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Narrow therapeutic window limits treatments with thrombolysis and neuroprotection for most stroke patients. Widening therapeutic
window remains a critical challenge. Understanding the key mechanisms underlying the pathophysiological events in the peri-infarct
area where secondary injury coexists with neuroplasticity over days to weeks may offer an opportunity for expanding the therapeutic
window. Here we show that ischemia-induced histone deacetylase 2 (HDAC2) upregulation from 5 to 7 d after stroke plays a crucial role.
In this window phase, suppressing HDAC2 in the peri-infarct cortex of rodents by HDAC inhibitors, knockdown or knock-out of Hdac2
promoted recovery of motor function from stroke via epigenetically enhancing cells survival and neuroplasticity of surviving neurons as
well as reducing neuroinflammation, whereas overexpressing HDAC2 worsened stroke-induced functional impairment of both WT and
Hdac2 conditional knock-out mice. More importantly, inhibiting other isoforms of HDACs had no effect. Thus, the intervention by
precisely targeting HDAC2 in this window phase is a novel strategy for the functional recovery of stroke survivors.
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Introduction
Stroke is a major public health problem leading to high rates of
death and disability in adults (Mendis et al., 2015). Currently,
thrombolysis with tissue plasminogen activator remains the only

globally approved treatment for ischemic stroke (Chapman et al.,
2014), although many approaches have been tried in the attempt
to reduce the devastating impact of stroke. Unfortunately, how-
ever, �6% of all ischemic stroke patients are treated with tissue
plasminogen activator (Levine et al., 2013), due to the narrow
therapeutic window (Cronin et al., 2014), risk of symptomatic
intracerebral hemorrhage, perceived lack of efficacy in certain
high-risk subgroups, and a limited pool of neurological and
stroke expertise in the community (Chapman et al., 2014). Thus,
there is a great need to investigate options to treat those patients,
representing the vast majority, in whom tissue plasminogen
activator or interventional approaches are not feasible or
contraindicated.

Neuroprotection is an alternative approach to thrombolysis.
Over the past two decades, many molecular targets have been
identified to achieve neuroprotection. Disappointingly, in clini-
cal trials, promising preclinical studies of neuroprotectants have
not been translated into positive outcomes (Moretti et al., 2015).
Although reasons for the failures are exceedingly complex, nar-
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Significance Statement

Narrow time window phase impedes current therapies for stroke patients. Understanding the key mechanisms underlying sec-
ondary injury may open a new window for pharmacological interventions to promote recovery from stroke. Our study indicates
that ischemia-induced histone deacetylase 2 upregulation from 5 to 7 d after stroke mediates the secondary functional loss by
reducing survival and neuroplasticity of peri-infarct neurons as well as augmenting neuroinflammation. Thus, precisely targeting
histone deacetylase 2 in the window phase provides a novel therapeutic strategy for stroke recovery.
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row therapeutic window, single target and disregard for repair
(Xu and Pan, 2013; Lo, 2014; Moretti et al., 2015) may be critical,
as reticular pathophysiological events occur in the peri-infarct
area over days to weeks, including inflammation (Walsh et al.,
2014), oxidant stress (Ohsawa et al., 2007), apoptosis (Broughton
et al., 2009), and neuroplasticity-mediated circuit reorganization
(Murphy and Corbett, 2009; Sigler et al., 2009).

Histone deacetylases (HDACs) target histones, regulate chro-
mosome dynamics, control cellular gene expression (Robert et
al., 2011), and contribute to multiple signaling pathways linked
to neuronal plasticity (Gräff et al., 2014), cell survival (Nott et al.,
2008), neuroinflammation (Bie et al., 2014), and oxidative stress
(Shimazu et al., 2013; Peng et al., 2015). Thus, HDACs may play
a critical role in mediating pathophysiological events in the peri-
infarct area after stroke.

Materials and Methods
Animals. HDAC2flox/flox mice (C57BL/6 background), exons 5 and 6 with
loxP recombination sites, were generated and maintained at Model An-
imal Research Center of Nanjing University (Nanjing, China). Cortex-
specific Hdac2 conditional knock-out (CKO) mice were obtained by
crossing Emx1-CRE �/� mice (a gift from Prof. Chun-Jie Zhao, South-
east University, China) with HDAC2flox/flox mice, named them
HDAC2flox/flox-Emx1-Cre mice. Male young adult (6 –7 weeks) C57BL/6
mice (from Model Animal Research Center of Nanjing University,
China) and Sprague Dawley rats (9- to 10-week-old) (from Shanghai Slac
Laboratory Animal) were used. Animals were maintained at controlled
temperature (20 � 2°C) and group housed them (12 h light-dark cycle)
with access to food and water ad libitum. Every effort was made to min-
imize the number of animals used and their suffering. All animal exper-
iments were conducted in accordance with the Institutional Animal Care
and Use Committee of Nanjing Medical University.

Drugs. Reagents were purchased and used at the indicated final con-
centration. HDAC inhibitors: trichostatin A (TSA, Selleck; 0.5 �M),
MGCD0103 (Selleck; 1 �M or 10 mg/kg, i.p.), TMP269 (Selleck; 10 �M),
and suberoylanilide hydroxamic acid (SAHA) (Sigma; 10 �M). Stan-
dards of glutamate and GABA were purchased from Sigma. Stable labeled
L-glutamic-2,3,3,4,4-d5 acid and �-aminobutyric-2,2,3,3,4,4-d6 acid were
purchased from Cambridge Isotope Laboratories and Sigma, respectively.

Recombinant virus production and their stereotaxic injection. The re-
combinant Ad-HDAC2-Flag and Ad-inactive-HDAC2-Flag were pro-
duced by GeneChem. To generate catalytically inactive HDAC2, the
fusion protein of HDAC2 (amino acids 1–288) and �-galactosidase
(HDAC2-LacZ) was expressed via the adenovirus system. The coding
sequences of mouse Hdac2 and inactive Hdac2 were amplified by RT-
PCR. The primers were as follows. For Hdac2, forward: 5�-CGG GTA
CCG GTC GCC ACC ATG GCG TAC AGT CAA GGA G-3�; reverse:
5�-CGG AAT TCT CAC TTG TCA TCG TCA TCC TTG TAG TCA GGG
TTG CTG AGT TGT TCT G-3�; for inactive Hdac2, forward: 5�-GAG
GAT CCC CGG GTA CCG GTC GCC ACC ATG GCG TAC AGT CAA
GGA G-3�; reverse: 5�-TCA TCC TTG TAG TCG CTT TTG ACA GTT
AGA TTG AAA C-3�. The PCR fragments and the pDC315 plasmid were
digested with AgeI and EcoRI, and ligated with T4 DNA ligase to produce
pDC315-HDAC2-Flag or pDC315-inactive-HDAC2-Flag, which over-
express HDAC2 or inactive HDAC2 protein with a flag tag in the C
terminal. The plasmid was used to transform competent DH5� Esche-
richia coli bacterial strains for identification. Using 10 �l Lipofectamine
2000 mixed with 50 �l DMEM, HEK293 cells were cotransfected with (5
�g pDC315-HDAC2-Flag or pDC315-inactive-HDAC2-Flag) and 5 �g
pBHG lox ‚E1,3 cre plasmid as a helper plasmid to generate the recom-
binant adenovirus Ad-HDAC2-Flag and Ad-inactive-HDAC2-Flag, re-
spectively. Fifty days later, supernatant was harvested from HEK293 cells.
After 2 � virus amplification, the supernatant was filtered at 0.45 �m and
purified using the adeno-X virus purification kit (BD Bioscience, Clon-
tech). After resuspension, serially diluted adenovirus was used to trans-
duce HEK293 cells. Seven days later, labeled HEK293 cells were counted
to calculate the viral titer (1.5 � 10 9 virus particles per milliliters).

For the generation of the AAV-CAG-EGFP-T2A-Cre and AAV-CAG-
EGFP strains, standard cloning procedures were used to subclone the
EGFP-T2A-Cre or EGFP cassettes into the backbone of AAV-CAG-MCS
expression plasmid. Following DNA sequencing screening, the AAV
plasmid was packaged into AAV serotype 8 virus from Obio Technology,
with titers of 7 � 10 12 virus particles per milliliters.

Adult male C57BL/6 mice and HDAC2flox/flox were anesthetized and
viruses were stereotaxically injected into the site (2 nl/s, 2 �l) with the
following coordinates (from bregma): anteroposterior, 0 mm; mediolat-
eral, �1.5 mm; dorsovental, 1.3 mm. Following injection, injection nee-
dles were left in place for 10 min to assure even distribution of the virus.

Photothrombotic model of stroke. Focal cortical ischemia was induced in
mice by photothrombosis of cortical microvessels as described in detail
previously (Lee et al., 2004; Clarkson et al., 2010). Briefly, mice were
anesthetized with isoflurane and placed in a stereotaxic device. The skull
was exposed by incising the midline, clearing connective tissue and keep-
ing the surface dry. A cold light source (World Precision Instruments)
attached to an opaque template with an opening for giving a 2-mm-
diameter 12,000 lux illumination was positioned 1.5 mm lateral from
bregma. Rose Bengal solution (Sigma; 100 mg/kg, i.p.) was administered.
Five minutes later, the brain was illuminated for 15 min through the
intact skull. Through light excitation, singlet oxygen was generated from
Rose Bengal, which damages and occludes vascular endothelium, leading
to focal cortical stroke. Control mice received the same dose of Rose
Bengal without illumination.

