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Abstract
Background: Recently, microglia, being the determinant of environment in peri-infarct tissue and strongly
in�uence the potential for neuronal plasticity, has been implicated in post-ischemic secondary injury and
functional recovery. However, the speci�c role of peri-infarct microglia and the timing of its morphological
changes following ischemic stroke are not well understood. Valproic acid (VPA) can protect against
ischemic damage and promote recovery. These effects are usually attributed, at least partially, to the anti-
in�ammatory ability of this drug to suppress microglial activation. In this study, we explored whether a
low dose of VPA after stroke could modify reactive responses in microglia/macrophages and optimize
peri-infarct microenvironments to improve functional recovery.

Methods: Male Sprague-Dawley rats were subjected to distal middle cerebral artery occlusion (dMCAo)
for 90 minutes, followed by reperfusion. Some received a single injection of VPA (200 mg/kg) 90 minutes
after the induction of ischemia, while vehicle-treated animals underwent the same procedure with
physiological saline. Infarction volume was calculated at 48 hours after reperfusion, and neurological
symptoms were evaluated through 48 hours thereafter. The production of cytokines and biomarkers after
insult was determined using enzyme-linked immunosorbent assays (ELISAs) and western blot. The
effects of VPA on the activation of peri-infarct CD11b-positive cells were assessed based on cellular
density and quality observation of morphology with fractal analysis and circularity index. The
expressions of genes within peri-infarct zones at 3 days were determined by RNA-sequencing analysis. To
determine whether VPA modulates microglial polarization, gentleMACS Dissociator was used to isolate
CD11b-positive cells from the peri-infarct cortex of rats treated with or without VPA 3 days after dMCAo,
after which the cells were subjected to qPCR analysis.

Results: 200 mg/kg of VPA injected 90 minutes after ischemia induction did not signi�cantly reduce
infarct volume but did improve neurological de�cit at least partially compared with vehicle. Meanwhile,
VPA signi�cantly reduced dMCAo-induced elevation of IL-6 at 24 hours post-stroke and signi�cantly
decreased the number of CD11b-positive microglia/macrophages within peri-infarct cortex at 7 but not at
2 days. Morphological analysis revealed that VPA therapy leads to higher fractal dimensions and lower
circularity index of CD11b-positive cells within peri-infarct cortex at both 2 days and 7 days, suggesting
that VPA has core effects on microglial activation. The attenuation of microglia/macrophage activation
caused by VPA might involve HDAC inhibition-mediated suppression of galectin-3 production. Analysis of
VPA-induced changes to gene expressions in the peri-infarct cortex at 3 days post-stroke indicated the
upregulation of wound healing, collagen trimmer, and extracellular matrix genes. Furthermore, qPCR
analysis of CD11b-positive cells suggested that VPA could partially enhance M2 subset polarization of
microglia/macrophages in peri-infarct cortex.

Conclusions: Our results are the �rst to show that a low dose of VPA promotes short-term functional
recovery but does not alter infarct volume. The decreases in the expression of both IL-6 and galectin-3
might in�uence the extracellular matrix remodeling and morphological characteristics and transcriptional
pro�les of microglia/macrophages, which could contribute to the improved recovery.  
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Introduction
Stroke is one of the leading causes of death and adult disability worldwide [1]. Primary ischemic stroke
causes the death of neurons, astrocytes, and oligodendrocytes, as well as blood capillary damage. This
destruction results in a series of pathological reactions known as secondary injuries, including blood
barrier disruption and in�ammatory responses [2]. Then, various types of in�ammatory cells, such as T
cells, macrophages, and microglia, are recruited to the lesion to remove cell debris [3]. However, these
in�ammatory cells elicit excessive production of cytokines and chemokines, which causes secondary cell
death, expansion of the lesion region, and functional impairment of the body [4]. Most studies have
focused on neuroprotection, and therefore, there is a great need to identify drug targets and develop new
treatments that would improve the recovery from ischemic brain injury by targeting postischemic
pathologic mechanisms such neuroin�ammation [5]. The modulation of brain in�ammatory cascades
following stroke is recognized as a viable therapeutic strategy to promote functional recovery from
ischemic brain injury. However, very few studies have taken this approach, and little is known about how
recovery from stroke relates to neuroin�ammation [6, 7].

Valproic acid (VPA), a histone deacetylase (HDAC) inhibitor, is widely used for the treatment of epileptic
seizures and migraine and as a mood stabilizer in treating bipolar disorder [8]. In vitro, treatment with VPA
attenuates glutamate-induced excitotoxicity, inhibits ischemia-induced fast sodium and high-voltage-
activated calcium currents, and suppresses lipopolysaccharide-induced production of TNF-α and IL-6 [9].
In rat models of transient ischemia, VPA exhibits anti-in�ammatory and neuroprotective effects through
the inhibition of HDAC activity and induction of HSP70, which attenuates ischemia-reperfusion injury. In
addition, it ameliorates blood-brain barrier (BBB) disruption through inhibition of the nuclear translocation
of nuclear factor-κB activation and matrix metalloproteinase 9 production [2, 10]. Furthermore, delayed
VPA treatment could enhance white matter repair and neurogenesis in ischemic brain [11]. In an animal
model of spinal cord injury, VPA was further shown to decrease purinergic P2 × 4 receptor expression in
activated microglia, as well as to ameliorate microgliosis [12, 13]. Although the studies referenced above
suggested that VPA therapy is involved in microglial activation, those investigations determined activated
microglia based only on cellular density in brain sections immunolabeled to detect either ionized calcium
binding adaptor molecule 1 (Iba1) or CD11b [14]. There have been no studies, however, aimed at better
characterizing the morphological changes and polarized phenotype of peri-infarct microglia after VPA
administration. Meanwhile, VPA therapy has been demonstrated to cause dose-dependent side effects,
like depression, ataxia, arrhythmia, and rare but fatal hepatotoxicity [15, 16]. Relatively high doses of VPA
of 300 mg/kg/day and above were shown to induce hepatotoxicity and neurological side effects in
animal studies [17]. Thus, we aimed to study whether the post-stroke administration of a lower dose of
VPA, 200 mg/kg, in rats would promote recovery and whether this recovery, if any, is associated with
altered biomarkers, cytokines, and transcriptional pro�les within peri-infarct cortex. Furthermore, we
quantitated the subtleties of microglial morphology with fractal analysis and circularity index following
focal cortical ischemia-reperfusion injury, since morphology has not yet been well studied. As
microglia/macrophages show obviously morphological changes on day 2 post-stroke in the ischemic
cortex, we administered VPA after the onset of reperfusion. Here, we show how post-stroke of VPA
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administration, 200 mg/kg, promoted behavioral recovery during the short 2-day testing period,
accompanied by modulating microglia/macrophage activation, and further explore the underlying
molecular mechanisms.

Materials And Methods

Animals
Male adult Sprague-Dawley rats (300–350 g) were purchased from the National Laboratory Animal
Center, Taipei, Taiwan, R.O.C. All of the rats were housed in an environment with a 12-hour light/dark
cycle, temperature of 25 ± 2 °C, 55% humidity, 2–3 animals per cage, and ad libitum standard diet and
water at the National Defense Medical Center’s Animal Center, which is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care International (AAALAC International). Their care
was in accordance with institutional and international standards (Principles of Laboratory Animal Care,
NIH). The experimental protocol was approved by the Institutional Animal Care and Use Committee
(IACUC; protocol number 16-258) of the National Defense Medical Center, Taiwan, R.O.C. All experiments
were performed in a blinded manner, and the experimental results are reported according to the ARRIVE
guidelines. The sample sizes for the experiments were estimated based on previous experience involving
similar experimental settings. 

Distal middle cerebral artery occlusion model and VPA
treatment
A cortical stroke was induced in each rat by occluding the distal middle cerebral artery (dMCA) along with
a bilateral common carotid artery (CCA) [18]. Each rat was anesthetized with 4% chloral hydrate (Sigma
Aldrich, St. Louis, MO) injected intraperitoneally (i.p.; 400 mg/kg), and lidocaine was used as a local
anesthetic. The surgery was performed as described earlier [19-21]. Brie�y, the CCAs were isolated
through a cervical incision. A small craniotomy was made on the right side of the skull, and the right
dMCA was ligated directly with a 10-0 suture. The CCAs were simultaneously occluded with non-
traumatic arterial clips. After 90 minutes of ischemia, the suture around the MCA and the arterial clips
were removed for restoration of blood �ow (reperfusion). The body temperature of each rat was
maintained at 37°C during the procedures until recovery from anesthesia, when the rat was returned to its
home cage. A dose of 200 mg/kg of VPA or normal saline as a vehicle control was injected
intraperitoneally into each rat, with the one injection made immediately after the onset of reperfusion.
VPA was purchased from Sigma (MO, USA) and dissolved in physiologic saline. At day 2 post-stroke, the
infarction volume was quanti�ed with 2,3,5-triphenyltetrazolium chloride (TTC) staining from 2-mm brain
slices as described previously [21]. 

