism for damaging oligodendrocyte precursor 
cells (OPCs)/oligodendrocytes under hypoxic/
ischemic conditions by releasing pro-inflamma-
tory factors [17-19]. Thus, oligodendrocytes 
and their progenitors are rational targets for 
therapeutic intervention to combat white mat-
ter injury after ischemic stroke.

Neural stem cells in the SVZ have the potential 
to produce new neurons and oligodendrocytes 
under both normal and pathological conditions 
[20, 21]. OPCs produced from restricted germi-
nal zones including the SVZ can also migrate 
into the olfactory bulb, corpus callosum, and 
other white matter brain regions and subse-
quently differentiate into mature oligodendro-
cytes in the mammalian brain [22, 23]. Glia 
precursors originating in the SVZ also differen-
tiate into oligodendrocytes and are involved in 
the myelination process [20, 24]. Exogenous 
BDNF and other neurotrophins have been 
shown to enhance oligodendrocyte prolifera-
tion and myelination, while inhibition of endog-
enous BDNF-TrkB signaling impairs myelination 
and regeneration in rodent injury models [25-

27]. It has also been suggested that cerebral 
endothelial cells may secrete BDNF, which 
would in turn stimulate the survival and prolif-
eration of oligodendrocytes, and promote 
myelination and remyelination [28]. Compared 
to our understanding of the mechanisms of 
ischemia-induced neuronal injury and protec-
tion in gray matter, white matter pathophysiol-
ogy remains relatively elusive, as does the 
development of potential protective agents for 
oligodendrocyte damage. The present study 
was undertaken to investigate whether post-
ischemic treatment with HDAC inhibitors-most 
notably SB-restores the loss of oligodendro-
cytes following permanent MCAO (pMCAO), and 
to explore the potential roles of oligodendro-
genesis, VEGF upregulation, and anti-inflamma-
tion in protection against white matter injury. 

Materials and methods

Animal model of focal cerebral ischemia

All experiments were approved by the Animal 
Care and Use Committee of the National 
Institutes of Mental Health (NIMH-NIH). Male 
Sprague Dawley rats (Charles River Labo- 
ratories, Charles River, CA) weighing 250-300 
grams were anesthetized with 3% isoflurane in 
a 70% to 30% mixture of N2O to O2 and under-
went permanent middle cerebral artery occlu-
sion (pMCAO) as previously described [6, 9]. 
Briefly, the left common carotid artery and 
external carotid artery were isolated and ligat-
ed with a 4-0 suture. A nylon thread coated with 
silicon was inserted into the left internal carotid 
artery through a small puncture in the common 
carotid artery and advanced 17-18 mm past 
the carotid bifurcation to obstruct the origin of 
the middle cerebral artery. The thread was left 
in place until the rats were sacrificed, normally 
at Day 7 post-ischemia. Sham-operated control 
surgery was performed in an identical manner 
without insertion of the thread. Rectal tempera-
ture was maintained at 37 ± 0.5°C using a 
homoeothermic blanket.

Drug and BrdU administration

Rats received daily subcutaneous injections of 
either SB (300 mg/kg in 0.9% saline), TSA (0.2 
mg/kg in DMSO) (both from Sigma, St. Louis, 
MO), or vehicle for seven days, starting immedi-
ately after pMCAO. Doses for the HDAC inhibi-
tors were selected from our previous studies [6, 
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9]. 5-bromo-2’-deoxyuridine (BrdU), a thymidine 
analogue that is incorporated into DNA during 
the S phase of cell division [29], was used to 
characterize cell proliferation. Rats were intra-
peritoneally injected with BrdU (50 mg/kg in 
0.9% saline, Sigma, St. Louis, MO) twice daily, 
from Days 3 to 7 after ischemia, and sacrificed 
on Day 7. This time point was chosen from prior 
studies that showed a maximal increase in SVZ 
cell proliferation after focal ischemia [9, 30].

Stereotaxic surgery and K252a treatment

Stereotaxic surgery for K252a micro-infusion 
was performed two hours before pMCAO. Rats 
were anesthetized by inhaling a mixture of 3% 
isoflurane, 70% N2O, and 30% O2 and then 
placed on a stereotaxic surgery apparatus 
(David Kopf Instruments, Tujunga, CA). The 
scalp was incised, and a small hole was made 
by drilling through the left skull. A Hamilton 
syringe needle (Hamilton, Reno, NV) was insert-
ed into the left lateral ventricle (coordinates 
from the bregma: anterior-posterior-0.3 mm, 
medio-lateral (left) -1.2 mm, and dorsoventral 
-3.6 mm from the meninges). Five μl of K252a 
(0.5 mM dissolved in 1% DMSO, Sigma, MO, 
USA), a BDNF-TrkB receptor blocker, was inject-
ed into the left lateral ventricle by a Hamilton 
syringe at a rate of 1 μl/min. The dose of K252a 
was selected based on previous studies [9, 31]. 
The needle was left in place for two more min-
utes to allow for diffusion of the drug solution. 
Upon removal, the hole was cemented with 
bone wax. Rat body temperature was regulated 
with a heating pad during surgery. Typically, the 
experimental groups consisted of 1) vehicle 
(1% DMSO with pMCAO), 2) sham-operated (1% 
DMSO with sham), 3) SB-treated (1% DMSO + 
300 mg/kg SB with pMCAO), 4) K252a-treated 
(K252a with pMCAO), and 5) K252a + 
SB-treated (K252a + 300 mg/kg SB with 
pMCAO). Each group comprised four to six ani-
mals for various immunohistochemical analy-
ses to characterize cell phenotypes.