Middle cerebral artery occlusion (MCAO) model of stroke. To induce
ischemia-reperfusion stroke, intraluminal MCAO was performed in rats
as described previously (Zhou et al., 2010). Briefly, under ketamine an-
esthesia, a 4 – 0 surgical nylon monofilament with rounded tip was intro-
duced into the left internal carotid artery through the external carotid
stump, advanced 20 –21 mm past the carotid bifurcation until a slight
resistance was felt. The filament was left in place for 120 min and then
withdrawn for reperfusion. Regional cerebral blood flow was monitored
by a laser Doppler perfusion monitor (Moor Instruments) to ensure that
the regional cerebral blood flow decreased by 85%–95%. Sham-operated
rats receive the same procedure with MCAO rats except that the occlud-
ing filament was inserted only 7 mm above the carotid bifurcation.

Cannula implantation and drug microinjection. The surgical procedure
was the same as described above. Stainless-steel guide cannulae (26
gauge, 3.5 mm, RWD Life Science) were implanted into the core of the
infarction (1.5 mm lateral from bregma, and 1.0 mm vertical from the
cortical surface) and fixed to the skull with adhesive luting cement and
acrylic dental cement. Following surgery, a stainless-steel obturator was
inserted into the guide cannula to avoid obstruction until microinjection
was made. Mice were briefly head-restrained while the stainless-steel
obturator was removed and an injection tube (30 gauge, 4.0 mm, RWD
Life Science) was inserted into the guide cannula. The injection tube was
designed to protrude 0.5 mm from the tip of the catheter, thus penetrating
into the penumbra. A dose of drugs was slowly infused at a flow rate of 0.2 �l
per min to a total volume of 2 �l. Following injection, the injection cannulae
were left in place for 5 min to reduce backflow. The stainless-steel obturator
was subsequently reinserted into the guide cannula.

Grid-walking task. A 12 mm square wire mesh with a grid area of 32 �
20 � 50 cm (length � width � height, for mice) or a 3 cm square wire
mesh with a grid area of 60 � 60 � 60 cm (length � width � height, for
rats) was manufactured as the apparatus to conduct the grid-walking task
(Clarkson et al., 2010; Luo et al., 2014). A camera was positioned beneath
the device to video footage to assess the stepping errors (foot faults). Each
mouse was placed individually on the top of the elevated wire grid and
allowed to freely move until at least 100 steps have been taken by the left
forelimb. Analysis was performed offline by rater blind to group design.
The total number of foot-fault and non–foot-fault steps for each limb
were counted. A ratio between foot faults and total steps were calculated
as follows: number of foot faults/(foot faults � number of non–foot-fault
steps) �100. The differences between animals and trials in the degree of
locomotion were excluded by calculating the ratio between foot faults
and total steps taken. If a step was not providing support and the foot
went through the grid hole, this was considered a fault. A step was also
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considered a foot fault if an animal was resting with the grid at the level of
the wrist.

Spontaneous forelimb task (cylinder task). The use of forelimbs for ver-
tical wall exploration was encouraged in the spontaneous forelimb task
(Baskin et al., 2003). When placed in a Plexiglas cylinder (15 cm in height
with a diameter of 10 cm), the mouse spontaneously stood up by pressing
the cylinder wall with either one or both of its forelimbs. Each mouse was
allowed to freely explore until at least 20 rears in the cylinder and video-
taped. The video footage was analyzed offline by calculating the time
(seconds) during each rear that each animal spent on either the right
forelimb, the left forelimb, or on both forelimbs in a slow motion (one-
fifth real time speed). Only rears in which both forelimbs could be clearly
seen were included in our analysis. The percentage of time spent on each
limb was calculated, and these data were used to derive an asymmetry
index as follows: (% ipsilateral use) � (% contralateral use).

In vitro studies. Embryonic cortices (E16) of C57BL/6 mice were iso-
lated with standard procedures. Cortical neurons were plated at a density
of 1 � 10 4 for morphological analysis and 1 � 10 5 for biochemical
detection. Primary mouse cortical cultures (10 –12 DIV) were treated
with NMDA (25 �M, Sigma) (removed after 1 h, and assessed 8 h later),
a mixture of H2O2 (50 �M, Sigma) and peroxynitrite (30 �M, Millipore)
(removed after 1 h, and assessed 8 h later) or a mixture of TNF� (200
ng/ml, Millipore), interleukin-1� (IL-1�, 10 ng/ml, Millipore), and ma-
trix metalloproteinase 9 (MMP9, 400 ng/ml, Millipore) (assessed 24 h
later). The equal volume of vehicle was added as control, except that
degraded peroxynitrite (30 �M, Millipore) � H2O (the same volume as
H2O2) were added as the control of peroxynitrite � H2O2.

Western blot analysis. Western blot analysis was performed as described in
detail previously (Zhou et al., 2010). Briefly, peri-infarct cortex tissue was
rapidly dissected around the stroke infarct core over the ice box as previously
described (Clarkson et al., 2011). The equivalent region of cortex was taken
in sham mice. Cellular sample was collected by scraping the bottom of the
dish. The primary antibodies were as follows: rabbit anti-HDAC2 (1:2000;
Abcam, catalog #ab32117, RRID: AB_732777), rabbit anti-HDAC3 (1:2000;
Abcam, catalog #ab16047, RRID: AB_443297), rabbit anti-histone H4 (1:
500; Abcam, catalog #ab10158, RRID: AB_296888), rabbit anti-acetylated
histone H4 (acetyl-K5) (1:1000; Abcam, catalog #ab51997, RRID:
AB_2264109), mouse anti-Flag (1:1000; Sigma, catalog #F1804, RRID:
AB_262044), rabbit anti-Bestrophin1 (1:500; Abcam, catalog #ab14927,
RRID: AB_301518), rabbit anti-UNC5C (1:2000; Abcam, catalog
#ab179688, RRID: AB_2632588), rabbit anti-DISC1 (1:2000; Abcam,
catalog #ab192258, RRID: AB_2632589), rabbit anti-NOVA1 (1:
2000; Abcam, catalog #ab183024, RRID: AB_2632587), rabbit anti-
TNF� (1:500; Abcam, catalog #ab9739, RRID: AB_308774), rabbit
anti-IL-1� (1:500; Abcam, catalog #ab9787, RRID: AB_308787), or
rabbit anti-BDNF (1:2000; Abcam, catalog #ab108383, RRID:
AB_10858252). Mouse anti-GAPDH (1:4000; Kangchen Biotech, cat-
alog #KC-5G4, RRID: AB_2493106) or mouse anti-�-actin (1:4000;
Sigma, catalog #A1978, RRID: AB_476692) was used as internal con-
trol. Appropriate HRP-linked secondary antibodies were used for
detection by enhanced chemiluminescence (Pierce).

Immunostaining, imaging, and analysis. The details of immunofluores-
cence for brain section and cultured cells have been reported previously
(Luo et al., 2010). Immunocytochemistry and immunohistochemistry
on different experimental conditions were performed with the same an-
tibody solution at the same time to assure identical staining conditions.
In brief, for immunohistochemistry, mice were transcardially perfused
with 0.9% NaCl followed by 4% PFA under deep anesthesia (ketamine),
and their brains were sectioned at 40 �m thickness using a vibratome
(VT1200s, Leica). For immunocytochemistry, cells were fixed using 4%
PFA. Slices/cells were blocked in PBS containing 3% normal goat serum,
0.3% (w/v) Triton X-100, and 0.1% BSA at room temperature for 1 h,
followed by incubation in primary antibody at 4°C overnight. The pri-
mary antibodies were used as follows: rabbit-anti HDAC2 (1:1000;
Abcam, catalog #ab32117, RRID: AB_732777), mouse-anti-NeuN (1:
500; Millipore, catalog #MAB377, RRID: AB_2298772), and rabbit-anti
Iba1 (1:300; Wako, catalog #019 –19741, RRID: AB_839504). Secondary
antibodies used were goat-anti mouse Cy3 (1:200; Jackson Immuno-
Research Laboratories, catalog #115-165-003, RRID: AB_2338680),

goat-anti mouse Alexa-488 (1:400; Jackson ImmunoResearch Laborato-
ries, catalog #115-545-003, RRID: AB_2338840), goat-anti rabbit Cy3
(1:200; Jackson ImmunoResearch Laboratories, catalog #111-165-003,
RRID: AB_2338000), goat-anti rabbit Alexa-488 (1:400; Jackson Immu-
noResearch Laboratories, catalog #111-545-003, RRID: AB_2338046),
and goat-anti rabbit Alexa647 (1:300; Jackson ImmunoResearch Labo-
ratories, catalog #111-605-003, RRID: AB_2338072). Finally, cultures
were counterstained with Hoechst 33258 (Sigma) to label the nuclei.
Images were captured with a fluorescence microscope (Axio Imager, Carl
Zeiss) or a confocal laser-scanning microscope (LSM700, Carl Zeiss) at
identical settings for each of conditions. Images were quantified using
ImageJ 1.42q by an experimenter blind to treatment groups. For brain
slice NeuN and Iba1 staining, the number of NeuN-positive cells and
amoeboid microglia in the peri-infarct area between different experi-
mental conditions use identical intensity settings. Four directions (2
o’clock, 4 o’clock, 8 o’clock, 10 o’clock) were selected to capture the
peri-infarct area in one slice; three typical slices were chosen to represent
an animal. Neuron and amoeboid microglia density was calculated from
the number of NeuN-positive cells and amoeboid microglia divided by
peri-infarct area, respectively. For brain slices with GFP and HDAC2
costainings, the settings were the same in each experimental condition.