Behavioral tests
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A body asymmetry test, modi�ed Bederson’s neurological test, cylinder test, and analysis of locomotor
activity were performed as described previously [21]. Brie�y, the body asymmetry was analyzed from 20
consecutive trials by lifting the rats above the testing table by the tails and counting the frequency of
initial turnings of the head or upper body contralateral to the ischemic side (the maximum impairment in
stroke animals is 20 contralateral turns, whereas naïve animals turn in each direction with equal
frequency resulting in 10 contralateral turns). Using the modi�ed Bederson’s score, the neurological
de�cits were scored according to the following criteria: 0 = no observable de�cit; 1 point = rat showed
decreased resistance to lateral push; 2 points = rat kept the contralateral forelimb to the breast and
extended the other forelimb straight when lifted by the tail, in addition to exhibiting the behavior indicated
for score 1; 3 points = rat twisted the upper half of its body towards the contralateral side when lifted by
the tail, in addition to exhibiting the behaviors indicated for scores 1 and 2. The cylinder test was carried
out as described previously [22].  In the cylinder test, the animal was placed inside a transparent vertical
tube with a diameter of 35 cm, and its movement was video recorded for 5 minutes. The number of �rst
front paw touches to the inner wall of the tube, after raising back on the hind limbs, was counted.
Locomotor activity was measured using an infrared activity monitor for one hour (Med Associates, St.
Albans, VT). 

Assessment of cytokines
Tissues from a total of 16 rats were used for the cytokine assay by enzyme-linked immunosorbent assay
(ELISA). The ipsilateral peri-infarct cortical and hippocampal tissues were collected at 6, 24, and 48 hours
post-dMCAo. After homogenization in lysis buffer (PRO-PREP™, iNtRON Biotechnology, Korea) and
centrifugation at 12,000 g for 30 minutes, the supernatants were collected and stored at -80°C. During
quanti�cation, the cytokines (TNFα, IL-1β, IL-6, and IL-10) were normalized to 100 μg of protein in the
supernatant using a commercial ELISA kit from R & D Systems (Minneapolis, MN, USA) according to the
manufacturer's instructions. 

Histology, immunostaining of free-�oating sections, and
image acquisition
The rats were deeply anaesthetized with pentobarbital (90 mg/kg i.p.) and transcardially perfused with
200 ml saline followed by 500 ml of 4% paraformaldehyde. Brains were processed for either para�n or
free-�oating sections and stained with anti-CD11B antibodies. Brains were dehydrated in 30% sucrose at
4°C and sectioned coronally into 40-μm-thick slices using a Leica CM3050 Cryostat. Sections were taken
from 2.1 to –1.0 mm (striatum) relative to bregma, then stored in 1X PBS for short-term storage or in
cryopreservant for long-term storage (20% glycerol, 2% DMSO in 1XPBS). Sections were blocked with
0.3% hydrogen peroxidase and 4% BSA (Sigma-Aldrich) + 0.3% Triton X-100 (Sigma-Aldrich), then
incubated with primary antibody (rabbit anti-CD11B 1:1000; Abcam) overnight at 4°C. The next day,
sections were incubated with secondary antibody, followed by incubation with avidin-biotin complex and
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DAB as above. Digital imagining was carried out on an Olympus AX-80 microscope and attached DP-70
digital camera (Olympus America Inc., Center Valley PA) using a 40x objective. Three coronal brain
sections per animal (between bregma −0.45 and −1.85) were imaged in the right hemisphere at each time
point (sham, 1, 2, and 7 days post-dMCAo). The regions imaged were in the medial peri-infarct cortex
extending 400 μm from the infarct border and in the dorsal striatum underlying the infarct. Therefore, the
imaging yielded six digital photomicrographs per animal for analysis. 

Unbiased stereological counting of CD11b-positive cells in
the peri-infarct cortex
CD11b-positive cells in the peri-infarct cortex were counted from 40-μm-thick free-�oating sections using
unbiased stereology with a stereomicroscope (Olympus BX51) and the StereoInvestigator 6 program
(MBF Bioscience) as previously described [23]. The optical fractionator method, which involves utilizing a
three-dimensional probe to count the cells of interest by randomly and systematically sampling each
section, was used. It is unbiased, since it does not involve cell size and shape, and is unaffected by tissue
processing. In this approach, the cell population is computed from the volume fraction. The volume
fraction consists of information on the thickness of the tissue sampled, the number of sections sampled,
and the area in each section sampled. Three 40-μm-thick coronal slices were selected based on their
location relative to bregma (0.2, –0.26, and –0.4/– 0.5 mm) to obtain results relatively free of bias in the
distribution of the cells. Only CD11b-positive cells with clear microglia morphology were counted.
Approximately 60–80 randomly selected sites per area/slice were analyzed to ensure accuracy and
minimize error. 

Fractal analysis using FracLac for ImageJ
We extended our computer-aided morphologic analysis after cortical infarction to include fractal analysis
(FracLac for ImageJ), which quanti�es cell complexity (fractal dimension, DB) [24]. Four microglia were
randomly chosen for fractal analysis (using a grid and random number generator) within each
photomicrograph (6 photomicrographs per animal), for a total of 24 cells analyzed per animal in each
region. The additional structures that abut and surround each cell were excluded from the analysis by
manual deletion using a digitizing tablet and ImageJ. Binary images were then converted to outlines
using ImageJ. Fractal dimension is a measure of microglia complexity, which quanti�es each cell’s
contour bounded by the endpoints and process lengths. FracLac for ImageJ calculates the microglia
fractal dimension (DB) for each cell using a box plot protocol that determines the amount of pixel detail
with increasing scale, where N = the number of pixels or “detail” at a particular scale ( ) (Fig. 6A; Table 1).
These calculations and relationships are best summarized in the reference guide provided for FracLac for
ImageJ https://imagej.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.htm and additional associated
references [24, 25]. 

https://imagej.nih.gov/ij/plugins/fraclac/FLHelp/Introduction.htm
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Manual analysis of microglia morphology
Manual morphological analysis was performed using FIJI software (Version 2.0) [26, 27]. Only slices
containing an identi�ed cell were processed as a maximum intensity projection to avoid overlapping with
cells located in more super�cial or deeper layers. Maximum intensity projections of the cells were
thresholded to create a binary mask. Through measurement of the area (white) and the perimeter (red) of
a cell from the binary mask, the circularity index (CI) was calculated (Fig. 6C, Table 1). 

Cell culture and treatment
Murine BV-2 microglial cells were obtained from Dr. Mei-Jen Wang [28] and maintained in Dulbecco's
modi�ed Eagle's medium (DMEM) containing 5% fetal bovine serum (FBS), 2 mM L-glutamine, 100 µg/ml
streptomycin, and 100 U/ml penicillin (all from Gibco; Thermo Fisher Scienti�c, Inc., Waltham, MA, USA)
at 37°C under humidi�ed 95% O2 and 5% CO2. The cells were then seeded into 24-well plates at a density
of 1×105/well and maintained at 37°C under humidi�ed 95% O2 and 5% CO2. To detect the expression of
acetyl-histone H3, as well as the production of galectin-3 and heat shock protein 70 (HSP70), the medium
was removed and replaced with freshly prepared serum-free medium with or without lipopolysaccharide
(LPS) (1 µg/ml) and/or a non-toxic dose of VPA (1.5 mM) for 6 hours [9]. 

Western blot analysis
For western blotting, aliquots of the proteins were separated by electrophoresis on sodium dodecyl
sulfate–polyacrylamide gels (10%) and transferred to a polyvinylidene di�uoride membrane. Acetylated
histone H3 was detected by using an antibody raised against acetylated histone H3 on lys9 (rabbit
polyclonal; 1:1000; sigma-Aldrich), HSP70 (rabbit polyclonal; 1:1000; Santa Cruz), and galectin-3 (rabbit
polyclonal; 1:250; GeneTex). Brie�y, the membranes were rinsed in 0.01 M Tris-buffered saline (pH 7.4)
containing 0.1% Triton X-100 for 30 minutes, blocked in 5% non-fat dry milk for 30 minutes, and then
incubated overnight at 4°C with the primary antibody in Tris-buffered saline containing 3% non-fat dry
milk. The membranes were then washed three times with Tris-buffered saline and incubated overnight at
4°C with a horseradish peroxidase-conjugated secondary antibody in Tris-buffered saline containing 3%
non-fat dry milk. Immunoreactivity was detected by enhanced chemiluminescent autoradiography (ECL
kit; Amersham Life Science, Arlington Heights, IL, USA) in accordance with the manufacturer’s
instructions. The western blots were captured with a digital camera, and the intensities were quanti�ed
with NIH Image J.