Immunohistochemistry

Rats were sacrificed by CO2 exposure, and then 
transcardially perfused with phosphate-buff-
ered saline (PBS) (pH, 7.4). All brain tissues 
were immediately immersed in dry ice-pre-
cooled isopentane and stored in a -80°C freez-
er. Coronal brain sections (20 µm) [correspond-
ing, bregma -3.0 to -1.2 mm (SVZ) and bregma 

-4.52 to -3.14 (DG)] were cut with a cryostat 
and fixed with 4% p-formaldehyde. To detect 
newly generated BrdU+ cells, brain sections 
were treated with 2 N HCl for 30 minutes to 
denature DNA, and slides were rinsed with a 
borate buffer (pH 8.4) for neutralization. Brain 
sections were incubated with 10% normal 
serum in the presence of 0.2% Triton X-100 for 
one hour at room temperature followed by incu-
bation with primary antibodies overnight at 
4°C. Primary antibodies used were as follows: 
rat anti-rat BrdU (1:100; Accurate Chemicals, 
Westbury, NY), rabbit anti-myelin basic protein 
(MBP) (1:200; Millipore, Temecula, CA), mouse 
anti-vascular endothelial growth factor (VEGF) 
(1:200; Millipore), mouse anti-ED1 for mono-
cyte/macrophage (1:100; Serotec, Raleigh, 
NC), mouse anti-OX42 (CR3 complement recep-
tor) for microglia (1:100; Serotec), and rabbit 
anti-cleaved caspase-3 (1:200; Cell Signaling 
Technology, Beverly, MA). Brain sections were 
rinsed three times with PBS (0.1 M, pH 7.4) con-
taining 1% Triton X-100 (PBST), and then incu-
bated at room temperature for one hour with 
Alexa Flour 555 anti-rat IgG (1:3000; Invitrogen, 
Eugene, Oregon), FITC-conjugated anti-mouse 
IgG, (1:100; Jackson Immunoresearch, West 
Grove, PA), FITC-conjugated anti-rabbit IgG 
(1:200; Jackson Immunoresearch), or Cy3-
conjugated anti-rabbit IgG (1:200; Jackson 
Immunoresearch). Sections were further rinsed 
three times with PBST and mounted with 
Fluorescent Mounting Medium (Vector Labo- 
ratories, Inc., Buringame, CA). To verify the 
specificity of the immuno-labeling, various pri-
mary antibodies were omitted from the staining 
process as negative controls.

Confocal microscopy

Double immunoflourescence and images were 
obtained with a confocal laser-scanning micro-
scope (LSM 510, Carl Zeiss, Oberkochen, 
Germany). Fluorescent images were acquired 
sequentially for red and green channels using 
excitation wavelengths of 543 nm (helium/
neon, red Cy3-immunofluorescence) and 488 
nm (argon, yellow-green Cy2-immunofluore- 
scence), respectively. Single optical images or z 
series stacks of 0.5 to 2 µm slice thickness 
were used for confocal laser microscopy. Image 
analysis was performed using LSM 510 Imaging 
Browser and Adobe Photoshop (Adobe Systems, 
Mountain View, CA).
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Quantification of 
immunoreactive 
cells

Corresponding bra- 
in coronal sections 
including the SVZ, 
anterior SVZ (aSVZ), 
DG, frontal cortex, 
and striatum were 
selected for quanti-
fication using a rat 
atlas. In the SVZ 
and other brain are- 
as, measurements 
were made using 
three to five sec-
tions per rat and 
four to six animals 
per group. Immuno- 
staining for MBP+, 
BrdU+/VEGF+, ED1+, 
and OX42+ cells by 
SB or TSA were qu- 
antified in the ipsi-
lateral SVZ, aSVZ, 
striatum, corpus ca- 
llosum (CC), and 
frontal cortex. Quan- 
tified results were 
obtained by confo-
cal microscopy with 
a 40x objective le- 
ns within a square 
(225 μm × 225 μm). 
Analysis of BrdU 
and double-labeled 
cells in the ipsilater-
al SVZ and other 
brain regions was 
made using confo-
cal z-series stacks. 
The phenotypes of 
newborn cells were 
identified via their 
double labeling with 
BrdU+/MBP+ and 
BrdU+/VEGF+. The 
number of cells 
expressing of single 
or double labeling 
were quantified. Im- 
ages were analyzed 
using a Fiji software 

Figure 1. Post-insult sodium butyrate (SB) treatment increased 5-bromo-2’-deoxyuridine 
(BrdU)+ and myelin basic protein (MBP)+ cells in ipsilateral brain regions after permanent 
middle cerebral artery occlusion (pMCAO), and brain derived neurotrophic factor (BDNF)-
TrkB inhibition by K252a blocked these increases. Animals were divided into five treat-
ment conditions (n = 4-6 per group): (a) Sham, (b) Vehicle, (c) SB, (d) K252a + SB, and 
(e) K252a. On Day 7, brain sections were analyzed by immunostaining with BrdU (red) 
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program adjusted for the threshold color value. 
Results were presented as the number of cells 
per section; significance was analyzed using 
Graph Pad Software (Prism 6, Graph Pad Inc., 
La Jolla, CA, USA).