HDAC activity assay. HDAC activity in peri-infarct cortical samples
was measured by a HDAC fluorometric assay kit (EMD Millipore). For
HDAC2- or HDAC4,5,7-specific activity, immunoprecipitation with
specific antibody was performed before the assay as described previously
(Nott et al., 2008). In brief, tissue lysates prepared in immunoprecipita-
tion buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40,
pH 8.0, supplemented with 1 mM PMSF) were incubated with 1 �l mouse
anti-HDAC2 (Abcam, catalog #ab51832, RRID: AB_880350) or 4 �l rab-
bit anti-HDAC4,5,7 (Santa Cruz Biotechnology, catalog #sc-11421,
RRID: AB_647888), and 20 �l protein G-Agarose (Sigma) overnight on a
tube rotator at 4°C. Then beads were centrifuged at 5000 � g and washed
five times in PBS. HDAC assay substrate was added to the beads and
incubated at 30°C for 40 min. Finally, activator solution containing TSA
(HDAC inhibitor) was used to stop the reaction, and the supernatant was
used for fluorescent measurement. Fluorescent was measured in 384-
well plate by excitation wavelength 360 nm and emission wavelength 450
nm using a flourescence plate reader (Molecular Devices). HDAC activ-
ity was normalized to total protein levels determined by Bradford assay.

In vivo microdialysis. Microdialysis in the peri-infarct cortex was per-
formed as reported previously with some modifications (Jo et al., 2014).
Mice were kept under isoflurane anesthesia (1.5%) and mounted in a
stereotaxic frame (Kopf). After exposing the skull and drilling a burr
hole, a CMA7 microdialysis probe of concentric design (CMA Microdi-
alysis) was positioned and inserted into the peri-infarct area with the
following coordinates (from bregma): anteroposterior, 0 mm; mediolat-
eral, �0.65 mm; dorsovental, 1.5 mm. The probe was connected to a 100
�l microsyringe (Hamilton) controlled by a microperfusion pump
(WPI) with polyethylene (PE-20) and perfused with ASCF composed of
the following (in mM): Na � 151.1, K � 2.6, Mg 2� 0.9, Ca 2� 1.3, Cl �

122.7, HCO3
� 21.0, HPO4

2� 2.5, and glucose 3.87 at a speed of 1 �l/min.
Perfusates from the outlet end of the tubing were collected in plastic vials
standing in ice. Samples were collected over 20 min intervals for 2 h. The
second dialysate was used for measurement of L-glutamate and GABA.

GABA and L-glutamate measurement. The concentrations of GABA
and glutamate in dialysates were analyzed using ion pairing HPLC with
positive electrospray LC-MS/MS as described previously with some
modifications (Eckstein et al., 2008). Stock solutions of 100 �g/ml were
prepared in HPLC-grade water for GABA, glutamate, [D6]-GABA, and
[D5]-glutamate. All further standards were obtained by diluting the
stock solutions with ACSF. Internal standard working solution (500
ng/ml of [D6]-GABA and 2.5 �g/ml [D5]-glutamate) were obtained by
diluting the stock solutions with acetonitrile. A total of 20 �l of the
internal standard working solution was added to 20 �l of microdialysis or
standard sample; then 10 �l of the homogenized mixing solution was
injected into the LC-MS/MS. The solution was analyzed by HPLC-MS
using a 6410 Triple Quad LC/MS mass spectrometer (Agilent Technolo-
gies) coupled to a 1200 Series HPLC system (Agilent Technologies). Ana-
lyte separation was achieved using a SeQuant ZIC-HILIC column
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(Merck, 3.5 �m, 20 � 2.1 mm). Mobile phases A and B were composed of
1% formic acid in HPLC grade water and acetonitrile, respectively. The
gradient elution profile was chosen as follows: 0 min: 15% A (0.4 ml/
min); 0.20 min: 95% A (0.4 ml/min); 3.00 min: 95% A (0.4 ml/min); 3.5
min: 15% A (0.4 ml/min); 10 min: 15% A (0.4 ml/min). We performed
MS/MS analysis in the positive mode with an ESI with a dwell time of 100
ms. The ion spray voltage was set at 4000 V, the source temperature at
350°C, the gas flow at 10 L/min, and the nebulizer pressure at 35 psi. The
positive charged molecular ions m/z 104.1 and 148.1 for GABA and
glutamate were generated, respectively. Multiple reaction monitoring
mode was used. Two transitions were measured for determination of
GABA and glutamate, whereas one transition was used for quantifica-
tion. For the internal standards [D6]-GABA and [D5]-glutamate, one
transition was selected. The collision energy offset was 15, 14, 12, and 4
for [D5]-glutamate, glutamate, [D6]-GABA, and GABA, respectively.
The specific ions (m/z) monitored were glutamate (m/z 148.1¡m/z
84.1), GABA (m/z 104.1¡m/z 87.1), [D5]-glutamate (m/z 153.1¡m/z
88.1), and [D6]-GABA (m/z 110.1¡m/z 93.2). All data were collected
and analyzed using Mass Hunter Workstation Software, version B.02.00
(Agilent Technologies).

Gene expression analyses. RNA sequencing was performed by Capital-
Bio Technology. Briefly, total mRNA was isolated from peri-infarct tis-
sues using the Trizol reagent (Invitrogen) and purified with mirVana
miRNA Isolation Kit (Ambion) according to the manufacturer’s proto-
col. Total RNA was quality-controlled using a spectrophotometer
(NanoDrop ND-1000). RNA integrity was determined by capillary elec-
trophoresis using the RNA 6000 Nano Lab-on-a-Chip kit and the Bio-
analyzer 2100 (Agilent Technologies). Only RNA extracts with RNA
integrity number values �6 underwent in further analysis. The array data
were analyzed for data summarization, normalization, and quality con-
trol by using the GeneSpring software, version 13 (Agilent Technolo-
gies). Significant differential expression between sample sets was defined
as probes that exhibited a robust fold change of �2.0 (Fc � 2.0) with an
adjusted p value of � 0.05. Three samples from vehicle and MGCD0103
were compared. The data were Log2 transformed and median centered
by genes using the Adjust Data function of Cluster 3.0 software then
further analyzed with hierarchical clustering with average linkage. Fi-
nally, we performed tree visualization by using Java Treeview (Stanford
University School of Medicine, Stanford, CA). Differentially expressed
genes were further analyzed by gene ontology and pathway analysis. Sta-
tistical tests were performed using Student’s t test and the Benjamini-
Hochberg false discovery rate to account for multiple comparisons.

Chromatin immunoprecipitation protocol. Chromatin immunopre-
cipitation assays were performed according to the manufacturer’s
protocol (EMD Millipore). In brief, 37% formaldehyde (1% final con-
centration) was added directly to the homogenate of peri-infarct tissue
for 15 min at 37°C to cross-link DNA and its associated proteins. The
cross-link reaction was then quenched with glycine (0.125 M final con-
centration) for 5 min. We used a Branson Digital Sonifier 450 and soni-
cated at 45% maximum amplitude for twenty-five 20 s pulses (50 s pause
between pulses) at 4°C while samples were immersed in an ice bath to
shear the DNA to a size between 200 and 1000 bp. Cell debris was re-
moved by centrifugation, and supernatants were diluted with chromatin
immunoprecipitation dilution buffer. A fraction of the diluted superna-
tant was used for immunoprecipitation input control. The remainder
was subjected to preclearing by incubation with Protein A-Sepharose
beads for 30 min at 4°C, followed by immunoprecipitation overnight
using antibody against acetylated histone H4 (Abcam, catalog #ab51997,
RRID: AB_2264109). Immune complexes were collected by incubation
with Protein A-Sepharose beads for 1 h at 4°C. Beads were collected and
subjected to a series of sequential washes. Bound complexes were eluted
from the beads by vortexing in elution buffer containing 1% SDS and
0.1 M NaHCO3, and crosslinking was reversed by incubation overnight at
65°C. Purified DNA samples were normalized and subjected to real-time
PCR for 45 cycles, using primer pairs specific for 150 –250 bp segments
corresponding to mouse gene promoter regions (regions upstream of the
start codon, near the first exon).

Real-time PCR. Real-time PCR was performed with SYBR-Green-
based reagents (FastStart Universal SYBR Green master; Roche), us-

ing a Lightcycler96 real-time PCR Detection system (Roche). The
relative quantities of immunoprecipitated DNA fragments were cal-
culated by using the comparative CT method. All reactions were
performed in triplicate. Primer sequences used for PCR were as fol-
lows: Disc1 forward, CCTGGTAAGAGGCAACTGCT, Disc1 reverse,
CGTCATAACCTCGCCTCTGG; Unc5c forward, ACAGAAGCG-
CAAGGATCAGA, Unc5c reverse, GGAAGTGCTGGGAGGTGTAG;
and Nova1 forward, GCTCATTCACTCCCGCTCTG, Nova1 reverse,
CGAGCAGTGTGGCTGATGTG.