Protein array analysis
Brain protein levels were analyzed following dMCAo-induced cortical infarction. Rat brains were collected
and homogenized 48 hours after dMACo, and the expression levels of 67 proteins were measured using a
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RayBio® L-Series Rat 67 Antibody Array (RayBiotech, Norcross, GA, USA). The whole brain was isolated
from �ve rats in each group. Total protein was extracted from 250 mg of brain tissue with 1 mL of ice-
cold tissue protein extraction reagent containing protein degradation inhibitors (Kangcheng, Shanghai,
China). Protein concentrations were determined using a BCA Protein Assay Kit (Kangcheng). The
RayBio® L-Series Rat 67 Antibody Array membrane (RayBiotech) was blocked for 30 minutes by adding
blocking buffer, and then incubated with the protein samples at room temperature for 1 to 2 hours. The
samples were then discarded, the chip membrane was cleaned with buffer, and the membrane was then
incubated with biotin-labeled antibodies at room temperature for 1 to 2 hours. The membrane was then
washed with buffer and incubated with streptavidin (1:1000) coupled with horseradish peroxidase at
room temperature for 2 hours. The membrane was thoroughly cleaned and then reacted with
chemiluminescence reagent (RayBiotech, Norcross, GA, USA) in the dark and exposed to X-ray �lm, and
images were obtained using a �lm scanner (i3200, Kodak, Rochester, NY, USA). The original biomarker
values were �rst centered and scaled by subtracting the mean of each biomarker from the data and then
dividing it by the standard deviation, respectively [29]. Centering and scaling results in a uniform mean
and scale across all the biomarkers, but leaves their distribution unchanged [30, 31]. 

Analysis of differential biomarker expression
The biomarker values were summarized in terms of mean and standard deviation, or median with
minimum and maximum responses across the groups. The fold change between groups was calculated
as the ratio of the mean or median. If the biomarkers met or did not meet normality criteria across two
groups, the signi�cance of expression difference was evaluated by the paired t-test or signed-rank test,
respectively. Biomarkers with a P adjusted value<0.05 were considered to be differentially expressed [30]. 

RNA preparation and RNA-sequencing
Rats were sacri�ced on day 2 after MCAo surgery and perfused with 0.9% saline solution before the
collection of tissue material (n=4 for vehicle, n=4 for VPA). RNA was extracted from punch-samples of
tissue that were taken from the medial peri-infarct cortex on two 1 mm thick sections from positions A/P
-0.9 to +0.1 and A/P +1.1 to +2.1. RNA was extracted with Trizol reagent and treated with DNase (#1906,
Ambion). RNA purity and quanti�cation were checked using SimpliNano™ - Biochrom
Spectrophotometers (Biochrom, MA, USA). RNA degradation and integrity were monitored by Qsep 100
DNA/RNA Analyzer (BiOptic Inc., Taiwan). A total amount of 1μl RNA per sample was used as input
material for the RNA sample preparations. Sequencing libraries were generated using the KAPA mRNA
HyperPrep Kit (KAPA Biosystems, Roche, Basel, Switzerland) following the manufacturer’s
recommendations, and index codes were added to attribute sequences to each sample. Brie�y, mRNA
was puri�ed from total RNA using magnetic oligo-dT beads. Captured mRNA was fragmented by
incubating it at a high temperature in the presence of magnesium in KAPA Fragment, Prime and Elute
Buffer (1x). First-strand complementary DNA (cDNA) was synthesized using random hexamer priming.
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Combined second-strand synthesis and A-tailing, which converts the cDNA:RNA hybrid into double-
stranded cDNA (dscDNA), was used to incorporate dUTP into the second cDNA strand, and then dAMP
was added to the 3’ ends of the resulting dscDNA. dsDNA adapters with 3’dTMP overhangs were ligated
to library insert fragments to generate the library fragments carrying the adapters. In order to select cDNA
fragments of preferentially 300~400bp in length, the library fragments were puri�ed with the KAPA Pure
Beads system (KAPA Biosystems, Roche, Basel, Switzerland). The library carrying appropriate adapter
sequences at both ends was ampli�ed using KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Roche,
Basel, Switzerland) along with library ampli�cation primers. The strand marked with dUTP was not
ampli�ed, allowing strand-speci�c sequencing. Lastly, PCR products were puri�ed using the KAPA Pure
Beads system, and the library quality was assessed using the Qsep 100 DNA/RNA Analyzer (BiOptic Inc.,
Taiwan). The RNA-seq data have been deposited in the RNA-Seq database at Biotools-rat-RNA prelibrary
under accession number BI-ANA-1416.   

Bioinformatics
The original data obtained by high-throughput sequencing (with an Illumina NovaSeq 6000 platform)
were transformed into raw sequenced reads by CASAVA base calling and stored in FASTQ format. FastQC
and MultiQC [32] were used to check the fastq �les for quality. The obtained raw paired-end reads were
�ltered by Trimmomatic (v0.38) [33] to discard low-quality reads, trim adaptor sequences, and eliminate
poor-quality bases with the following parameters: LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15
MINLEN:30. The obtained high-quality data (clean reads) were used for subsequent analysis. Read pairs
from each sample were aligned to the reference genome (e.g., H. sapiens, GRCh38) by the HISAT2
software (v2.1.0)[34, 35]. FeatureCounts (v1.6.0) was used to count the reads numbers mapped to
individual genes [36]. For gene expression, the “Trimmed Mean of M-values” normalization (TMM) was
performed using DEGseq (v1.36.1) [37] without biological duplicate, and the “Relative Log Expression”
normalization (RLE) was performed using DESeq2 (v1.22.1) [38, 39] with biological duplicate.
Differentially expressed genes (DEGs) analysis of two conditions was performed in R using DEGseq
(without biological replicate) and DESeq2 (with biological replicate), which are based on the negative
binomial distribution and Poisson distribution model, respectively [40-42]. The resulting p-values were
adjusted using Benjamini and Hochberg’s approach for controlling the FDR. GO [43, 44] enrichment
analysis of DEGs was conducted using clusterPro�ler (v3.10.1) [31]. Gene set enrichment analysis
(GSEA) [45] was performed with 1,000 permutations to identify enriched biological functions and
activated pathways from the molecular signatures database (MSigDB). The MSigDB is a collection of
annotated gene sets for use with GSEA software, including hallmark gene sets, positional gene sets,
curated gene sets, motif gene sets, computational gene sets, GO gene sets, oncogenic gene sets, and
immunologic gene sets [46, 47]. In addition, weighted gene co-expression network analysis (WGCNA) was
used to construct the co-expression network based on the correlation coe�cient of expression pattern
using the WGCNA (v1.64) package in R [48, 49].
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Real-time quantitative PCR from microglia/macrophages
isolated from the sham or stroke cortex
The microglia harvest was performed as described previously [5]. Brie�y, the CD11b immunopositive
cortical microglia/macrophages were isolated by magnetic activated cell sorting (MACS). The ischemic
cortex and the equivalent part of the brains from the sham animals were dissected on ice in HBSS
without Ca2+ and Mg2+. The tissue was dissociated using the Neural Tissue Dissociation kit (Miltenyi
Biotec) and gentleMACS Dissociator (Miltenyi Biotec). After dissociation, the cells were suspended in
0.5% BSA in PBS and incubated with Myelin Removal Beads II (1:10, Miltenyi Biotec) for 15 minutes at
4°C. The cells were washed and resuspended in 0.5% BSA in PBS and �ltered through an LS column
(Miltenyi Biotec) using a Quadro-MACS Separator (Miltenyi Biotec). The total e�uent was collected and
resuspended in 0.5% BSA with 2 mM EDTA in PBS. The cells were incubated at 4°C for 10 minutes with
mouse anti-CD11b: FITC antibody (1:10, #MCA275FA, AbD Serotec). The cells were washed, resuspended
in 0.5% BSA with 2 mM EDTA in PBS, and incubated with anti-FITC MicroBeads (1:10, Miltenyi Biotec) for
15 minutes at 4°C. The cells were washed and resuspended in 0.5% BSA with 2 mM EDTA in PBS. The
cell suspension was applied to a LS column placed on a QuadroMACS Separator. Total RNA was then
extracted from the gentleMACS-isolated microglia/macrophage using RNeasy Plus micro/mini kits
(Qiagen, Hilden, Germany), according to the manufacturer’s protocol. 

RNA quality was assessed using an Agilent Bioanalyzer (Agilent, Santa Clara, CA). For the rat samples,
cDNA synthesis was carried out using an oligo-T18 primer and Maxima H minus reverse transcriptase
(#EP0751; Thermo Fisher Scienti�c). Real-time quantitative PCR (qPCR) was performed with a
Lightcycler®480 real-time PCR system (Roche Diagnostics) using Lightcycler®480 SYBR Green I Master
complemented with 2.5 pmol of primers (Table 3) and cDNA corresponding to 10 ng of total RNA in the
�nal volume of 10 μl on 384-well plates. Reactions were performed in duplicate or triplicate and analyzed
with Lightcycler®480 Software. The length of the resulting PCR products was veri�ed using agarose gel
electrophoresis. Gene expression was normalized to the geometric mean of ubiquitin-conjugating enzyme
E2 I (Ube2i) expression levels. 