Statistical analysis

Data are expressed as mean ± SEM. Differences 
between groups were measured using analysis 

analyses were performed by confocal micros-
copy on Day 7 after the onset of pMCAO.

To address the question of whether SB could 
protect against the death of MBP-expressing 
oligodendrocytes and OPCs in the ischemic 
hemisphere, we examined the BrdU+/MBP+ 
cells in the SVZ and white matter regions of 
sham-operated versus vehicle-, SB-, K252a + 
SB-, and K252a-treated pMCAO rats. The vehi-

and/or MBP (green) using confocal microscopy in multiple brain regions including (A) the 
subventricular zone (SVZ), (B) the anterior SVZ (aSVZ), (C) the striatum (Stri), (D) the cor-
pus callosum, and (E) the frontal cortex. Merged images showed that BrdU+ cells (arrows) 
and MBP+ cells (longer arrows) co-localized (yellow indicated by arrowheads) in (Df-h) the 
corpus callosum, (Fa-c) the SVZ, and (Ga-c) the striatum of SB-treated pMCAO rats. Scale 
bar = 50 μm. Results are typical immunostainings from each experimental condition. 
Note that SB treatment markedly increased MBP and BrdU labeling with extensive co-
localization, and that K252a treatment largely blocked these increases.

of variance followed 
by post-hoc Bonfe- 
rroni tests. Compa- 
risons between two 
groups were per-
formed using an 
unpaired Student’s 
t-test. P<0.05 was 
considered statisti-
cally significant.

Results

Post-insult treat-
ment with the HDAC 
inhibitors SB or TSA 
protected against 
pMCAO-induced 
loss of oligodendro-
cytes and stimu-
lated oligodendro-
genesis

Rats were subjected 
to permanent MCAO 
(pMCAO) followed by 
twice-daily injectio- 
ns of a cell prolifera-
tion marker BrdU 
(50 mg/kg, i.p.) fr- 
om day 3 to 7 after 
ischemia. Where in- 
dicated, a TrkB an- 
tagonist K252a was 
injected into the lat-
eral ventricle 2 h 
before MCAO and an 
HDAC inhibitor SB 
(300 mg/kg) or TSA 
(0.2 mg/kg) was ad- 
ministered once-dai- 
ly, commencing im- 
mediately after is- 
chemic onset. Im- 
munohistochemical 

Figure 2. Quantification of myelin basic pro-
tein (MBP)+ cells in multiple ipsilateral brain 
regions from rats that had undergone per-
manent middle cerebral artery occlusion 
(pMCAO). Experimental conditions are as 
described in the legend to Figure 1. Quan-
tified data are expressed as mean ± SEM 
(n = 4-6 animals per group), and analyzed 
by ANOVA followed by Bonferroni post-hoc 
test between groups. *p<0.05, **p<0.01, 
***p<0.001, between the indicated groups.
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cle-treated pMCAO 
group showed de- 
creased labeling of 
MBP+ cells in the 
ipsilateral SVZ, an- 
terior SVZ (aSVZ), 
striatum, corpus ca- 
llosum, and frontal 
cortex at 7 days 
after ischemic on- 
set (Figure 1Ab-Eb), 
in contrast to the 
corresponding brain 
areas of the sham-
operated animals 
(Figure 1Aa-Ea). No- 

Figure 3. Post-insult 
trichostatin A (TSA) 
treatment increased 
labeling of 5-bromo-2’-
deoxyuridine (BrdU)+ 
and myelin basic pro-
tein (MBP)+ immunos-
taining in the ipsilat-
eral hemispheres on 
Day 7 after permanent 
middle cerebral artery 
occlusion (pMCAO). 
Sham or pMCAO rats 
treated with vehicle 
or TSA were examined 
for BrdU+/MBP+ immu-
nostaining in (A) the 
subventricular zone 
(SVZ), (B) the striatum, 
(C) the frontal cortex, 
and (D) the corpus cal-
losum. Note that TSA 
treatment enhanced 
BrdU+ (red) and MBP+ 
(green) labeling in all 
four brain regions, 
compared with vehicle 
treatment. Some co-
localization of BrdU+ 
and MBP+ cells was 
observed, as indicat-
ed by arrowheads (yel-
low) in (E) the SVZ and 
(F) the frontal cortex; 
merged images fur-
ther confirmed BrdU 
(arrow) and MBP (lon-
ger arrow) co-localiza-
tion (arrowhead) after 
TSA treatment. Scale 
bar = 50 μm. Results 
are typical immunos-
tainings from each ex-
perimental group.
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tably, SB treatment robustly enhanced the 
labeling of MBP+ cells in the ischemic SVZ, 
aSVZ, striatum, corpus callosum, and frontal 
cortex on Day 7 after pMCAO (Figure 1Ac-Ec). 
Merged images revealed extensive co-localiza-
tion of BrdU and MBP immunoreactive cells in 
the corpus callosum, SVZ, and striatum after 
SB treatment (Figure 1Df-h, 1Fa-c and 1Ga-c), 
suggesting the occurrence of oligodendrogen-
esis. Pre-treatment with K252a, a TrkB antago-
nist, blocked SB-induced increases in BrdU+/
MBP+ cell labeling in these multiple brain 
regions of the ischemic hemisphere (Figure 
1Ad-Ed). Treatment with K252a alone had no 
apparent effect on the labeling of BrdU+/MBP+ 
cells in the ischemic brain regions compared 
with vehicle treatment (Figure 1Ae-Ee). 