Slice preparation. Photothrombotic stroke mice receiving drugs or ve-
hicle through cannulae 5–7 d after stroke (once a day) were anesthetized
with ethyl ether and decapitated at 8 d after stroke. Following decapita-
tion, brains were rapidly removed and placed into ice-cold cutting solu-
tion containing 110 mM choline chloride, 20 mM glucose, 2.5 mM KCl, 0.5
mM CaCl2, 7 mM MgCl2, 1.3 mM NaH2PO4, 25 mM NaHCO3, 1.3 mM

Na-ascorbate, and 0.6 mM Na-pyruvate. Cortical slices (350 �m) were
cut using a vibrating blade microtome (VT1200s, Leica) and transferred
to an interface-style chamber containing normal ACSF composed of 10
mM glucose, 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1.3 mM MgCl2, 1.3
mM NaH2PO4, 25 mM NaHCO3, 1.3 mM Na-ascorbate, and 0.6 mM Na-
pyruvate. Slices were recovered at 34°C for at least 1 h before recording.
All solution was gassed with 95% O2-5% CO2.

Tonic inhibitory current and mean phasic current recording. GABAA

receptor-mediated tonic current in peri-infarct pyramidal neurons was
measured as previously described (Clarkson et al., 2010). Slices were
transferred to a recording chamber that was continuously perfused with
oxygenated ACSF (4 – 6 ml/min). Neurons were viewed under upright
microscopy (Olympus X51W, Nomasky) and recorded with Axonpatch-
700B amplifier (Axon Instruments). Control recordings were made from
similar location neurons from sham-operated mice. The holding poten-
tial was 10 mV. Microelectrode resistance was typically 6 – 8 M	, and the
pipette was filled with an internal solution: 120 mM CsMeSO4, 10 mM

CsCl, 5 mM TEA-Cl, 1.5 mM MgCl2, 10 mM HEPES, 0.1 mM EGTA, 2 mM

Na-ATP, 0.5 mM Na-GTP, and 5 mM QX-314, pH 7.25–7.30 with CsOH,
275–285 mOsmol. GABA was added to the recording ACSF to a final
concentration of 5 �M to replenish the extracellular GABA concentration
reduced by the high-flow perfusion of the slices. Data were low-pass
filtered at 2 kHz and acquired at 5–10 kHz. The series resistance (R) was
always monitored during recording for fear of that reseal of ruptured
membrane would cause change of both kinetics and amplitude. Cells in
which the R or capacity deviated by 20% from initial values, or R � 20
M	 at any time during the recording were excluded from the analysis.
Data were collected with pClamp 10.3 software and analysis using
Clampfit 10.3 (Molecular Devices). The amplitude of tonic GABA cur-
rent was recorded as the reduction in baseline holding currents after
bath-applying bicuculline (100 �M). Tonic current density was calcu-
lated from the current amplitude divided by the membrane capacity.
Amplitude and frequency of spontaneous IPSCs (sIPSCs) before bicuc-
ulline administration were analyzed using Mini software (http://www.
synaptosoft.com/MiniAnalysis/, RRID: SCR_002184). All experiments
were performed by a person unaware of treatment groups.

Neuronal resting membrane potential and GABA reversal potential de-
termination. Cell-attached recording technique was used to estimate
neuronal resting membrane potential (Vrest) and GABA reversal poten-
tial (EGABA) as described previously (Ge et al., 2006; Clarkson et al.,
2010). Microelectrode internal solution was composed of 120 mM potas-
sium gluconate, 15 mM KCl, 4 mM MgCl2, 0.1 mM EGTA, 10 mM HEPES,
4 mM MgATP, 0.3 mM Na3GTP, and 7 mM phosphocreatine. The junc-
tion potential between pipette and extracellular solution was nulled by
the voltage-offset of the amplifier before establishing the seal and was not
corrected. Depolarizing voltage ramps (�100 to 100 mV) were applied to
activate voltage-gated K � channels and establish the K � current reversal
potential, which provides a measure of the Vrest, given near equimolar
K � inside the cell and the pipette. EGABA was estimated by measuring the
K � reversal potential after activating GABAA receptors with 50 �M

muscimol. Between stimulations, the patch was hold at �65 mV hyper-
polarized with respect to Vm to remove possible voltage-dependent
“steady-state” inactivation from the K(V) channel at the physiological
Vm. For analysis of currents evoked by ramp stimulation, a correction
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Figure 1. Time course of motor function after stroke and a window phase that TSA rescues secondary functional loss after stroke. A, Time course of motor function changes after stroke (n 
 13).
*p � 0.05 versus 3d (two-tailed t test). ***p � 0.001 versus 3 d (two-tailed t test). ##p � 0.01 versus 1 d (two-tailed t test). ###p � 0.001 versus 1 d (two-tailed t test). B, Diagram defining the
peri-infarct cortex for immunoblots. C, Representative immunoblots and bar graph showing the time course of acetyl-H4 levels in the peri-infarct cortex after stroke (n 
 3, F(4,10) 
 17.94). *p 

0.02 at 3 d versus sham (ANOVA). ***p � 0.001 at 6 d versus sham (ANOVA). **p 
 0.002 at 9 d versus sham (ANOVA). **p 
 0.004 12 d versus sham (ANOVA). D, Representative immunoblots
and bar graph showing the time course of HDAC2 levels in the peri-infarct cortex after stroke (n 
3, F(4,10) 
5.54). *p 
0.015 at 6 d versus sham (ANOVA). E, Time course of HDAC2 activity changes
after stroke (n 
 4, F(4,15) 
 4.51). *p 
 0.023 at 6 d versus sham (ANOVA). F, Representative immunoblots and bar graph showing the time course of HDAC3 levels in the peri-infarct cortex after
stroke (n 
 4, ANOVA, F(4,15) 
 0.91). G, Diagram showing the microinjection of TSA via an implanted microcannula into the peri-infarct cortex of conscious mice for H–K. TSA (0.5 �M/2 �l/d) or
vehicle was given 2– 4, 5–7, or 8 –10 d after stroke, and motor function was measured at 24 h after the last microinjection (n 
 10 for sham, n 
 13 for others). H, Representative immunoblots
and bar graph showing acetyl-H4 level in the peri-infarct cortex. TSA (0.5 �M/2 �l/d) or vehicle was microinjected into the peri-infarct cortex 2– 4, 5–7, or 8 –10 d after stroke, and Western blots
were performed at 24 h after the last TSA infusion. TSA was given 2– 4 d, n 
 4. *p 
 0.014 (two-tailed t test). TSA was given 5–7 d, n 
 5. *p 
 0.017 (two-tailed t test). TSA was given
8 –10 d, n 
 3. *p 
 0.046 (two-tailed t test). I, Foot faults of left forelimb in the grid-walking task. For 5 d, F(2,33) 
 39.16. ***p � 0.001 (ANOVA). For 8 d, F(2,33) 
 50.81. ***p � 0.001 (ANOVA).
###p � 0.001 (ANOVA). For 11 d, F(2,33) 
 58.90. ***p � 0.001 (ANOVA). J, Foot faults of left hindlimb in the grid-walking task. For 5 d, F(2,33) 
 21.12. ***p � 0.001 (ANOVA). For 8 d, F(2,33) 

21.49. ***p � 0.001 (ANOVA). ##p 
 0.005 (ANOVA). For 11 d, F(2,33) 
 9.52. **p 
 0.002 (ANOVA). K, Forelimb symmetry in the cylinder task. For 5 d, F(2,33) 
 22.32. ***p � 0.001 (ANOVA).
For 8 d, F(2,33) 
 49.13. ***p � 0.001 (ANOVA). ###p � 0.001 (ANOVA). For 11 d, F(2,33) 
 56.54. ***p � 0.001 (ANOVA). Pre-op, Preoperation.
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Figure 2. Class I, but not Class II, HDACs contribute to the regulation of functional recovery from stroke. A, Diagram showing the design of the experiments in B–M. MGCD0103 (1 �M/2 �l/d) or
TMP269 (10 �M/2 �l/d) was infused into the peri-infarct cortex of mice 5–7 d, and motor function was measured at 8 d after stroke (n 
 10 for sham, n 
 13 for others). B, Representative
immunoblots and bar graph showing acetyl-H4 level in the peri-infarct cortex after MGCD0103 treatment. MGCD0103 or vehicle was microinjected into the peri-infarct cortex during 5–7 d, and
immunoblots were performed 8 d after stroke (n 
 5). *p 
 0.026 (two-tailed t test). C, Activity of HDAC2 in the peri-infarct cortex at 24 h after the last MGCD0103 infusion (n 
 4). **p 
 0.003
(two-tailed t test). D, Activity of HDAC4, HDAC5, and HDAC7 in the peri-infarct cortex at 24 h after the last TMP269 infusion (n 
 3). *p 
 0.011 (two-tailed t test). E, Foot faults of left forelimb in
the grid-walking task (F(3,45) 
 35.55). ***p � 0.001 (ANOVA). ###p � 0.001 (ANOVA). F, Foot faults of left hindlimb in the grid-walking task (F(3,45) 
 12.92). ***p � 0.001 (ANOVA). ##p 

0.007 (ANOVA). G, Forelimb symmetry in the cylinder task (F(3,45) 
 44.64). ***p � 0.001 (ANOVA). ###p � 0.001 (ANOVA). H, I, MGCD0103 promotes motor function recovery from stroke in rats
subjected to MCAO. MGCD0103 was given (10 mg/kg/d, i.p.) 5–7 d, and motor function was measured at 8 d after stroke (n 
 10 for sham, n 
 13 for others). H, Foot faults of left forelimb in the
grid-walking task (F(2,33) 
 33.94). ***p � 0.001 (ANOVA). ##p 
 0.001 (ANOVA). I, Forelimb symmetry in the cylinder task (ANOVA, F(2,33) 
 26.86). ***p � 0.001 (ANOVA). #p 
 0.025
(ANOVA). J–M, Treatment with SAHA 5–7 d after stroke significantly improves motor function in mice. SAHA (10 �M/2 �l/d) was microinjected into the peri-infarct cortex 5–7 d, and motor function
was measured at 8 d after stroke (n 
 10 for sham, n 
 13 for others). J, Representative immunoblots and bar graph showing that SAHA significantly increased acetyl-H4 level in the peri-infarct
cortex. SAHA (10 �M/2 �l/d) or vehicle was microinjected into the peri-infarct cortex during 5–7 d, and immunoblots were performed 8 d after stroke (Figure legend continues.)
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was made for a leak component by linear extrapolation of the closed level
below the threshold for activation of the voltage-gated current. All ex-
periments were performed in a blind fashion.