Statistical analysis
All graphs and statistics were performed in GraphPad Prism 6.0. The body asymmetry, Bederson’s score,
and locomotor activity data were analyzed using Bonferroni’s post hoc test following two-way ANOVA.
The infarction volume and qPCR results were analyzed using the two-tailed Student’s t-test. Two-way
ANOVA and Tukey’s multiple comparisons post hoc test with the factors of “time” and “drug treatment”
were used for the comparison of differences in ELISA results and parameters quanti�ed from
immunohistochemical staining. Values are presented as mean ± S.E.M. A statistically signi�cant
difference was de�ned as p<0.05.
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Results

Low-dose VPA treatment does not reduce infarction
volume, but promotes short-term behavioral recovery in rat
cortical stroke model
In contrast with the results reported by prior studies, a single injection of the dose of VPA (200 mg/kg)
had no effect on infarct volume measured at 48 hours after stroke (Fig. 1A-C). However, the treatment
produced a rapid recovery of function, as seen from signi�cantly reduced body asymmetry and
Bederson’s scores at 24 hours post-stroke (Fig. 1D, E). At 48 hours, the rats injected with VPA also
exhibited substantial reversal of injury-induced behavioral de�cits in terms of body asymmetry,
Bederson’s neurological de�cits, and the cylinder tests compared to the control group of vehicle-injected
rats (Fig. 1D-F). Spontaneous motor activity, as another indicator of hastened recovery, did not differ
between the treatment groups (Fig. 1G, H). These results clearly indicate that the low-dose VPA treatment
signi�cantly promoted functional recovery without reducing the size of the ischemic lesions. 

VPA decreases the production of IL-6, but not TNF-α or IL-
1β in the peri-infarct cortex
Since the levels of pro-in�ammatory cytokines in experimental stroke have signi�cant effects on
infarction evolution [4, 50], we �rst characterized the cytokine responses in the proximal (peri-infarct
cortex) and distal (ipsilateral hippocampus) region after dMCAo-induced cortical stroke, and then tested
the e�cacy of post-stroke subcutaneous VPA treatment in adult rats. Obvious increases in IL-1β, TNF-α,
and IL-6 were observed as soon as 6 hours after dMCAo within the peri-infarct cortex, where they
remained elevated for 2 days after dMCAo (Fig. 2A, C, E). Of additional interest, down-regulated IL-10 was
observed 6 hours after dMCAo in the peri-infarct cortex, where it remained decreased until 24 hours
(Fig. 2G). In the area distal from infarct cortex (hippocampus), there were no differences in the levels of
IL-1β, TNF-α, and IL-10 between the sham and dMCAo groups at different time points (Fig. 2B, F).
However, increased IL-6 was observed in hippocampal brain homogenates 6 hours after dMCAo, where it
remained elevated until 2 days (Fig. 2D). These results suggest that dMCAo-induced up-regulation of IL-6
is not only involved in the region proximal to the infarct cortex, but also in the region distal to it
(hippocampus). 

To determine whether post-stroke VPA treatment is involved in in�ammatory responses, we measured
changes in the levels of pro- and anti-in�ammatory cytokines in the peri-infarct cortex and hippocampal
brain homogenates at 6, 24, and 48 hours after dMCAo. The administration of VPA resulted in a
signi�cant decrease in IL-6 within the peri-infarct cortex at 24 hours after dMCAo (Fig. 2C), but not in the
ipsilateral hippocampal area (Fig. 2D). Meanwhile, the levels of IL-1, TNF-α, and IL-10 within the peri-
infarct cortex and ipsilateral hippocampus exhibited no statistically signi�cant differences between the
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two groups at different time points (Fig. 2B, F, H), implying that post-stroke VPA treatment only
suppresses the up-regulation of glial activation-induced IL-6 in the peri-infarct environment.

Post-insult VPA administration reduces the number of
CD11b-positive cells on day 7
VPA has been demonstrated to exhibit a neuroprotective property in a rat model of dMCAo by promoting
neuronal survival as well as exerting anti-in�ammatory effects, which would contribute to a reduction in
microglial cell numbers [50]. However, how post-stroke VPA treatment modulates the time course of
microglia/macrophage activation in the peri-infarct area has not yet been investigated. The infarct was
already well advanced at 6 hours after dMCAo, reached a maximum volume by 48 hours, and had
contracted greatly by 7 days based on the volume of tissue exhibiting pale staining with TTC (Fig. 3A, C,
E). Thus, we �rst characterized the time course of CD11b-positive microglia/macrophages in the dMCAo-
induced ischemic cortex. At 6 hours post-stroke, few CD11b-positive microglia/macrophages with
rami�cation were present in the peri-infarct region (Fig. 3B). Microglia/macrophage activation peaked on
day 2 post-stroke in the ischemic cortex, when the infarct core and peri-infarct zone were �lled with
CD11b+ cells presenting with an amoeboid shape (Fig. 3D). At 7 days post-stroke, CD11b-positive cells
were obvious evident in the peri-infarct zone, but the morphology of microglia/macrophages with
rami�cation of cell processes seemed to have recovered partially (Fig. 3E). VPA treatment did not
obviously reduce the number of CD11b-positive microglia/macrophages on day 2 post-stroke (Fig. 4C, D,
G), but signi�cantly decreased the CD11b-positive cell number in the peri-infarct zone at day 7 post-stroke
(Fig. 4E-G). These results suggested that the low-dose VPA treatment has delayed effects on the
recruitment of microglia/macrophages into ischemic cortex. 

VPA treatment regulates morphologic responses of CD11b-
positive cells after ischemic brain injury
To further characterize the morphological responses of the microglia/macrophages, the fractal
dimensions and cell circularity of CD11b-immunolabeled cells were measured in separate sections from
the same rats at 2 days and 7 days post-stroke. Examples of CD11b-positive microglia/macrophages
(made binary and outlined) in the peri-infarct cortex with/without VPA administration are shown in Fig. 5.
The application of FracLac for Image J to microglia outlines resulted in fractal dimensions that ranged
from 1.0029 to 1.4058 (available range is 1–2), with the lowest occurring in the peri-infarction region at
day 2 post-stroke and the highest in the intact cortex with sham surgery (Fig. 5B, D; 6B). There was no
difference in the fractal dimensions of CD11b-immunolabeled cells in the intact cortex with or without
VPA administration (Fig. 5C; 6B). However, two-way ANOVA analysis showed that VPA treatment could
increase the fractal dimensions of CD11b-labelled microglia/macrophages at 2 days and 7 days post-
stroke, compared with the saline group (Fig. 5D-G; 6B). The above results suggest that microglial
complexity is unchanged from sham in the impact region with or without VPA application, whereas, in the
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peri-infarct region, cell complexity was lower at 2 days and 7 days post-stroke and was recovered close to
the sham condition through VPA therapy. Using manual analysis, we investigated an additional measure
of microglial morphology related to cell circularity: the circularity index. The circularity index results of the
CD11b-labelled cells in the sham group was similar to that of the CD11b-labelled cells in the VPA-treated
group (Fig. 6D). However, the circularity index was maximally increased at 48 hours post-stroke, and
remained similarly elevated by 7 days (Fig. 6D). The administration of VPA caused a signi�cant reduction
in the circularity index of CD11b-positive cells compared with the vehicle-treated group when assessed at
2 days and 7 days after stroke (Fig. 6D). Based on qualitative observations of the CD11b-labeled cell
complexity and circularity, it was suggested that VPA administration could be implicated in
microglia/macrophage activation in the peri-infarct region. 

VPA suppresses the level of galectin-3 in the peri-infarct
cortex and LPS-treated microglia
It is widely accepted that epigenetic processes occur during ischemic stroke [51]. HDAC inhibitors are
known to promote a phenotypic shift in microglia and subsequently exert neuroprotective effects in
animal models of neurodegenerative diseases [52, 53]. VPA has been shown to exhibit anti-in�ammatory
properties by suppressing the number of activated microglia in stroke rats [50]. However, it is much less
clear whether VPA ameliorates the activation of microglia/macrophages through the regulation of HDACs
or the modulation of certain protein expression levels in these cells. Therefore, we adopted the antibody
array analysis of 67 proteins in sham-operated, vehicle-treated, and VPA-treated ipsilateral cortex 2 days
after dMCAo (Table. 2). Only proteins with fold change > 2 or < 0.25 and which were signi�cantly different
(adjusted P < 0.05) were included (Fig. 7A). The level of galectin-3 was signi�cantly higher in the vehicle-
treated stroke rats compared with the sham-operated rats (Fig. 7B). However, VPA treatment signi�cantly
suppressed the level of galetin-3 in the ischemic cortex compared with the vehicle-treated group cortex
(Fig. 7B). Western blotting showed that the galectin-3 protein level was remarkably reduced in the VPA-
treated peri-infarct cortex (Fig. 7C, D), consistent with the results obtained with the protein array analysis.
In previous studies, the VPA dose used in animal studies to control seizures, 300 mg/kg, was
demonstrated to induce an increase in acetylated histone H3 levels and to up-regulate HSP70 levels in the
brain. In our study, the dosage of VPA, revised down to 200 mg/kg, also increased acetylated histone H3
levels in the peri-infarct cortex compared with vehicle-treated group cortex (Fig. 7C, D). However, there was
no difference in the levels of HSP70 between the two groups (Fig. 7C, D). Since galectin-3 is expressed
mainly in microglia/macrophages and up-regulated when activated, we next determined the epigenetic
mechanism whereby VPA may regulate galectin-3 production in these cells. BV2 cells were challenged
with 1 µg/ml LPS in the presence or absence of 1.6 Mm VPA for 6 hours. Acetylated histone H3, galectin-
3, and HSP70 expressions in the BV2 cells were subsequently assessed. As presented in Fig. 7E, the
addition of VPA resulted in an increase over the baseline acetylated histone H3 level but decreased
galectin-3 expression compared with untreated control. In addition, when cells were treated with LPS in
the presence of VPA, acetylated histone H3 levels were signi�cantly increased when compared with those
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receiving LPS treatment alone (Fig. 7F). In contrast, administration with VPA was found to signi�cantly
decrease galectin-3 expression in LPS-treated cells as compared to LPS treatment alone (Fig. 7F).
However, the treatment of VPA had no effect on HSP70 expression under the condition of exposing BV-2
cells with or without LPS (Fig. 7E, F). These results suggest that VPA, by promoting histone acetylation on
H3, inhibits galectin-3 production in the microglia/macrophages under the baseline condition or in
response to injurious stimuli. 