frontal cortex, and corpus callosum (Figure 
3Ac-Dc). Merged images of BrdU+ and MBP+ 
labeling showed their colocalization in the SVZ 
and frontal cortex after TSA treatment (Figure 
3Ea-c and 3Fa-c). Quantifying the number of 
MBP+ cells showed that pMCAO-induced loss of 
MBP+ cells in the SVZ, striatum, frontal cortex, 
and corpus callosum was restored to or above 
the levels of sham control after TSA treatment 
(Figure 4A-D). Because MBP is a marker of 
mature oligodendrocytes and late-stage oligo-
dendrocyte progenitor cells [32-33], our results 
collectively support the critical role of HDAC 
inhibitors (SB and TSA) in protecting against 
ischemia-induced damage to oligodendrocytes. 
This protection may at least partly involve oligo-
dendrogenesis by epigenetic mechanisms.

Figure 4. Quantification of myelin basic protein (MBP)+ cells in the ipsilateral brain 
regions of sham, vehicle-, and TSA-treated rats that underwent permanent middle 
cerebral artery occlusion (pMCAO). Experimental conditions are described in the leg-
end to Figure 3. Quantified data of MBP+ cells in (A) the subventricular zone (SVZ), 
(B) the striatum, (C) the frontal cortex, and (D) the corpus callosum are expressed as 
mean ± SEM (n = 4-6 animals per group) and analyzed by ANOVA followed by Bonfer-
roni post-hoc test between groups. *p<0.05, **p<0.01, ***p<0.001, between the 
indicated groups.

Quantified results dem-
onstrated that SB treat-
ment significantly in- 
creased the number of 
MBP+ cells by several 
fold in the ipsilateral 
SVZ, aSVZ, striatum, 
and corpus callosum 
compared to that of 
vehicle-treated pMCAO 
rats (p<0.001), and 
that K252a pre-treat-
ment almost complete-
ly prevented these 
SB-induced increases 
(Figure 2A-D). Similar, 
but less robust effects 
were found for SB in 
the frontal cortex 
(Figure 2E). The quali-
fied data also con-
firmed that pMCAO 
markedly reduced the 
number of MBP+ cells 
in the ischemic regions, 
and that these effects 
were not significantly 
altered by treatment 
with K252a alone (Fig- 
ure 2A-E).

Post-insult treatment 
with TSA also resulted 
in abundant labeling of 
BrdU+/MBP+ cells in the 
ischemic SVZ, striatum, 
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Figure 5. 5-bromo-2’-deoxyuridine (BrdU)+ and vascular endothelial growth factor (VEGF)+ cells in the ipsilateral brain 
regions of rats that underwent permanent middle cerebral artery occlusion (pMCAO) were upregulated by treatment 
with sodium butyrate (SB), and this effect was blocked by inhibiting brain derived neurotrophic factor (BDNF)-TrkB 
with K252a. Animals were divided into five treatment conditions (n = 4-6 per group): (a) Sham, (b) Vehicle, (c) SB, (d) 
K252a + SB, and (e) K252a. Brain sections were analyzed by immunostaining with BrdU (red) and/or VEGF (green) 
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SB treatment increased BrdU+/VEGF+ cells in 
ischemic brain regions

VEGF plays a major role in angiogenesis, neuro-
genesis, cell protection, and functional recov-
ery after cerebral ischemia [7, 34-37]. BDNF-
dependent activation of TrkB was also found to 
induce VEGF in neuroblastoma cells [38]. We 
evaluated the effects of SB treatment on the 
expression of BrdU+, VEGF+, and BrdU+/VEGF+ 
cells. Sham-operated rats showed weak BrdU+ 
and VEGF+ labeling in the ischemic striatum, 
SVZ, aSVZ, and corpus callosum (Figure 5Aa-
Da). Compared to vehicle treatment, SB robust-
ly increased BrdU+ and VEGF+ labeling in the 
above-mentioned ischemic brain regions 
(Figure 5Ac-Dc v.s. 5Ab-Db). Some colocaliza-
tion of BrdU+ and VEGF+ labels were noted after 
SB treatment in these ischemic brain regions, 
notably in the striatum (Figure 5Af-h and 5Ea-
c). Pre-treatment with K252a suppressed the 
SB-induced increase in BrdU+ and VEGF+ labels 
in these brain regions (Figure 5Ae-De and 5Fa-
c). Quantification of the immunohistochemical 
results confirmed that SB dramatically 
increased the number of BrdU+ or VEGF+ cells in 
the ischemic striatum, SVZ, aSVZ, and corpus 
callosum, and that these increases were 
blocked by pre-treatment with K252a (Figure 
6A, 6B, 6D, 6E, 6G, 6H, 6J, and 6K). The num-
ber of BrdU+/VEGF+ cells was also markedly 
elevated by SB treatment in a K252a-sensitive 
manner in the striatum and corpus callosum 
and, to a lesser extent, in the SVZ and aSVZ 
(Figure 6C, 6F, 6I, and 6L). In the vehicle-treat-
ed pMCAO group, the number of BrdU+ cells 
was consistently increased in various brain 
regions (Figure 6A, 6D, 6G and 6J), similar to 
our previous results [9]. However, the number 
of VEGF+ or BrdU+/VEGF+ cells in the vehicle-
treated group was more variable, and depend-
ed on the brain regions examined.