Statistical analyses. All data are expressed as mean � SEM. Compari-
sons among multiple groups were made with one-way ANOVA (one
factor) followed by Scheffé post hoc test. Comparisons between two
groups were made with a two-tailed Student’s t test. Statistical signifi-
cance was set at p � 0.05. The sample size was predetermined by analyz-
ing preexperimental data with PASS (power analysis and sample size)
software. For animal studies, the sample size was predetermined by our
prior experiment. Investigators were blind to treatment group when as-
sessing the outcome.

Results
In this study, we produced a photothrombotic stroke in mice and
daily detected motor function by measuring the number of foot
faults in the grid-walking task and forelimb symmetry in the
cylinder task (Clarkson et al., 2010) 1–14 d after stroke. Interest-
ingly, a marked functional recovery occurred 2– 4 d compared
with 1 d; motor function impairment was again exacerbated 5–7 d
compared with 3 d and gradually improved from 8 d after stroke
(Fig. 1A), indicating a typical secondary functional loss phase
from 5 to 7 d after stroke. Ischemia caused a substantial decrease
in histone acetylation in the peri-infarct cortex of mice during
3–12 d after photothrombotic stroke (Fig. 1B,C). Furthermore, expres-
sion and activity of HDAC2 were significantly upregulated at 6 d after
stroke (Fig. 1D,E), whereas the protein level of HDAC3, a subtype of
ClassIHDACsmediatingneuronalcelldeathinseveralneurodegenera-
tive conditions (Yang and Seto, 2008), was unchanged in the delayed
phase after stroke (Fig. 1F). Thus, HDACs may contribute to the sec-
ondary functional loss after stroke.

4

(Figure legend continued.) (vehicle, n 
 6; SAHA, n 
 5). *p 
 0.036 (two-tailed t test). K, Foot
faults of left forelimb in the grid-walking task (F(2,33) 
 43.77). ***p � 0.001 (ANOVA). ##p 

0.001 (ANOVA). L, Foot faults of left hindlimb in the grid-walking task (F(2,33) 
 9.81).
**p 
 0.001 (ANOVA). #p 
 0.032 (ANOVA). M, Forelimb symmetry in the cylinder task
(F(2,33) 
 40.01). ***p � 0.001 (ANOVA). ##p 
 0.002 (ANOVA). Pre-op, Preoperation.

Figure 3. Inhibiting Class I HDACs produces a sustained functional recovery effect from stroke. A, Experimental design for B–D. MGCD0103 (1 �M/2 �l/d) was microinjected into the peri-infarct
cortex of mice during 5–7 d after stroke. n 
 10 for sham, n 
 13 for others. B, Foot faults of left forelimb in the grid-walking task. ***p � 0.001 versus sham (ANOVA). ###p � 0.001 versus vehicle
(ANOVA). C, Foot faults of left hindlimb in the grid-walking task. ***p � 0.001 versus sham (ANOVA). #p � 0.05 versus vehicle (ANOVA). ##p � 0.01 versus vehicle (ANOVA). ###p � 0.001 versus
vehicle (ANOVA). D, Forelimb symmetry in the cylinder task. ***p � 0.001 versus sham (ANOVA). ###p � 0.001 versus vehicle (ANOVA). Pre-op, Preoperation.
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Figure 4. HDAC2 mediates secondary functional loss after stroke. A, Diagram showing the infusion of AAV-CAG-EGFP-Cre or its control into the peri-infarct cortex of HDAC2flox/flox mice and
experimental design for B–D. B, Representative images showing AAV-infected the peri-infarct cortex (top) at 5 d after stroke and high-magnification images from selected area in the top images
that were stained with EGFP and HDAC2. CC, Corpus callosum; Str, striatum; LV, lateral ventricle. C, Representative immunoblots and histogram showing HDAC2 levels in AAV-CAG-EGFP-Cre- or
AAV-CAG-EGFP-infected peri-infarct cortex 5 d after stroke (n 
 4, *p 
 0.014, two-tailed t test). D, Foot faults of left forelimb (left, ***p � 0.001) and of left hindlimb (Figure legend continues.)
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To investigate the role of HDACs in the secondary functional
loss phase, we infused a pan-HDAC inhibitor TSA daily into the
peri-infarct cortex of conscious mice via an implanted microcan-
nula (Fig. 1G) 2– 4, 5–7, or 8 –10 d after stroke and tested motor
function at 3 d before stroke and 24 h after the last TSA injection.
These TSA treatments significantly increased acetyl-H4 level in
the peri-infarct cortex, compared with vehicle (Fig. 1H). Surpris-
ingly, treatment with TSA 5–7 d, but not 2– 4 or 8 –10 d, after
stroke significantly ameliorated ischemia-induced motor func-
tion impairment (Fig. 1I–K), suggesting that HDACs play a crit-
ical role in the secondary functional loss phase.

HDACs have been divided into Classes I (HDAC 1–3, 8), II
(HDAC 4 –7, 9, and 10), III (sirtuins), and IV (HDAC 11)
(Krämer, 2009). To examine effects of class-specific HDACs in-
hibitors on stroke recovery, we daily infused MGCD0103, a se-
lective inhibitor of the Class I HDACs, including HDAC1,
HDAC2, HDAC3 (Cavasin et al., 2012), and TMP269, a selective
inhibitor of the Class IIa HDACs, including HDAC4, HDAC5,
HDAC7, and HDAC9 (Lobera et al., 2013), into the peri-infarct
cortex of conscious mice 5–7 d and measured motor function at
8 d after stroke. MGCD0103 inhibited HDAC2 activity (Fig.
2A–C) and ameliorated ischemia-induced functional impair-
ment (Fig. 2E–G). TMP269 significantly increased acetyl-H4
level (acetyl-H4/H4: 0.42 � 0.01 vs 0.88 � 0.11; n 
 4; p 
 0.008)
and inhibited the activity of HDAC4/5/7 (Fig. 2D), but did not
affect motor function (Fig. 2E–G), compared with vehicle.
TMP269 had no effect on HDAC2 activity (743.18 � 37.09
pmol/mg protein vs 738.60 � 73.00 pmol/mg protein; n 
 4; p 

0.96). Moreover, treatment with MGCD0103 5–7 d after stroke
(10 mg/kg/d, i.p.) significantly improved motor function of the
rats subjected to transient MCAO for 120 min (Fig. 2H, I). Thus,
the Class I, but not Class II, HDACs mediate the secondary func-
tional loss after stroke. Furthermore, administration of SAHA, a
selective inhibitor of HDAC1, HDAC2 (Salisbury and Cravatt,
2007), which has been approved by FDA to treat cancer, 5–7 d
after stroke promoted functional recovery from stroke to a sim-
ilar extent as that observed in the stroke mice treated with
MGCD0103 (Fig. 2J–M). All these data suggest that HDAC1 and
HDAC2 contribute to the secondary functional loss after stroke.
HDAC2 is an isoform negatively regulating cell survival (Nott et
al., 2008) and neuronal plasticity (Gräff et al., 2014). In contrast,
HDAC1 gain of function has a potent protection effect against
neurotoxicity in vivo model for ischemia (Kim et al., 2008). Fur-
thermore, we evaluated the motor function over a time course
and found that MGCD0103-treated mice displayed significantly

better motor function than vehicle-treated mice did during 8 – 43
d after stroke, indicating an early and sustained functional recov-
ery (Fig. 3). Collectively, HDAC2 may be a key mediator for the
secondary functional loss after stroke.

To address this, we infused adeno-associated virus vector
AAV-CAG-EGFP-Cre into the peri-infarct cortex of HDAC2flox/flox

mice immediately after photothrombotic stroke (Fig. 4A) and
found that this treatment deleted HDAC2 in the infected cells
(Fig. 4B), substantially reduced HDAC2 level in the peri-infarct
cortex, and significantly improved motor function at 8 d after
stroke (Fig. 4C,D). Moreover, we generated an adenovirus vector
selectively expressing HDAC2 (Ad-HDAC2-Flag), its control an
adenovirus vector only or an adenovirus vector expressing inac-
tive HDAC2 (Ad-inactive-HDAC2-Flag), and infused them into
the peri-infarct cortex of mice immediately after stroke and mea-
sured motor function at 8 d after stroke (Fig. 4E). Ad-HDAC2-
Flag substantially increased HDAC2 level and activity 5 d after
stroke (Fig. 4F–H) and worsened the stroke-induced functional
impairment 8 d after stroke (Fig. 4I). Thus, HDAC2 in the peri-
infarct cortex plays a critical role for the secondary functional loss
after stroke.