Differential gene expression in peri-infarct cortex with or
without VPA treatment
Since the low dose of VPA was implicated as having an effect on the level of galectin-3 and in the
morphological changes of microglia in the peri-infarct cortex, we naturally hypothesized that VPA
treatment would regulate genes involved in tissue repair, as well as the phenotypes of immune cells.
Comparison of gene pro�les between vehicle-treated and VPA-treated groups was focused on the peri-
infarct cortex at 3 days post-stroke (Fig. 8A). Genes were identi�ed as differentially expressed genes
(DEGs) only when the fold difference between two groups was greater than 2 and the adjusted p values
were lower than or equal to 0.05. Volcano plots that graphically highlighted the DEGs that were
signi�cantly up- (red) or down- (blue) regulated in response to VPA treatment and vehicle treatment in the
stroke rats were generated (Fig. 8B). In the VPA-treated group, 7 transcripts were differentially expressed
compared to the vehicle-treated group, among which 1 gene was downregulated and 6 genes were
upregulated (Fig. 8C). The one down-regulated gene was a pseudogene. The up-regulated genes were
related to components of the extracellular matrix (collagen 3a1, collagen 6a2, decorin, and cellular
communication network factor 1) and included genes which code for coagulation-related surface
proteins on the endothelial cells (thrombomodulin) and macrophage galactose-type lectin on M2
microglia (C-type lectin domain containing 10A) (Fig. 8C). These data revealed a prominent upregulation
of gene expression related to extracellular matrix remodeling in the stroke rats that received VPA
treatment. 

Gene ontology (GO) analysis from VPA- and vehicle-treated
ischemic brains
To further reveal the functional categories of DEGs, gene ontology (GO) enrichment analysis was
performed. GO enrichment analysis of DEGs (dMCAo + vehicle vs. dMCAo + VPA) identi�es key biological
processes, cellular components, and molecular functions. The top 3 signi�cantly upregulated functional
categories (adjusted P value < 0.05) were enriched by DEGs in the VPA-treated group, with those DEGs
being involved in wound healing, collagen trimmer and extracellular matrix functions (Fig. 8D, E). Notably,
the DEGs related to wound healing were also partially associated with collagen trimmer and extracellular
matrix functions, suggesting that post-stroke VPA treatment might potentiate tissue remodeling in the
peri-infarct cortex. Network-based GSEA (gene set enrichment analysis) was utilized to identify the



Page 15/66

functional associations amongst the genes affected by the VPA treatment (Fig. 8F). Similar to the results
obtained using enriched GO analysis, the top 10 functions of the up-regulated genes were associated with
the extracellular space (adjusted P value = 0.044), drug responses (adjusted P value = 0.044), extracellular
matrix (adjusted P value = 0.044), positive regulation of gene expression (adjusted P value = 0.044),
basement membrane (adjusted P value = 0.044), external side of the plasma membrane (adjusted P
value = 0.044), cell-cell adhesion (adjusted P value = 0.046), wound healing (adjusted P value = 0.046),
heparin binding (adjusted P value = 0.046), and angiogenesis (adjusted P value = 0.046).

Post-stroke VPA treatment regulates gene expression
pro�le of activated microglia/macrophages
Given that the C-type lectin domain containing 10A (Clec10a) was mainly expressed on the antigen-
presenting cells and macrophages [54], we wondered whether the upregulated Clec10a in VPA-treated
peri-infarct cortex was also on the activated microglia/macrophages. Therefore, we isolated CD11b-
positive cells from the infarct area at day 3 post-stroke (Fig. 9A), and then analyzed the mRNA level of
Clec10a in these cells. Similar to the results obtained from immuno�uorescence, VPA treatment did not
obviously reduce the number of CD11b-positive microglia/macrophages on day 3 post-stroke (Fig. 9B).
However, a signi�cant increase in the mRNA level of Clec10a in the CD11b-positive
microglia/macrophages was shown in the VPA-treated group (Fig. 9C), suggesting that treatment with
VPA increased Clec10a expression in the peri-infarct cortex and on activated microglia and macrophages.
Since Clec10a has immunoregulatory properties and is induced on M2 microglia in neurological
autoimmune disorders [55], we next wanted to explore whether VPA could regulate the phenotypes or
gene expression pro�les of microglia. For additional evaluations of the status of microglia/macrophages,
the mRNA levels of selected markers of the cytotoxic M1 phenotype (iNOS and CD86) and the
cytoprotective M2 phenotype (TGFβ1, CD163, Arginase-1) were analyzed in these CD11b+ cells. Our
results indicated that VPA treatment does not change the expressions of iNOS or CD86, genes expressed
in cytotoxic M1-type microglia (Fig. 9C). In turn, the analysis of markers of M2 phenotype revealed a
signi�cant increase in the mRNA levels of TGFβ1 and CD163 but not Arginase-1 in the CD11b+

microglia/macrophages in response to VPA exposure (Fig. 9C), implying that VPA treatment did not cause
collective up-regulation of M2-type marker genes in the peri-infarct cortex. Taken together, these �ndings
indicate that post-stroke VPA treatment not only stimulates extracellular matrix remodeling, but also
alters the morphological responses and gene expressions of activated microglia/macrophages in the
peri-infarct cortex. 

Discussion
This study provides evidence that a low dose of VPA post-stroke can improve the recovery of aspects of
neurological function in rats, and that this effect of VPA is associated with the suppression of peri-infarct
activity in microglia/macrophages, including activity related to morphological changes and density. This
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attenuation of microglial activity may involve the suppression of galectin-3 expression and the
upregulation of extracellular matrix remodeling in the peri-infarct cortex.

Accumulating evidence supports the notion that histone hypoacetylation and transcriptional dysfunction
are involved in a large number of neurodegenerative conditions [56]. Although postischemic treatment
with a clinically relevant dose of VPA, speci�cally, 300 mg/kg, has been shown to reduce dMCAo-induced
brain infraction, BBB disruption, and brain edema [2, 10], this dose is too high for humans. As with many
antiepileptic drugs, there are a number of adverse consequences associated with the use of VPA. Among
these, valproate encephalopathy is a dose-related syndrome that can occur due to high VPA
concentrations, particularly in new patients [57]. Moreover, VPA-associated pancytopenia and
coagulopathy have been shown to be dose-dependent side effects [58]. Furthermore, the teratogenicity of
VPA limits its use in woman of childbearing age [59]. In this study, we reduced the dose to 200 mg/kg of
VPA and tested the therapeutic effects of this dose in rats. The results indicated that a single injection of
VPA at a dose of 200 mg/kg in stroke rats did not reduce infarct volume but did signi�cantly accelerate
the reversal of behavioral de�cits in rats with cerebral ischemic injury. The improvements of forepaw
function and body symmetry occurred in the absence of changes in infarct volume and are broadly
consistent with reports of improved outcomes without changes in infarct volume following VPA treatment
in several studies [60]. Thus, the �ndings of the present study suggest that cellular changes critical for
recovery are initiated in the early stages after infract formation, and that they can be modulated by VPA
treatment.

It has become increasingly that clear brain injury following ischemia is highly associated with the
in�ammatory response, which involves the in�ltration of mononuclear phagocytes and activated
microglia [61]. In�ammatory cytokines (IL-1β, TNF-α, and IL-6) produced by peri-infarct
microglia/macrophages would modulate tissue injury and have profound effects on infarct evolution [4].
In the past literature, VPA was demonstrated to inhibit TNF-α and IL-6 production induced by LPS in THP-
1 cells, and this inhibition was linked to the suppression of NF-κB activation [9]. In animal studies of
global brain ischemia, VPA further suppressed IL-1β production in the hippocampus [14]. Studies of
cellular sources of TNF-α and IL-1β after MCAo have looked speci�cally at microglia and macrophages.
However, IL-6 is upregulated in microglia and cortical neurons in stroke rats, and increases of IL-6 are
more pronounced in the case of gray matter lesions [62, 63]. Based on our results, a single injection of
VPA at a dose of 200 mg/kg was shown to suppress the up-regulation of IL-6 in cortex at 24 hours
following dMCAo, suggesting that low-dose VPA therapy might both alleviate neuronal damage and
dampen microglial activation in the early phase of cerebral ischemic injury.