SB decreased pMCAO-induced inflammatory 
cells and caspase-3 activation

Cerebral ischemia is accompanied by acute 
and chronic inflammation that plays a critical 

role in the pathophysiology of stroke [39-41]. 
Activated microglia and infiltrating blood-
derived cells such as monocytes/macrophages 
are key players in mediating pMCAO-induced 
neuroinflammation [6]. Activated microglia/
macrophages surround the damaged axon bun-
dles, contributing to white matter injury in the 
mouse brain after transient focal ischemia [19]. 
Therefore, we next examined ED1 and OX42 
immunostaining in the ischemic brain seven 
days after pMCAO with and without SB treat-
ment. ED1 is a cellular marker specific for 
monocytes/macrophages and activated mi- 
croglia. When monocytes/macrophages are in 
resting or inactivated status, staining with their 
cellular antigen, ED1 is characterized by small, 
round cell bodies. None of the sham-operated 
animals expressed ED1+ cells (Figure 7Aa-Ca); 
however, the vehicle-treated pMCAO group typi-
cally exhibited highly activated or reactive 
monocytes/macrophages with large round 
morphology in the ischemic striatum, frontal 
cortex, and parietal cortex (Figure 7Ab-Cb). On 
Day 7 after pMCAO, post-insult SB treatment 
reduced the immune staining of ED1+ cells in all 
three ischemic brain regions compared with 
the vehicle group (Figure 7Ac-Cc). Quantified 
data confirmed a dramatic increase in the num-
ber of ED1+ cells in the ischemic striatum, fron-
tal cortex, and parietal cortex; these monocyte/
macrophage recruitments were effectively 
blocked by SB treatment (Figure 7D-F).

OX42 (anti-CD11b) is a preferential marker of 
activated microglia, although it is also present 
in polymorphonuclear neutrophils (PMN) and 
macrophages [41-43]. Little or no staining of 
OX42+ cells was observed in the brains of 
sham-operated animals (Figure 8Aa and 8Ba). 
In contrast, strong staining of OX42+ activated 
microglia was observed in vehicle-treated 
pMCAO rats; the staining was characterized by 
amoeboid-like morphology in the ipsilateral cor-
pus callosum and frontal cortex seven days 
after ischemic onset (Figure 8Ab and 8Bb). 
Post-insult SB treatment significantly decreased 
the number of OX42+ cells compared to vehicle-
treated control animals (Figure 8Ac and 8Bc). 

in multiple brain regions including (A) the striatum, (B) the subventricular zone (SVZ), (C) the anterior SVZ (aSVZ), 
and (D) the corpus callosum. Note that SB treatment markedly enhanced BrdU+ and VEGF+ cell labeling in these 
brain regions with some co-localization, most notably in the striatum (Af-h). Pre-treatment with K252a suppressed 
these SB-induced changes in BrdU and VEGF labeling. Merged images in the striatum showed BrdU+ (arrow) and 
VEGF+ (longer arrow) co-localization (arrowhead) in (E) the SB and (F) the K252a + SB groups. Scale bar = 50 μm. 
Results are typical immunostainings from each experimental condition.
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Pre-treatment with K252a alleviated the effects 
of SB on pMCAO-induced microglial activation, 

while pre-treatment with K252a alone appeared 
to enhance pMCAO-induced microglial activa-

Figure 6. Quantification of 5-bromo-2’-deoxyuridine (BrdU)+, vascular endothelial growth factor (VEGF)+, and BrdU/
VEGF+ cells in ipsilateral brain regions of rats that underwent permanent middle cerebral artery occlusion (pMCAO). 
Experimental conditions are as described in the legend to Figure 5. Quantified data are expressed as mean ± SEM 
(n = 4-6 animals per group), and analyzed by ANOVA followed by Bonferroni post-hoc test between groups. *p<0.05, 
**p<0.01, ***p<0.001, between the indicated groups.
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tion (Figure 8Ad, 8Ae, 8Bd and 8Be). 
Quantification of OX42+ cells in the corpus cal-
losum and frontal cortex in various experimen-
tal groups confirmed the morphological assess-
ments of OX42 immunostaining (Figure 8C and 
8D).