To determine whether HDAC2 is a unique target for the effect
of HDACs inhibitors on stroke recovery and avoid the develop-
mental abnormality that occurs following deletion of Hdac2 dur-
ing development (Guan et al., 2009), Hdac2 CKO mice were
generated by crossing HDAC2flox/flox mice with EMX1-Cre trans-
genic mice. EMX1 is expressed exclusively in the dorsal telen-
cephalon from embryonic stages to adulthood (Iwasato et al.,
2000). Hdac2 CKO mice (HDAC2flox/flox-EMX1-Cre) had normal
brain anatomy (data not shown) and body weight (23.19 � 0.301
g vs 23.25 � 0.220 g; n 
 15; p 
 0.873) compared with WT
(HDAC2flox/flox) littermates. Immunofluorescence showed that
HDAC2 was deleted in the vast majority of nerve cells (Fig. 5A),
and Western blotting showed that HDAC2 level was reduced by
�90% in the peri-infarct cortex of Hdac2 CKO mice (Fig. 5B).
Next, we infused TSA daily into the peri-infarct cortex of con-
scious Hdac2 CKO mice and WT littermates 5–7 d after stroke,
and tested motor function at 8 d after stroke. Compared with WT
mice, Hdac2 CKO mice displayed significantly decreased number
of foot faults and improved forelimb symmetry, further suggest-
ing that HDAC2 loss of function enhanced motor function re-
covery from stroke. Importantly, treatment with TSA was
ineffective in Hdac2 CKO mice, although the drug significantly
ameliorated stroke-induced functional impairment in WT mice
(Fig. 5C). Moreover, we infused Ad-HDAC2-Flag or its control
Ad-inactive-HDAC2-Flag into the peri-infarct cortex of Hdac2
CKO mice immediately and measured motor function at 8 d after
stroke. Ad-HDAC2-Flag significantly worsened the stroke-
induced functional impairment 8 d after stroke but had no effect
on sham-operated mice, suggesting that the functional rescue
effect of Hdac2 CKO mice is HDAC2 activity-dependent (Fig.
5D). Together, these findings support the notion that HDAC2,
rather than other HDACs, contributes to the secondary func-
tional loss after stroke.

Consistent with our previous results (Fig. 1D,E), we observed
upregulation of HDAC2 in the peri-infarct area after stroke by
immunofluorescence analyses (Fig. 6A,B). To know how isch-
emia upregulates HDAC2, we examined effects of free radicals
and inflammatory factors, key pathophysiological mechanisms
underlying secondary injury after stroke (Shichita et al., 2009;
Walsh et al., 2014), on HDAC2 expression. We treated the cul-
tured cortical neurons by H2O2 combined with peroxynitrite
(ONOO�) or by inflammatory factors TNF� combined with

4

(Figure legend continued.) (middle, ***p � 0.001) in the grid-walking task and forelimb sym-
metry in the cylinder task (right, *p 
 0.014) (n 
 10, two-tailed t test). E, Diagram showing
the infusion of Ad-HDAC2-Flag or its control into the peri-infarct cortex of mice and experimen-
tal design for F–I. F–H, Confirmation of Ad-Flag, Ad-inactive-HDAC2-Flag, and Ad-HDAC2-
Flag. F, Representative gel showing inactive-HDAC2-Flag and HDAC2-Flag expression in the
peri-infarct cortex of mice at 5 d after Ad-inactive-HDAC2-Flag or Ad-HDAC2-Flag infection.
G, HDAC2 levels in the peri-infarct cortex at 5 d after Ad-Flag, Ad-inactive-HDAC2-Flag, or
Ad-HDAC2-Flag infection (n 
 4, F(2,9) 
 13.82). **p 
 0.006 (ANOVA). H, Activity of HDAC2
in the peri-infarct cortex at 5 d after Ad-Flag, Ad-inactive-HDAC2-Flag, or Ad-HDAC2-Flag in-
fection (n 
 4, F(2,9) 
 17.95). **p 
 0.002 (ANOVA). I, Overexpression of HDAC2 worsens
functional impairment after stroke. Stroke was induced by illumination with cold light source
for 10 min, different from other experiments with illumination for 15 min. Ad-Flag, Ad-HDAC2-
Flag, or Ad-inactive-HDAC2-Flag was infused into the peri-infarct cortex immediately after
stroke. Foot faults of left forelimb (left, F(2,27) 
 23.19, ***p � 0.001) and of left hindlimb
(middle, F(2,27) 
 8.62, *p 
 0.011) in the grid-walking task and forelimb symmetry in the
cylinder task (right, F(2,27) 
 12.01, **p 
 0.003) were measured at the time indicated (n 

10, ANOVA). Pre-op, Preoperation.
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Figure 5. HDAC2 is the only target for functional recovery from stroke. A, Representative images showing the deletion of HDAC2 in the vast majority of nerve cells in the peri-infarct cortex of Hdac2
CKO mice at 8 d after stroke. Scale bar, 20 �m. B, Representative immunoblots and bar graph showing HDAC2 levels in the peri-infarct cortex of Hdac2 CKO mice and of HDAC2flox/flox littermates at
8 d after stroke. n 
 4. ***p � 0.001 (two-tailed t test). C, TSA significantly decreased functional impairments in HDAC2flox/flox littermates, as shown in foot faults of left forelimb (left, ANOVA,
F(5,44) 
 94.90, ***p � 0.001) and of left hindlimb (middle, ANOVA, F(5,44) 
 22.12, *p � 0.05, ***p � 0.001) in the grid-walking task, and forelimb symmetry in the cylinder task (right, ANOVA,
F(5,44) 
 63.18, ***p � 0.001), but was ineffective in Hdac2 CKO mice (ANOVA, p � 0.05). TSA (0.5 �M/2 �l/d) was infused into the peri-infarct cortex 5–7 d, and motor function was measured
at 8 d after stroke. D, HDAC2 overexpression markedly worsened motor function of Hdac2 CKO mice after stroke, as shown in foot faults of (Figure legend continues.)
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IL-1� and MMP9, and found that they significantly increased
HDAC2 expression (Fig. 6C–F). Although NMDA type of gluta-
mate receptor (NMDAR) overactivation is crucial for neuronal
death (Zhou et al., 2010), NMDA did not change HDAC2 expres-
sion in the cultured neurons (Fig. 6G). Thus, ischemia-induced
production of free radicals and inflammatory factors may ac-
count for HDAC2 upregulation after stroke.

Although a variety of HDAC inhibitors, including pan- and class-
specific HDAC inhibitors, when used before stroke, immediately or
within hours after stroke, can protect against ischemic damage (Lan-
gley et al., 2009; Aune et al., 2015), showing neuroprotection in the
very early phase of stroke, it remains unknown whether delayed
administration of MGCD0103 after stroke promotes functional re-
covery via reducing infarct volume. To investigate this issue, we as-
sessed stroke volume at 8 d after photothrombotic stroke in animals
treated with vehicle or MGCD0103 during 5–7 d after stroke. Stroke
volumes were similar between mice treated with vehicle and
MGCD0103 (0.80 � 0.09 mm3 vs 0.78 � 0.12 mm3; n 
 8; p 

0.93), suggesting that MGCD0103 rescues secondary functional loss
after stroke probably via other mechanisms rather than reducing
infarct size.

To explore the mechanisms underlying HDAC inhibitor-
produced functional rescue, we performed RNA sequencing of
peri-infarct cortex extracts from both MGCD0103- and vehicle-
treated animals 5–7 d after stroke. At an expression fold change
cutoff of 2.0, we found 1148 differentially expressed genes
(DEGs) between MGCD0103- and vehicle-treated cortices,
among which 417 genes showed higher expression and 731 genes
showed lower expression (Fig. 7A). Unsupervised cluster analysis
of these transcriptomes confirmed that the gene expression
changes about vehicle-treated animals versus MGCD0103-
treated animals clustered together (Fig. 7B). Upon generation of
pathway and gene ontology analyses, we noticed these DEGs be-
tween vehicle- and MGCD0103-treated cortex to be implicated
in biological processes related to inflammatory response, super-
oxide anion generation, neuronal plasticity, and others (Fig. 7C).

Neuronal plasticity can lead to the remapping of function
from damaged areas to peri-infarct surviving tissue (Murphy and
Corbett, 2009; Li et al., 2015). We thus detected several key pro-
teins of neuronal plasticity to be significantly changed in
MGCD0103-treated cortex (Fig. 7B), including NOVA1, a regu-
lator of neuronal miRNA function (Störchel et al., 2015),
UNC5C, a netrin receptor (Wetzel-Smith et al., 2014), Bestro-
phin 1 (BEST1), an anion channel contributing to GABA tonic
inhibition (Itonic) (Lee et al., 2010), and DISC1, a regulator of
mitochondrial dynamics controlling the morphogenesis of neu-
ronal dendrites and axons (Norkett et al., 2016). Immunoblot-
ting analysis of independent MGCD0103- and vehicle-treated
samples confirmed the expression changes (Fig. 7D–F). Further-
more, the genes with higher expression also showed higher acet-
ylation in their promoter region (Fig. 7G). These findings suggest
that neuroplasticity in the peri-infact area at the level of gene
expression was enhanced when treated with MGCD0103.