The single injection of a low dose of VPA after stroke did not produce signi�cant differences in the
number of CD11b-positive microglia/macrophages within the peri-infarct cortex within the �rst 2 days.
Thus, our �ndings suggest that the low dose of VPA did not produce gross alterations in CD11b-positive
cell recruitment to the peri-infarct tissue in the early phase. However, in other studies regarding the effect
of VPA on microglia/macrophage distribution, VPA was shown to greatly limit microglial density in the
injured area [14, 50]. This difference in response to focal ischemia compared with that in the present
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study is probably explained, at least in part, because the higher dose of VPA in those other studies
produced decreases in cell loss and infarct size in those earlier investigations of stroke, and such
protective effects can secondarily reduce microglial responses to ischemic damage.

Apart from the changes in microglial distribution in response to ischemic damage, rami�ed microglia
would transform to amoeboid morphology and resume phagocytotic activity, which exacerbate
neuroin�ammatory responses [64, 65]. It follows that microglia morphology, if quanti�ed using sensitive
methods, could provide insight into the neuropathology of distinct regions. Using two quantitative
assessments of microglia complexity and circularity, we report that the microglia morphology was
different from that in sham cortex in the peri-infarct cortex at 2 and 7 days post-stroke. In the peri-infarct
region, most of the microglia became amoeboid or had increased circularity, while rami�cation in shape
or higher complexity was less observed. One striking �nding of our results is that the low-dose VPA
treatment produced signi�cant differences in the complexity and circularity of CD11b-positive microglia
within 7 days compared with vehicle treatment, indicating that VPA greatly limits changes in microglial
morphology after dMCAo. Simultaneously, the low-dose VPA treatment was shown to not only enhance
the levels of acetylated histone H3 protein but also to suppress the levels of galectin-3 in the peri-infarct
cortex. Since galectin-3 is predominantly expressed in the microglia of the adult rodent brain [66, 67], we
further argue that VPA treatment could suppress the LPS-upregulated galectin-3 levels in BV2 cells. It has
been shown that galectin-3 could control microglia morphology by regulating the cytoskeleton [67, 68].
Thus, amoeboid microglia are rich in galectin-3 and display productive phagocytosis. Moreover, galectin-3
is required for microglia-mediated brain in�ammation [69, 70], while the suppression of galectin-3
ameliorates microglia-mediated pathogenesis by decreasing NFκB activation [70]. Interestingly, NFκB
motifs have been identi�ed in the promotor region of galectin-3 [71], implying that NFκB and galectin-3
might be regulated in a positive feed-forward loop in microglia. In our study, VPA was shown for the �rst
time to promote a morphological shift of peri-infarct microglia from the amoeboid to the rami�ed form,
and that might be associated with galectin-3 suppression in the peri-infarct cortex or microglia. Although
previous studies have found some epigenetic pathways wherein the chromatin remodeling proteins
contribute to galectin-3 induction [72], we have not yet examined whether VPA regulating the level of
galectin-3 is directly dependent on the epigenetic action or upregulation of the acetylation of NFκB p65
caused by the decrease of HDAC3 activity [2].

An increasing number of studies have demonstrated that VPA treatment could directly up-regulate genes
associated with neuronal proliferation, differentiation, and neurotransmission, while down-regulating
genes related to cell death and in�ammation [73]. Such changes may play roles in the bene�ts provided
by VPA treatment following injury. In our study, RNA sequencing further revealed that VPA treatment
exhibits a strong trend of upregulation of genes related to extracellular matrix remodeling in the peri-
infarct cortex. Collagen 3a1, collagen 6a2, decorin, and cellular communication network factor 1, all of
which are known to be part of the extracellular matrix, serve essential functions involved in the regulation
of cellular processes and providing a permissive microenvironment to promote tissue repair [74–79].
Moreover, the provisional extracellular matrix serves as a pliable scaffold wherein mechanical guidance
forces are established among endothelial cells, thereby providing critical support for vascular
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endothelium [76]. Thrombomodulin is a membrane protein mainly expressed by endothelial cells. It is part
of the anticoagulant protein C system, in which thrombomodulin binds with thrombin and promotes the
cleavage of protein C and thrombin activatable �brinolysis inhibitor, thereby inhibiting coagulation [80].
Additionally, it interferes with in�ammation, stabilizes barrier function, and promotes angiogenesis under
pathological conditions [81]. Clec10a is a member of the C-type lectin receptor family and is expressed by
myeloid antigen-presenting cells (APC), such as dendritic cells and macrophages [55]. Notably, Clec10a
has also been shown to be upregulated on M2 microglia, which are involved in the processes of
extracellular matrix reconstruction and tissue repair in the injured area. GSEA using GO also
demonstrated a pattern of increased extracellular matrix, cell-cell adhesion, angiogenesis, and wound
healing. Thus, the fact that these changes correlate with activated tissue repair and extracellular matrix
suggests that VPA may help to restore normal functions.

In the present study, the analysis of VPA-induced changes to gene expression in the peri-infarct CD11b-
positive cells at early time points revealed an up-regulation of the expression of Clec10a, TGFβ1, and
CD163, but not Arginase-1. These genes are expressed in M2 phenotype microglia. The effect of VPA in
terms of altering the expression of markers of alternative, anti-in�ammatory microglia (M2 phenotype) is
in agreement with what has been reported after spinal cord injury [13], but unlike what the authors of that
report proposed, our data suggest that, during the early phase of cerebral ischemic injury, VPA did not
decrease the expression of M1-associated markers (iNOS, CD86). This discrepancy implies that the single
injection with a low dose of VPA only stimulated certain subtypes of alternatively activated microglia
during pathology progression. Primarily M2 phenotype microglia with high expression of Arginase-1
contribute to axon regeneration through anti-in�ammatory effects in neurodegenerative diseases [82].
CD163 is a phagocytic marker of microglia/macrophages that functions as a membrane-bound
scavenger receptor for cleaning extracellular haptoglobin-hemoglobin and has an immunoregulatory
property associated with the resolution phase of in�ammation [83]. TGFβ1 has been recently shown to
potentiate an adaptive activation of microglia to accelerate wound healing [84]. Collectively, these genes
of the M2 phenotype are essential for repair processes, and their high expression in our study might
re�ect peri-infarct tissue repair in response to VPA treatment.

There were several limitations to the present study. First, although our data indicated that 200 mg/kg of
VPA still exhibits a therapeutic effect in ischemic brain injury, we did not measure the kinetics of VPA in
rats, and the dose we used on the rats in this study cannot be extrapolated to a human-equivalent dose.
Second, our data demonstrated that post-stroke VPA treatment could suppress the upregulation of
galectin-3, which is required for resident microglia activation in response to ischemic injury. However,
galectin-3 knockout microglia failed to activate and proliferate, which was further associated with
signi�cant increases in the size of the ischemic lesions [66]. Thus, it is still necessary to elucidate the
time courses of galectin-3 expression and function in microglia under pathological conditions. Finally, we
did not have gene expression data from a sham group, so it is unclear if the effects of VPA on gene
expression are restorative or de novo. Additional studies are already underway to �ll in many of these
gaps.
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In conclusion, we found that a single injection of VPA following dMCAo was able to accelerate functional
recovery in rats. Both mitigating microglia/macrophage activation through the suppression of
upregulated galectin-3 and altering the gene pro�les of these cells could in�uence extracellular matrix
reconstruction and contribute to the improved recovery.
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Figure 1

Post-stroke single injection of VPA (200 mg/kg) does not reduce infarct area, but promotes functional
recovery. A, experimental timeline. The rats underwent dMCAo surgery, and they were divided into two
groups randomly. One hour after reperfusion, the animals received an intraperitoneal injection of either
VPA or vehicle once, and their behavioral functions were evaluated on day 1 and 2. Rats were sacri�ced
for analysis at different time points. B, a representative schematic diagram showing infarct area stained
with TTC in a series of coronal sections derived from these two groups of rats killed at 48 hours after
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ischemia. C, quanti�ed results of infarct volumes derived from animals killed at 48 hours after the onset
of dMCAo. D, E, effects of VPA (n=7), vehicle (n=8) on body asymmetry (D), Bederson’s neurologic test
score (E), *p< 0.05, **p< 0.01 indicate comparison with vehicle with Bonferroni’s post hoc test following
two-way ANOVA. F, forepaw use bias of the rats was assessed using the cylinder test on day 1 and 2 after
dMCAo. *p=0.039 by Bonferroni’s multiple comparisons test, following two-way ANOVA. G, H, effects of
VPA (n=5), vehicle (n=6) and no treatment (n=4) on vertical (G) and horizontal (H) activity measured for
30 minutes on day 1 and 2. *p< 0.05, **p< 0.01, *** p< 0.001 by Bonferroni’s multiple comparisons test,
following one-way ANOVA. Scale bar: 5000 μm. The data represent mean ± SEM.
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ischemia. C, quanti�ed results of infarct volumes derived from animals killed at 48 hours after the onset
of dMCAo. D, E, effects of VPA (n=7), vehicle (n=8) on body asymmetry (D), Bederson’s neurologic test
score (E), *p< 0.05, **p< 0.01 indicate comparison with vehicle with Bonferroni’s post hoc test following
two-way ANOVA. F, forepaw use bias of the rats was assessed using the cylinder test on day 1 and 2 after
dMCAo. *p=0.039 by Bonferroni’s multiple comparisons test, following two-way ANOVA. G, H, effects of
VPA (n=5), vehicle (n=6) and no treatment (n=4) on vertical (G) and horizontal (H) activity measured for
30 minutes on day 1 and 2. *p< 0.05, **p< 0.01, *** p< 0.001 by Bonferroni’s multiple comparisons test,
following one-way ANOVA. Scale bar: 5000 μm. The data represent mean ± SEM.
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Figure 2