Activated microglia, macrophages, or mono-
cytes produce and release highly toxic sub-
stances such as peroxynitrite, cytokines, and 
reactive oxygen species (ROS), which in turn 
trigger tissue damage and cell death [44]. On 
the other hand, ischemia–induced brain dam-
age appears to involve mitochondrial dysfunc-
tion, cytochrome c release, and caspase-9/
caspase-3 activation [45]. Caspase-3 functions 
as a central regulator of apoptosis, and cas-
pase-3 inhibition robustly protects neurons 
against ischemia-induced cell death [46]. To 
investigate the link between caspase-3 activa-
tion and microglia, we performed double immu-
nostaining of OX42+ and cleaved (activated) 

caspase-3+ in the ipsilateral brain regions. We 
found abundant OX42+ and caspase-3+ cells in 
the piriform cortex, corpus callosum, and stria-
tum in the vehicle-treated pMCAO group seven 
days after ischemic onset (Figure 9Ab-Cb). SB 
treatment largely blocked ischemia-induced 
caspase-3 and OX42+ immunostaining in the 
ipsilateral brain regions; these protective eff- 
ects were blocked by pre-treatment with K252a 
(Figure 9Ac-e-Cc-e). It is also noteworthy that 
after SB treatment, co-localization of cas-
pase-3+ and OX42+ cells in the ischemic stria-
tum still persisted, despite an overall reduction 
in surrounding caspase-3+ cells (Figure 9Cc 
and 9Da-c). In contrast, the vehicle-treated 
pMCAO group showed no striatal co-localiza-
tion of caspase-3+ and OX42+ cells (Figure 9Ea-
c). K252a pre-treatment reversed SB-induced 
decreases in caspase-3+ and OX42+ immunos-
taining in the ipsilateral piriform cortex, corpus 
callosum, and striatum (Figure 9Ad-Cd).

Figure 7. Confocal images of ED1+ cells 
in the ipsilateral brain regions seven days 
after permanent middle cerebral artery 
occlusion (pMCAO): the effects of post-in-
sult treatment with sodium butyrate (SB). 
Animals were divided into three treatment 
conditions (n = 4-6 per group): (a) Sham, 
(b) Vehicle-, and (c) SB-treated. Brain sec-
tions were analyzed by immunostaining 
for ED1+ cells (green), as indicated by ar-
rows, in (A) the striatum, (B) the frontal 
cortex, and (C) the parietal cortex. Scale 
bar = 50 μm. Quantified results of ED1+ 
cells in (D) the ipsilateral striatum, (E) the 
frontal cortex, and (F) the parietal cortex 
are expressed as mean ± SEM (n = 4-6), 
and analyzed by ANOVA followed by Bon-
ferroni post-hoc tests between groups. 
*p<0.05, **p<0.01, ***p<0.001, be-
tween the indicated groups. Note that 
post-insult SB treatment effectively sup-
pressed pMCAO-induced increases in 
ED1+ cells in all three brain regions.
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Discussion

This study demonstrated that pMCAO induced 
the loss of oligodendrocytes labeled by MBP+, a 
marker of mature oligodendrocytes and late 
stage OPCs, in multiple brain regions including 
SVZ, aSVZ, striatum, corpus callosum, and fron-
tal cortex. Remarkably, post-insult treatment 
with two structurally unrelated HDAC inhibitors, 
SB and TSA, robustly increased the number of 

MBP+ cells in these brain regions to levels 
approximating those of sham-operated con-
trols (Figures 1-4). The co-localization of BrdU+/
MBP+ cells suggests that the protective effects 
of HDAC inhibition partly involve oligodendro-
genesis. OPCs are normally located in the ger-
minal zone of the SVZ, but can migrate to vari-
ous brain regions after stroke or under other 
pathological conditions [20, 47, 48]. These 
observations could explain the diversity of pro-

Figure 8. Treatment with sodium butyrate (SB) decreased OX42+ cells in the ipsilateral brain regions after perma-
nent middle cerebral artery occlusion (pMCAO). Animals were divided into five treatment conditions (n = 4-6 per 
group): (a) Sham, (b) Vehicle, (c) SB, (d) K252a + SB, and (e) K252a. Brain sections were analyzed by immunostain-
ing for OX42+ cells (green), as indicated by arrows, in the ipsilateral (A) corpus callosum and (B) frontal cortex. Scale 
bar = 50 μm. Quantified results of OX42+ cells in (C) corpus callosum and (D) frontal cortex are expressed as mean 
± SEM (n = 4-6 per group) and analyzed by ANOVA followed by Bonferroni post-hoc test between groups. *p<0.05, 
**p<0.01, ***p<0.001 between the indicated groups. Note that post-insult SB treatment markedly decreased 
pMCAO-induced increase in OX42+ cells in both brain regions and that this SB effect was attenuated by K252 treat-
ment. K252a alone induced a significant increase over the vehicle-treated group.
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tective effects associated with HDAC inhibitors 
seen in multiple brain sites in our study. 
Consistent with this notion, a report found that 
delayed (24 hours) administration of VPA, a 

pan-HDAC inhibitor structurally similar to SB, 
increased oligodendrocyte survival and pro-
moted OPC differentiation into mature oligo-
dendrocytes in the ischemic rat brain 28 days 