Excitation-inhibition imbalance also plays an important role
in mediating stroke recovery (Clarkson et al., 2010; Hiu et al.,
2016). More importantly, RNA sequencing of peri-infarct cortex

extracts revealed that MGCD0103 reversed stroke-induced Best1
upregulation (Fig. 7B), which was further confirmed by Western
blot analysis of the peri-infarct cortex tissue (Fig. 7D), implicat-
ing that Class I HDACs were involved in the regulation of
GABAergic signaling. Accordingly, we collected interstitial fluid
samples from peri-infarct cortex of different groups by microdi-
alysis (Fig. 8A). LC-MS/MS analysis of the samples revealed that
stroke led to significant increased levels of both extracellular glu-
tamate and GABA, and treatment with MGCD0103 5–7 d after
stroke reversed the ischemia-induced extracellular level of GABA
but not of glutamate (Fig. 8B,C). Extracellular concentration of
GABA is critical in determining tonic conductance and tonically
active extrasynaptic GABAA receptors set an excitability thresh-
old for neurons and control LTP (Clarkson et al., 2010). There-
fore, we performed whole-cell voltage-clamp recordings in the
peri-infarct cortex in in vitro brain slices prepared at 8 d after
stroke. We found that a significant increase in Itonic in pyramidal
neurons after stroke, consistent with previous findings (Clarkson
et al., 2010), and more importantly, treatment with MGCD0103
5–7 d after stroke reversed the ischemia-induced Itonic (Fig.
8D,E). Moreover, MGCD0103 did not affect phasic inhibitory
currents (Fig. 8F,G), resting membrane and GABA reversal po-
tentials (Fig. 8H). Thus, inhibiting Class I HDACs may enhance
excitability in the peri-infarct cortex by regulating Itonic. Reducing
excessive GABA-mediated Itonic and enhancing excitability in sur-
viving neurons promote functional recovery after stroke (Mur-
phy and Corbett, 2009; Clarkson et al., 2010). Collectively, our
findings suggest that inhibiting Class I HDACs enhances func-
tional neuroplasticity of peri-infarct cortex after stroke.

Finally, we investigated the role of Class I HDACs in cell sur-
vival and neuroinflammation. We infused MGCD0103 into the
peri-infarct cortex of conscious mice 5–7 d after stroke. Next day,
we measured the number of surviving neurons and amoeboid
microglia, an indicator of phagocytic activity (Neher et al., 2013),
and important regulators of cell survival and neuroinflamma-
tion, including BDNF, TNF�, and IL-1�. As expected, treatment
with MGCD0103 significantly increased the number of surviving
neurons and BDNF level (Fig. 9A–C), and substantially decreased
the number of amoeboid microglia (Fig. 9A,D), and reversed
stroke-induced upregulation of TNF� and IL-1� in the peri-
infarct cortex (Fig. 9E,F). Thus, in addition to substantially in-
creased neuroplasticity, inhibiting Class I HDACs may promote
functional recovery after stroke via enhancing survival and alle-
viating neuroinflammation.

Additionally, the effect of HDAC interventions on motor
function was specific to the injured cortex, as we did not detect
obvious changes to the number of foot faults in right limbs in the
grid-walking task between groups in all experiments (data not
shown).

Discussion
This study demonstrates that inhibiting HDAC2 in the peri-
infarct area from 5 to 7 d after stroke rescues secondary func-
tional loss, thereby opening a new window for the treatment of
stroke. Specific pattern of distribution among cells and subcellu-
lar locations, and specific regulation of target genes may explain
the unique role of HDAC2. Class I HDACs are generally re-
stricted to the nucleus where they impose transcriptional control,
Class IIa HDACs transit the nuclear membranes and enter the
cytoplasmina process mediated by phosphorylation (Aune et al.,
2015). In the ischemic penumbra, HDAC1 and HDAC3 are
prominently expressed in proximal axons and dendrites of neu-

4

(Figure legend continued.) left forelimb (left, ANOVA, F(3,32) 
 243.73, ***p � 0.001) and of
left hindlimb (middle, ANOVA, F(3,32) 
 17.92, *p � 0.05) in the grid-walking task, and fore-
limb symmetry in the cylinder task (right, ANOVA, F(3,32) 
 131.47, ***p � 0.001). Pre-op,
Preoperation.
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Figure 6. Inflammatory factors and free radicals contribute to HDAC2 upregulation in the peri-infarct cortex. A, Representative images of immunohistochemical labeling of HDAC2. B, Bar graph
showing HDAC2 fluorescence intensity in the peri-infarct cortex at 7 d after stroke (n
12). **p
0.007 (two-tailed t test). Scale bar, 20 �m. C, Representative immunoblots and bar graph showing
HDAC2 level in the cultured cortical neurons incubated with H2O2 � peroxynitrite for 1 h, and assessed 8 h later (n 
 3). **p 
 0.0045 (two-tailed t test). D, Representative immunofluorescence
images (left) and bar graph (right) showing HDAC2 level in the cultured cortical neurons incubated with H2O2 � peroxynitrite for 1 h, and assessed 8 h later (n 
 24 and n 
 27 neurons for H2O �
D-peroxynitrite and H2O2 � peroxynitrite, respectively). ***p � 0.001 (two-tailed t test). E, Representative immunoblots and bar graph showing HDAC2 level in the cultured cortical neurons
incubated with TNF� � IL-1� � MMP9 for 24 h (n 
 4). **p 
 0.0061 (two-tailed t test). F, Representative immunofluorescence images (left) and bar graph (right) showing HDAC2 level in the
cultured cortical neurons incubated with TNF� � IL-1� � MMP9 for 24 h (n 
 30 and n 
 27 neurons for vehicle and TNF� � IL-1� � MMP9, respectively). ***p � 0.001 (two-tailed t test).
G, Representative immunoblots and bar graph showing HDAC2 level in the cultured cortical neurons incubated with NMDA for 1 h (n 
 3). p � 0.05 (two-tailed t test).
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Figure 7. Class I HDACs inhibitor primes a transcriptional program for functional recovery from stroke. A, Differences in gene expression among groups. Red represents genes upregulated
�2.0-fold. Green represents genes downregulated �2.0-fold. B, Heatmap and unsupervised clustering of transcriptomes depicting DEGs determined by RNA sequencing in the peri-infarct cortex
among groups. Each line indicates a DEG. Each row represents the gene expression per animal. Red represents upregulated gene. Green represents downregulated gene. C, Top canonical pathways
significantly regulated in stroke � MGCD0103 versus stroke � vehicle. Significance was set to p � 0.05. Red represents net upregulation of this gene in (Figure legend continues.)
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rons and in astrocyte nuclei, whereas HDAC2 is confined to the
neuron nuclei and displays an extensive presence in nuclei, cell
body, end-feet in astrocytes (Baltan et al., 2011). HDAC1 and
HDAC2 not only interact with RE1-silencing transcription factor
to form a complex to coregulate global gene expression after
stroke (Calderone et al., 2003; Formisano et al., 2007, 2015) but
also affect different sets of target genes in brains (Guan et al.,
2009; Montgomery et al., 2009). Moreover, expression of HDACs
is clearly different among neuronal groups (Takase et al., 2013).

4

(Figure legend continued.) this pathway. Gray represents mixed upregulation or downregula-
tion in pathway genes such that there was no net trend. D–F, Western blot confirmation of the
expression of several neuroplasticity-related genes detected under B. G, Quantitative RT-PCR
results showing the abundance of AcH4K5 at the promoter region of the MGCD0103-induced
upregulated genes under B. D, n 
 3, ANOVA, F(2,6) 
 26.66. **p 
 0.002. ##p 
 0.003.
E, ANOVA, n 
 4, F(2,9) 
 25.97. ##p 
 0.002. F, ANOVA, n 
 4. For NOVA1, F(2,9) 
 12.90.
**p 
 0.001, #p 
 0.032. For UNC5C, F(2,9) 
 36.14. ***p � 0.001. #p 
 0.011. G, ANOVA,
n 
 4. For Unc5c, F(2,9) 
 5.59. #p 
 0.026. For Nova1, F(2,9) 
 8.37. *p 
 0.014. #p 
 0.03.
For Disc1, F(2,9) 
 11.87. *p 
 0.048. #p 
 0.003.