VPA suppresses IL-6 production in the peri-infarct cortex at 24 hours after dMCAo surgery. A, B, IL-1β
concentrations in the peri-infarct cortex (A) and ipsilateral hippocampus (B) were measured by ELISA. C,
D, TNF-α concentrations in the peri-infarct cortex (C) and ipsilateral hippocampus (D) were measured by
ELISA. E, F, IL-6 concentrations in the peri-infarct cortex (E) and ipsilateral hippocampus (F) were
measured by ELISA. G, H, IL-10 concentrations in the peri-infarct cortex (G) and ipsilateral hippocampus
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(H) were measured by ELISA. *** p< 0.001 indicates comparison with the dMCAo+ vehicle group with two-
way ANOVA, Bonferroni’s post hoc test. The data represent mean ± SEM.
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ELISA. E, F, IL-6 concentrations in the peri-infarct cortex (E) and ipsilateral hippocampus (F) were
measured by ELISA. G, H, IL-10 concentrations in the peri-infarct cortex (G) and ipsilateral hippocampus
(H) were measured by ELISA. *** p< 0.001 indicates comparison with the dMCAo+ vehicle group with two-
way ANOVA, Bonferroni’s post hoc test. The data represent mean ± SEM.
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VPA suppresses IL-6 production in the peri-infarct cortex at 24 hours after dMCAo surgery. A, B, IL-1β
concentrations in the peri-infarct cortex (A) and ipsilateral hippocampus (B) were measured by ELISA. C,
D, TNF-α concentrations in the peri-infarct cortex (C) and ipsilateral hippocampus (D) were measured by
ELISA. E, F, IL-6 concentrations in the peri-infarct cortex (E) and ipsilateral hippocampus (F) were
measured by ELISA. G, H, IL-10 concentrations in the peri-infarct cortex (G) and ipsilateral hippocampus
(H) were measured by ELISA. *** p< 0.001 indicates comparison with the dMCAo+ vehicle group with two-
way ANOVA, Bonferroni’s post hoc test. The data represent mean ± SEM.
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Figure 3

Time course of microglia/macrophage activation after cortical stroke. Representative images of TTC
staining and immunostaining of all microglia/macrophages (CD11b) from ischemic core (IC), peri-infarct
area, and hippocampus (Hip) coronal sections at 1 (A, B), 2 (C, D), and 7 (E, F) days after 90-minute
dMCAo in rats. The morphological changes and increasing number of microglia/macrophages were
obviously found at 2 days after ischemia. Scale bar is 50 μm (immuno�uorescence of CD11b) and 5000
μm (TTC staining).
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Figure 4

Post-stroke intraperitoneal injection of VPA decreases the number of CD11b-positive cells in the peri-
infarct cortex. A-F, representative photomicrographs of anti-CD11b immuno�uorescent staining of the
sham-operated cortex in vehicle-treated rats (A), sham-operated cortex in VPA-treated rats (B), peri-infarct
cortex at 2 days after 90-minute dMCAo in vehicle-treated rats (C), peri-infarct cortex at 2 days after 90-
minute dMCAo in VPA-treated rats (D), peri-infarct cortex at 7 days after 90-minute dMCAo in vehicle-
treated rats (E), and peri-infarct cortex at 7 days after 90-minute dMCAo in VPA-treated rats (F). G,
quantitation of CD11b-positive cells in the peri-infarct cortex at different time points showing
accumulation of activated microglia/macrophages in the peri-infarct cortex at 2 and 7 days after
ischemia. Original photomicrographs were subjected to a series of uniform Image J plugin protocols prior
to conversion to binary images; binary images were then analyzed to calculate the number of CD11b-
positive cells. # p< 0.05, ##p< 0.01, and ### p< 0.001 indicate statistical difference between peri-infarct
cortex and sham-operated cortex at each time point, Bonferroni’s multiple comparisons test, following
one-way ANOVA. * p< 0.05 indicates comparison with the dMCAo+ vehicle group with two-way ANOVA,
Bonferroni’s post hoc test. Five tissue sections per rat were used for the analysis (n=8-10). Scale bar: 20
μm. The data represent mean ± SEM.
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treated rats (E), and peri-infarct cortex at 7 days after 90-minute dMCAo in VPA-treated rats (F). G,
quantitation of CD11b-positive cells in the peri-infarct cortex at different time points showing
accumulation of activated microglia/macrophages in the peri-infarct cortex at 2 and 7 days after
ischemia. Original photomicrographs were subjected to a series of uniform Image J plugin protocols prior
to conversion to binary images; binary images were then analyzed to calculate the number of CD11b-
positive cells. # p< 0.05, ##p< 0.01, and ### p< 0.001 indicate statistical difference between peri-infarct
cortex and sham-operated cortex at each time point, Bonferroni’s multiple comparisons test, following
one-way ANOVA. * p< 0.05 indicates comparison with the dMCAo+ vehicle group with two-way ANOVA,
Bonferroni’s post hoc test. Five tissue sections per rat were used for the analysis (n=8-10). Scale bar: 20
μm. The data represent mean ± SEM.
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Figure 5

Complexity analysis of CD11b-positive cell morphologies in the peri-infarct cortex with/without VPA
administration. A, microglia/macrophages are morphologically dynamic cells able to change form from
highly rami�ed to a completely amoeboid-like shape lacking processes. This transition can be very rapid
under pathological conditions. The forms illustrated here represent snapshots of a transformation that is
reversible at every time point, with variation with each form shown. B-G, complexity analysis of
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microglia/macrophages in CD11b-stained tissue. The process to prepare photomicrographs for
complexity analysis: Original photomicrographs were subjected to a series of uniform ImageJ plugin
protocols prior to conversion to binary images. Binary images were then analyzed by using FracLac for
ImageJ, which quanti�es single cell complexity (fractal dimension, Df). The calculated Df of the cell is
shown below its binary image. Representative images of morphological changes in CD11b-staining cells
within the sham-operated cortex in vehicle-treated rats (B), sham-operated cortex in VPA-treated rats (C),
peri-infarct cortex at 2 days after 90-minute dMCAo in vehicle-treated rats (D), peri-infarct cortex at 2 days
after 90-minute dMCAo in VPA-treated rats (E), peri-infarct cortex at 7 days after 90-minute dMCAo in
vehicle-treated rats (F), and peri-infarct at 7 days after 90-minute dMCAo in VPA-treated rats (G).
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Complexity analysis of CD11b-positive cell morphologies in the peri-infarct cortex with/without VPA
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highly rami�ed to a completely amoeboid-like shape lacking processes. This transition can be very rapid
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Figure 6

Effects of VPA treatment on responses of CD11b-positive cells after ischemic cortical stroke. (A),
illustration of FracLac box counting method to derive fractal dimension calculations of a CD11b-positive
cell outline. Shape detail is quanti�ed as scale increase, represented by yellow boxes. Box counting
equation is summarized in Table 1. (B), Summary data and statistical analysis of fractal dimension at 2
days and 7 days after ischemia. Fractal dimension was decreased in the peri-infarct cortex compared
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with the sham-operated cortex at 2 days and 7 days post-stroke. However, VPA treatment restored the
fractal dimension of CD11b-positive cells in the peri-infarct cortex at 2 days and 7 days post-stroke. All
post-hoc analyses are reported in the �gure (2d: ### p < 0.001 vs. sham and dMCAo+vehicle; *** p<
0.001 vs. dMCAo+vehicle and dMCAo+VPA; 7d: # p < 0.05 vs. sham and dMCAo+vehicle; * p< 0.05 vs.
dMCAo+vehicle and dMCAo+VPA). (C), the schemes illustrate graphically the calculation base for the
circularity index for the manual analysis. (D), circularity index was increased in the peri-infarct cortex
compared with the sham-operated cortex at 2 days and 7 days post-stroke. However, VPA treatment
decreased the circularity index of CD11b-positive cells in the peri-infarct cortex at 2 days and 7 days post-
stroke. All post-hoc analyses are reported in the �gure (2d: ### p < 0.001 vs. sham and dMCAo+vehicle;
*** p< 0.001 vs. dMCAo+vehicle and dMCAo+VPA; 7d: ### p < 0.001 vs. sham and dMCAo+vehicle; ***
p< 0.001 vs. dMCAo+vehicle and dMCAo+VPA). Twenty-�ve to thirty cells per region of n=4 rats in each
group.
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Effects of VPA treatment on responses of CD11b-positive cells after ischemic cortical stroke. (A),
illustration of FracLac box counting method to derive fractal dimension calculations of a CD11b-positive
cell outline. Shape detail is quanti�ed as scale increase, represented by yellow boxes. Box counting
equation is summarized in Table 1. (B), Summary data and statistical analysis of fractal dimension at 2
days and 7 days after ischemia. Fractal dimension was decreased in the peri-infarct cortex compared
with the sham-operated cortex at 2 days and 7 days post-stroke. However, VPA treatment restored the
fractal dimension of CD11b-positive cells in the peri-infarct cortex at 2 days and 7 days post-stroke. All
post-hoc analyses are reported in the �gure (2d: ### p < 0.001 vs. sham and dMCAo+vehicle; *** p<
0.001 vs. dMCAo+vehicle and dMCAo+VPA; 7d: # p < 0.05 vs. sham and dMCAo+vehicle; * p< 0.05 vs.
dMCAo+vehicle and dMCAo+VPA). (C), the schemes illustrate graphically the calculation base for the
circularity index for the manual analysis. (D), circularity index was increased in the peri-infarct cortex
compared with the sham-operated cortex at 2 days and 7 days post-stroke. However, VPA treatment
decreased the circularity index of CD11b-positive cells in the peri-infarct cortex at 2 days and 7 days post-
stroke. All post-hoc analyses are reported in the �gure (2d: ### p < 0.001 vs. sham and dMCAo+vehicle;
*** p< 0.001 vs. dMCAo+vehicle and dMCAo+VPA; 7d: ### p < 0.001 vs. sham and dMCAo+vehicle; ***
p< 0.001 vs. dMCAo+vehicle and dMCAo+VPA). Twenty-�ve to thirty cells per region of n=4 rats in each
group.
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Figure 7