Figure 9. Treatment with sodium butyrate (SB) robustly suppressed ischemia-induced caspase-3 and/or OX42 im-
munoreactive cells in the ipsilateral brain regions in a K252a-sensitive manner. Animals were divided into five treat-
ment conditions (n = 4-6 per group): (a) Sham, (b) Vehicle, (c) SB, (d) K252a + SB, and (e) K252a. On Day 7, brain 
sections were prepared and analyzed by immunostaining for caspase-3 (red) and/or OX42 (green) using confocal 
microscopy in (A) the piriform cortex, (B) the corpus callosum, and (C) the striatum. Scale bar = 50 μm. Results 
are typical immunostaining from each experimental condition. Note that SB treatment markedly reduced pMCAO-
induced increases in caspase-3 and OX42-immunostaining, and these SB effects were sensitive to pre-treatment 
with K252a. Magnified, merged images from the boxes in (C) show that caspase-3 (arrows) and OX42 (longer ar-
rows) were co-localized (arrowheads) in the striatum of the SB-treated group (Da-c), but no such co-localization was 
detected in the vehicle-treated group (Ea-c).
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after pMCAO [49]. In addition, suberoyl anilide 
hydroxamic acid (SAHA) and the class I-specific 
HDAC inhibitor MS-275 were both found to pre-
serve white matter cellular architecture. This 
protective effect correlated with reduced exci-
totoxicity, maintenance of ATP, and preserva-
tion of axonal mitochondria and oligodendro-
cytes during oxygen-glucose deprivation in a 
pure white matter tract of optic nerve [50, 51].

In the present study, the protective effects of 
SB against pMCAO-induced loss of oligoden-
drocytes were associated with the anti-inflam-
matory effect of this HDAC inhibitor. Specifically, 
SB treatment suppressed ischemia-induced 
microglial activation detected by OX42 immu-
nostaining in the corpus callosum and frontal 
cortex (Figure 8) and by ED1+ staining for mac-
rophage/monocytes and macrophage in the 
striatum and frontal/parietal cortex (Figure 7). 
Peroxynitrite produced by iNOS and NAPDH oxi-
dase in activated microglia have been shown to 
mediate the death of oligodendrocytes [52]. 
Our preliminary data showed that hypoxia/isch-
emia induced by unilateral common carotid 
ligation in mice increased the loss of MBP+, 
ED1+, and GFAP+ cells in ischemic white matter 
as well as the CA3 region, suggesting that 
microglial activation contributes to oligoden-
drocyte death in neonatal periventricular leuko-
malacia (Kim et al., 2010, unpublished data, 
SFN abstract, 567.10). In further support of the 
role of neuroinflammation in white matter injury 
is that ED1+ macrophages/microglia are locat-
ed in the damaged, but not undamaged, axonal 
bundles after ischemic injury [19], and that 
minocycline treatment reduced OX42+ immuno-
reactivity and prevented the loss of MBP+ 
immunostaining in a rat model of cerebral 
hypoperfusion [53]. Taken together, the data 
suggest that HDAC inhibition-mediated sup-
pression of microglial activation and macro-
phage/monocyte infiltration after ischemic 
stroke is likely to be another important mecha-
nism for improving the survival of oligodendro-
cytes after ischemic stroke.

We previously reported that post-ischemic SB 
or VPA treatment super-induced heat shock 
protein 70 [6], which has been shown to sup-
press microglial/monocyte activation after 
experimental stroke [54]. In addition, these two 
HDAC inhibitors blocked MCAO-induced activa-
tion of NF-κB [8], which is a key molecule medi-
ating neuroinflammation. It has been proposed 

that JNK signaling is the shared pathway linking 
neuroinflammation and oligodendroglial apop-
tosis in the immature brain [55]. Whether JNK 
is a treatment target for HDAC inhibitors to elicit 
protection against oligodendrocyte death 
remains to be studied.

A striking feature of the current study is that the 
protective effects of SB against oligodendro-
cyte loss and its ability to reduce pMCAO-
induced OX42+ and ED1+ cells in multiple brain 
regions were robustly suppressed by intraven-
tricular injection of K252a to inhibit TrkB 
(Figures 1, 2, 8 and 9). These results were rem-
iniscent of our previous study, which found that 
SB-induced neurogenesis in the SVZ, striatum, 
frontal cortex, and other regions of the isch-
emic brain was largely blocked by K252a, and 
involved activation of the BDNF-TrkB signaling 
pathway [9]. That study also demonstrated that 
the effects of SB on neurogenesis were accom-
panied by upregulation of histone acetylation 
and BDNF as well as activation of a BDNF 
downstream signaling molecule, cAMP-
response element-binding protein (CREB). 
Activation of CREB by Ser133 phosphorylation 
is part of the molecular mechanism underlying 
BDNF-TrkB-induced migration, differentiation, 
and survival of SVZ neuroblasts [56]. In addi-
tion, phospho-CREB is a prominent transcrip-
tion factor involved in the expression of numer-
ous neuroprotective, neurotrophic, and 
anti-inflammatory protein molecules (reviewed 
in [3]). It is conceivable that similar BDNF-TrkB-
mediated signaling mechanisms may be 
involved in SB-induced oligodendrogenesis, oli-
godendrocyte protection, and neuroinflamma-
tion suppression in ischemic brain regions. The 
critical role of the BDNF-TrkB pathway in the 
protection by HDAC inhibitors after stroke is fur-
ther supported by our observation that HDAC 
inhibition-mediated functional recovery after 
stroke was blocked by K252a [9]. It is notewor-
thy that thyroxin T4-induced protection against 
white matter injury in the immature brain was 
previously found to be BDNF-TrkB-dependent 
[57], and that a TrkB agonist had profound pro-
tective effects after perinatal hypoxia and isch-
emia in mice [58].