Figure 8. Inhibiting Class I HDACs leads to a decrease in GABA tonic inhibition (Itonic). A, Schematic diagram showing in vivo microdialysis. B, Bar graph showing [GABA]o in the peri-infarct cortex
at 8 d after stroke (n 
 4, n 
 5, and n 
 5 for sham, vehicle, and MGCD0103, respectively). F(2,11) 
 7.68. *p 
 0.019, sham versus vehicle (ANOVA). #p 
 0.022, vehicle versus MGCD0103
(ANOVA). [GABA]o, Extracellular concentrations of GABA. C, Bar graph showing [glutamate]o in the peri-infarct cortex at 8 d after stroke (n 
 4, n 
 5, and n 
 5 for sham, vehicle, and MGCD0103,
respectively). F(2,11) 
 8.40. *p 
 0.016, sham versus vehicle. p 
 0.975, vehicle versus MGCD0103. [Glutamate]o, Extracellular concentrations of glutamate. D, Representative recordings of tonic
current. E, Bar graph showing tonic current density from the neurons in the peri-infarct cortex at 8 d after stroke (n 
 20, n 
 21, and n 
 19 for sham, vehicle, and MGCD0103, respectively).
F(2,57) 
 14.59. ***p � 0.001 (ANOVA). ###p � 0.001 (ANOVA). F, Bar graph showing amplitude of sIPSCs in the peri-infarct cortex at 8 d after stroke (n 
 20, n 
 21, and n 
 19 neurons from
8 or 9 animals for sham, vehicle, and MGCD0103, respectively). F(2,57) 
 0.19. p 
 1.0, MGCD0103 versus vehicle (ANOVA). G, Bar graph showing frequency of sIPSCs in the peri-infarct cortex at 8 d
after stroke (n 
 20, n 
 21, and n 
 19 neurons from 8 or 9 animals for sham, vehicle, and MGCD0103, respectively). F(2,57) 
 0.01. p 
 0.999, MGCD0103 versus vehicle (ANOVA). H, Resting
membrane potential (Vrest) and GABA reversal potential (EGABA) measured using voltage clamps (�100 to 100 mV) in the cell-attached configuration in sham-, vehicle-, or MGCD0103-treated
peri-infarct neurons, showing that neither stroke nor MGCD0103 changed the hyperpolarizing property of GABAergic transmission (n 
 9, n 
 11, and n 
 10 neurons from 5 or 6 animals for sham,
vehicle, and MGCD0103, respectively). Sham: Vrest 
�56.3 � 8.8 mV, EGABA 
�82.3 � 6.7 mV; vehicle: Vrest 
�58.9 � 7.4 mV, EGABA 
�81.9 � 7.4 mV; MGCD0103: Vrest 
�57.8 �
5.7 mV, EGABA 
�83.2 � 5.1 mV (Vrest: ANOVA, F(2,27) 
 0.3, p 
 0.942, MGCD0103 vs vehicle; EGABA: ANOVA, F(2,27) 
 0.11, p 
 0.898, MGCD0103 vs vehicle). B–H, MGCD0103 (1 �M/2 �l/d)
or vehicle was infused into the peri-infarct cortex 5–7 d after stroke.
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The window phase for rescuing secondary functional loss
could be attributed to a critical period of secondary neurons loss
and heightened neuroplasticity after stroke. Many of the genes
and proteins that are important for early brain development
show limited period of changed expression following stroke
(Murphy and Corbett, 2009). Animal and clinical findings have
provided evidence for a critical period during which brain is most
receptive to modification by rehabilitative experience (Biernaskie
et al., 2004; Salter et al., 2006; Lang et al., 2015). Different from
the treatment in the early phase of stroke, however, interventions
targeting the secondary functional loss phase are not the earlier
the better. We found that treatment with TSA during 2– 4 d after
stroke were ineffective. Consistent with our findings, clinically,
very early physical therapy is actually detrimental to stroke recov-
ery (Murphy and Corbett, 2009).

A variety of HDAC inhibitors have been shown to be neuro-
protective (Langley et al., 2009; Aune et al., 2015) in the very early
phase of stroke. Indeed, there is no evidence that a neuroprotec-
tive agent can be effective on acute ischemic stroke beyond 6 h
(Xu and Pan, 2013). The neruoprotection with narrow time win-
dow is not practical for clinical stroke intervention. Here, we
provide strong evidence that inhibiting HDAC2 during 5–7 d
after stroke improved stroke outcome. The distinctive effect of
HDAC2 inhibition could be due to its capability to target diverse
pathophysiologies of stroke, as inhibition of Class I HDACs by
MGCD0103 promoted cell survival, functional neuroplasticity of
surviving neurons, and reduced neuroinflammation. Evidence
suggests that inflammation induces changes in the GABAergic
neurotransmitter system and GABAergic signaling exerts a recip-
rocal influence over neuroinflammatory processes (Crowley et

Figure 9. Inhibiting Class I HDACs enhances neurons survival and reduces neuroinflammation in the peri-infarct cortex after stroke. MGCD0103 (1 �M/2 �l/d) was infused into the peri-infarct
cortex 5–7 d, and immunofluorescence and immunoblots were performed at 8 d after stroke. A, Representative images showing NeuN � (mature neuron marker) and Iba1 � (microglia marker) cells
in the peri-infarct cortex in MGCD0103- or vehicle-treated mice after stroke. Arrows indicate amoeboid microglia. B, Bar graph showing the number of surviving neurons in the peri-infarct cortex at
8 d after stroke (n 
 6). *p 
 0.024 (two-tailed t test). C, Representative immunoblots and bar graph showing levels of BDNF in the peri-infarct cortex at 8 d after stroke (n 
 4, ANOVA, F(2,9) 

11.49). *p 
 0.024. D, Bar graph showing the number of amoeboid microglia in the peri-infarct cortex after stroke (n 
 15). *p 
 0.022 (two-tailed t test). E, Representative immunoblots and bar
graph showing levels of TNF� in the peri-infarct cortex (n 
 3, ANOVA, F(2,6) 
 76.94). ***p � 0.001. ##p 
 0.009. F, Representative immunoblots and bar graph showing levels of IL-1� in the
peri-infarct cortex (n 
 4, ANOVA, F(2,9) 
 21.98). ***p � 0.001. ##p 
 0.003.
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al., 2016). We showed here that Class I HDAC inhibition leads to
reductions in production of free radicals and inflammatory fac-
tors and in expression of BEST1, and also contributes to the
reduced release of GABA and GABA-mediated Itonic. Moreover,
free radicals and inflammatory factors caused HDAC2 upregula-
tion after stroke. Thus, interaction between GABAergic signaling
and free radicals and inflammatory factors may account for the
mechanisms underlying the role of Class I HDACs in stroke re-
covery. Although there are several studies showing that delayed
treatment promotes functional recovery after stroke (Clarkson et
al., 2010; Luo et al., 2014; Zhou et al., 2015), to our knowledge,
this is the first time to reveal a defined time window for rescuing
functional loss in the delayed phase after stroke. With the wide
time window in the delayed phase after stroke, the intervention
by precisely targeting HDAC2 may bring hope for functional
recovery of stroke survivors.
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Phagocytosis executes delayed neuronal death after focal brain ischemia.
Proc Natl Acad Sci U S A 110:E4098 –E4107. CrossRef Medline

Norkett R, Modi S, Birsa N, Atkin TA, Ivankovic D, Pathania M, Trossbach
SV, Korth C, Hirst WD, Kittler JT (2016) DISC1-dependent regulation
of mitochondrial dynamics controls the morphogenesis of complex neu-
ronal dendrites. J Biol Chem 291:613– 629. CrossRef Medline

Nott A, Watson PM, Robinson JD, Crepaldi L, Riccio A (2008) S-Nitrosylation of
histone deacetylase 2 induces chromatin remodelling in neurons. Nature 455:
411–415. CrossRef Medline

Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yamagata K,
Katsura K, Katayama Y, Asoh S, Ohta S (2007) Hydrogen acts as a ther-
apeutic antioxidant by selectively reducing cytotoxic oxygen radicals. Nat
Med 13:688 – 694. CrossRef Medline

Peng S, Zhao S, Yan F, Cheng J, Huang L, Chen H, Liu Q, Ji X, Yuan Z (2015)
HDAC2 selectively regulates FOXO3a-mediated gene transcription dur-
ing oxidative stress-induced neuronal cell death. J Neurosci 35:1250 –
1259. CrossRef Medline

Robert T, Vanoli F, Chiolo I, Shubassi G, Bernstein KA, Rothstein R,
Botrugno OA, Parazzoli D, Oldani A, Minucci S, Foiani M (2011)
HDACs link the DNA damage response, processing of double-strand
breaks and autophagy. Nature 471:74 –79. CrossRef Medline

Salisbury CM, Cravatt BF (2007) Activity-based probes for proteomic pro-
filing of histone deacetylase complexes. Proc Natl Acad Sci U S A 104:
1171–1176. CrossRef Medline

Salter K, Jutai J, Hartley M, Foley N, Bhogal S, Bayona N, Teasell R (2006)

Impact of early vs delayed admission to rehabilitation on functional out-
comes in persons with stroke. J Rehabil Med 38:113–117. CrossRef
Medline

Shichita T, Sugiyama Y, Ooboshi H, Sugimori H, Nakagawa R, Takada I,
Iwaki T, Okada Y, Iida M, Cua DJ, Iwakura Y, Yoshimura A (2009)
Pivotal role of cerebral interleukin-17-producing ��T cells in the delayed
phase of ischemic brain injury. Nat Med 15:946 –950. CrossRef Medline

Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le Moan N,
Grueter CA, Lim H, Saunders LR, Stevens RD, Newgard CB, Farese RV Jr,
de Cabo R, Ulrich S, Akassoglou K, Verdin E (2013) Suppression of
oxidative stress by �-hydroxybutyrate, an endogenous histone deacety-
lase inhibitor. Science 339:211–214. CrossRef Medline

Sigler A, Mohajerani MH, Murphy TH (2009) Imaging rapid redistribution
of sensory-evoked depolarization through existing cortical pathways after
targeted stroke in mice. Proc Natl Acad Sci U S A 106:11759 –11764.
CrossRef Medline
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