Effects of VPA treatment on galectin-3 expression in the peri-infarct cortex and BV2 cells. (A), volcano plot
comparing the fold changes and adjusted p-values of 67 biomarkers in which each point represents a
biomarker. (B), VPA suppresses galectin-3 production in the peri-infarct cortex of rats with ischemic brain
injury. Galectin-3 concentrations in the peri-infarct cortex at 2 days after dMCAo surgery were measured
by ELISA (n=5). ** p< 0.01, compared with the vehicle-treated group. (C), protein levels of HSP70,
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acetylated H3 (Ace-H3), galectin-3, and β-actin were determined by western blot analysis. (D), quanti�ed
results of HSP70, Ace-H3, and galectin-3. Each column and vertical bar represents the mean ± SEM of 5
animals. ** P<0.01, Student’s t-test. (E), BV2 cells were activated using LPS (1μg/ml) and, simultaneously,
in the presence or absence of VPA as indicated. After 6 hours of treatment, the protein levels of HSP70,
acetylated H3 (Ace-H3), galectin-3, and β-actin were determined by western blot analysis. (F), VPA
treatment enhances the levels of Ace-H3, but suppresses galectin-3 production in the BV2 cells
with/without LPS exposure. # p< 0.05 vs. control. *p< 0.05 and **p< 0.01 indicate comparison with LPS-
treated BV2 cells with Student’s t-test. The data represent mean ± SEM.
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Figure 8

Post-stroke VPA treatment regulates gene expression in the peri-infarct cortex at 3 days after ischemic
brain injury. (A), schematic representation of the brain sections used for the RNA-sequencing experiment.
(B), volcano plot comparing the log2fold changes and adjusted p-values of 15446 gene expressions. The
red dots indicate genes upregulated (log2fold change >1, adjusted p-value <0.05), the blue dots indicate
genes downregulated (log2fold change <-1, adjusted p-value <0.05), and the block dots indicate genes
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with no signi�cant change between dMCAo+vehicle and dMCAo+VPA. (C), heatmap plot of DEGs in peri-
infarct cortex between dMCAo+vehicle and dMCAo+VPA. (D), GO biological processes, cellular
component, and molecular function over-representation analysis based on 7 DEGs. (E), molecular
network plot connected using GO over-representation analysis following VPA treatment in a rat model of
dMCAo. (F), GO gene set enrichment analysis of genes upregulated by VPA.

Figure 8
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Post-stroke VPA treatment regulates gene expression in the peri-infarct cortex at 3 days after ischemic
brain injury. (A), schematic representation of the brain sections used for the RNA-sequencing experiment.
(B), volcano plot comparing the log2fold changes and adjusted p-values of 15446 gene expressions. The
red dots indicate genes upregulated (log2fold change >1, adjusted p-value <0.05), the blue dots indicate
genes downregulated (log2fold change <-1, adjusted p-value <0.05), and the block dots indicate genes
with no signi�cant change between dMCAo+vehicle and dMCAo+VPA. (C), heatmap plot of DEGs in peri-
infarct cortex between dMCAo+vehicle and dMCAo+VPA. (D), GO biological processes, cellular
component, and molecular function over-representation analysis based on 7 DEGs. (E), molecular
network plot connected using GO over-representation analysis following VPA treatment in a rat model of
dMCAo. (F), GO gene set enrichment analysis of genes upregulated by VPA.
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with no signi�cant change between dMCAo+vehicle and dMCAo+VPA. (C), heatmap plot of DEGs in peri-
infarct cortex between dMCAo+vehicle and dMCAo+VPA. (D), GO biological processes, cellular
component, and molecular function over-representation analysis based on 7 DEGs. (E), molecular
network plot connected using GO over-representation analysis following VPA treatment in a rat model of
dMCAo. (F), GO gene set enrichment analysis of genes upregulated by VPA.

Figure 9

Post-stroke VPA treatment enhances gene expressions of the alternative activated M2 phenotypes. (A),
male rats (12 weeks old) were subjected to sham operation or dMCAo surgery with/without VPA
treatment. Microglia/macrophages were puri�ed from sham cortex and peri-infarct cortex at day 3 post-
dMCAo using gentleMACs Dissociator and CD11b antibody-beads. (B), there were signi�cant differences
in the number of CD11b-expressing microglia/macrophages between the sham group and dMCAo
groups. (C), qPCR analysis of gene expression of alternative activated M2 phenotype (Clec10a, TGFβ1,
CD163, and Arginase-1) and classical activated M1 phenotype (iNOS and CD86) in the CD11b-expressing
microglia/macrophages of sham-operated, dMCAo+vehicle, and dMCAo+VPA groups. ** P<0.01,
Student’s t-test. N=3-4 per group. The data represent mean ± SEM.



Page 64/66

Figure 9

Post-stroke VPA treatment enhances gene expressions of the alternative activated M2 phenotypes. (A),
male rats (12 weeks old) were subjected to sham operation or dMCAo surgery with/without VPA
treatment. Microglia/macrophages were puri�ed from sham cortex and peri-infarct cortex at day 3 post-
dMCAo using gentleMACs Dissociator and CD11b antibody-beads. (B), there were signi�cant differences
in the number of CD11b-expressing microglia/macrophages between the sham group and dMCAo
groups. (C), qPCR analysis of gene expression of alternative activated M2 phenotype (Clec10a, TGFβ1,
CD163, and Arginase-1) and classical activated M1 phenotype (iNOS and CD86) in the CD11b-expressing
microglia/macrophages of sham-operated, dMCAo+vehicle, and dMCAo+VPA groups. ** P<0.01,
Student’s t-test. N=3-4 per group. The data represent mean ± SEM.



Page 65/66

Figure 9

Post-stroke VPA treatment enhances gene expressions of the alternative activated M2 phenotypes. (A),
male rats (12 weeks old) were subjected to sham operation or dMCAo surgery with/without VPA
treatment. Microglia/macrophages were puri�ed from sham cortex and peri-infarct cortex at day 3 post-
dMCAo using gentleMACs Dissociator and CD11b antibody-beads. (B), there were signi�cant differences
in the number of CD11b-expressing microglia/macrophages between the sham group and dMCAo
groups. (C), qPCR analysis of gene expression of alternative activated M2 phenotype (Clec10a, TGFβ1,
CD163, and Arginase-1) and classical activated M1 phenotype (iNOS and CD86) in the CD11b-expressing
microglia/macrophages of sham-operated, dMCAo+vehicle, and dMCAo+VPA groups. ** P<0.01,
Student’s t-test. N=3-4 per group. The data represent mean ± SEM.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.



Page 66/66

additional�lesTable1.xls

additional�lesTable1.xls

additional�lesTable1.xls

additional�lesTable2.xls

additional�lesTable2.xls

additional�lesTable2.xls

additional�lesTable3.xls

additional�lesTable3.xls

additional�lesTable3.xls

https://assets.researchsquare.com/files/rs-115994/v1/22efc9e249c961adcd6fece1.xls
https://assets.researchsquare.com/files/rs-115994/v1/db3069bc1009dedc97f8f844.xls
https://assets.researchsquare.com/files/rs-115994/v1/c592d24888deafe6c359ded0.xls
https://assets.researchsquare.com/files/rs-115994/v1/3e812511390cdef316c9fed4.xls
https://assets.researchsquare.com/files/rs-115994/v1/f552e92740dd9f1ec8fdfae0.xls
https://assets.researchsquare.com/files/rs-115994/v1/736da12635104f490077e8d6.xls
https://assets.researchsquare.com/files/rs-115994/v1/563766d788cc48abfc5844f3.xls
https://assets.researchsquare.com/files/rs-115994/v1/ff9d71910b41a1c6e5ddd2fd.xls
https://assets.researchsquare.com/files/rs-115994/v1/4dda9409ad04e75a996d0293.xls