We also found that SB treatment increased 
VEGF+ cells in the ischemic striatum, SVZ, aSVZ, 
and corpus callosum, with notable co-localiza-
tion of BrdU+/VEGF+ cells in the striatum and 
corpus callosum; these effects were blocked by 
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K252a (Figures 5 and 6). Recent research has 
underscored the role of VEGF in angiogenesis, 
neurogenesis, brain protection, and functional 
recovery after experimental stroke [7, 34-37, 
59]. For instance, blockade of VEGF receptor-2 
worsened brain injury, promoted apoptotic cell 
death, and reduced endothelial cell prolifera-
tion after neonatal stroke in rodents [37]. In a 
previous study, we found that, two weeks after 
transient pMCAO, suppression of VPA-induced 
VEGF by pharmacological inhibition of HIF-1α 
prevented enhanced angiogenesis and func-
tional recovery [7]. BDNF-stimulated increases 
in HIF-1α and VEGF require the activity of the 
TrkB tyrosine kinase, PI-3 kinase, and mTOR 
pathways [38]. Thus, it is not surprising that in 
our study, SB-induced VEGF+ cells in various 
ischemic brain regions were blocked by K252a. 
Because cerebral endothelial cells secrete tro-
phic factors to support the survival and prolif-
eration of OPCs via Akt and Src-dependent 
mechanisms [60], it is possible that VEGF is 
one of the prominent growth factors secreted 
by endothelial cells to mediate these effects.

Intracerebral injection of BDNF was found to 
protect against hypoxia/ischemia-induced 
infarction and caspase-3 activation in neonatal 
brain via the BDNF-TrkB signaling pathway [61]. 
In the present study, the HDAC inhibitor SB 
markedly suppressed caspase-3+ and OX42+ 
immunostaining in the cortex, corpus callosum, 
and striatum, and these effects were blocked 
by K252a (Figure 8), suggesting a close rela-
tionship between microglia/macrophage acti-
vation and caspase-3-dependent cell death. 
Interestingly, some co-localization of cas-
pase-3+ and OX42+ cells was noted in the isch-
emic brain region after SB treatment, despite a 
global reduction of caspase-3+ and OX42+ cells 
(Figure 9Da-c). This observation is in line with a 
previous study demonstrating that HDAC inhibi-
tors, including SB, induced microglial apoptosis 
to protect against inflammation-triggered dopa-
minergic neuronal death [62]. It should be 
noted that caspases can exert both apoptotic 
and non-apoptotic actions in neuronal physiol-
ogy and pathology [46]. For example, cas-
pase-3 activation limited self-renewal without 
triggering apoptosis in neural progenitor cells 
after stroke [63]. Whether apoptosis-indepen-
dent effects of caspase-3 are involved in the 
regulation of the OPC regenerative response 
and oligodendrocyte protection in the ischemic 
brain are currently unknown.

SB, VPA, TSA, and SAHA are broad-spectrum 
inhibitors of zinc-dependent HDACs that prefer-
entially affect Class I (isoforms 1, 3, 5, 8), have 
less effects on Class IIa (isoforms 2, 4, 7, 9), 
and have little or no effects on Class IIb (iso-
forms 6, 10). Global HDAC inhibition has also 
been shown to partially reverse the lineage 
restriction of OPCs, thereby inducing develop-
mental plasticity [64]. The HDAC isoform(s) 
involved in the protective effects on oligoden-
drocytes after ischemic stroke remains uniden-
tified. In this context, inhibition or deletion of 
HDAC isoform 2 has been reported to suppress 
neurodegeneration and improve behavioral 
performance in animal models of Alzheimer’s 
disease and other CNS disorders (reviewed in 
[65]). Paradoxically, it was reported that HDAC1 
and HDAC2 activity are required to regulate oli-
godendrocyte differentiation [66], and that 
HDAC1 and HDAC2 functions are critical for 
myelination and survival of Schwann cells in 
the peripheral nervous system [67]. These 
results do not necessarily negate the impor-
tance of HDAC1 and HDAC2 inhibition in medi-
ating the effects seen in the present study, 
because of the different experimental condi-
tions employed, namely, ischemic stroke in our 
study versus normal, non-pathological condi-
tions in theirs. Future investigations exploring 
the role of specific isoform(s) involved in the 
pathophysiology of white matter injury and the 
beneficial effects of pan-HDAC inhibitors will 
provide crucial information for therapeutic 
interventions.
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