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Abstract: Stroke is a devastating brain injury that is a leading cause of adult disability with limited treatment options.
Using a rat model of middle cerebral artery occlusion (MCAO) to induce cerebral ischemia, we profiled microRNAs
(miRNAs), small non-protein coding RNAs, in the ischemic cortex. Many miRNAs were confirmed by gPCR to be robus-
tly upregulated 24 hours following MCAO surgery including miR-155, miR-297a, miR-466f, miR-466h, and miR-1224.
In addition, we treated MCAO rats with valproic acid (VPA), a mood stabilizer and histone deacetylase inhibitor. This
post-insult treatment was shown to improve neurological deficits and motor performance following MCAO. To provide
mechanistic insight into the potential targets and pathways that may underlie these benefits, we profiled miRNAs
regulated following this VPA treatment. Two promising post-insult VPA-regulated candidates were miR-331 and miR-
885-3p. miR-331 was also regulated by VPA pre-treatment in rat cortical neuronal cultures subjected to oxygen-
glucose deprivation, an in vitro ischemic model. The predicted targets of these miRNAs analyzed by Ingenuity Path-
way Analysis (IPA) identified networks involved in hematological system development, cell death, and nervous system
development. These predicted networks were further filtered using IPA and showed significant associations with neu-
rological diseases including movement disorders, neurodegenerative disorders, damage to cerebral cortex, and sei-
zure disorders among others. Collectively, these data support common disease mechanisms that may be under
miRNA control and provide exciting directions for further investigations aimed at elucidating the miRNA mechanisms
and targets that may yield new therapies for neurological disorders.
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Introduction been made to identify alternative treatment
options for stroke.

Stroke is a severe and rapid loss of brain func-

tions caused by either reduced blood supply
(ischemia) or leakage of blood (hemorrhage). It
is estimated that 795,000 strokes occur annu-
ally in the United States alone: this equates to
one attack every 40 seconds. Ischemic stroke is
the most common subtype and constitutes 87%
of these events [1]. To date, intravenous ad-
ministration of tissue plasminogen activator (t-
PA), a serine protease that acts by breaking
down blood clots, is the only Food and Drug Ad-
ministration (FDA)-approved therapy for acute
ischemic stroke. t-PA must be administered
within 4.5 hours post-injury for its potential
beneficial effects to warrant the accompanying
risk of hemorrhage [2, 3]. As a result of these
limitations, extensive research efforts have

One promising avenue is the use of histone
deacetylase (HDAC) inhibitors: by increasing the
acetylation of histone and non-histone proteins,
HDAC inhibitors can reverse post-ischemia hy-
poacetylation, activate transcription, and en-
hance protective gene expression after experi-
mental stroke [4, 5]. For example, in a rat cere-
bral ischemia model, post-injury injections with
HDAC inhibitors such as valproic acid (VPA), also
known to be a mood stabilizer and anticonvul-
sant, significantly decreased brain infarct vol-
ume and improved neurological performance
[6]. Proposed mechanisms for the beneficial
effects of HDAC inhibition include neuroprotec-
tion, anti-inflammation, blood-brain barrier pres-
ervation, pro-angiogenesis, and pro-



microRNAs and cerebral ischemia

neurogenesis [7]. Clearly, HDAC inhibitors have
promise as potential therapies to treat stroke.
However, their mechanism(s) of action are
highly complex and remain incompletely de-
fined.

A novel direction for stroke research that is ac-
tively being pursued is the modulation of small
non-coding RNAs called microRNAs (miRNAs).
By binding to the 3 UTR of complementary
MRNAs, miRNAs can suppress gene expression
and thereby regulate up to 75% of the human
genome [8]. miRNAs are gaining ground as sig-
nificant contributors to diseases ranging from
cancer to neurological disorders [9, 10]. miRNA
changes have been observed in both brain and
blood following experimental ischemic stroke in
rats [11], and accumulating evidence implicates
this class of molecules in regulating processes
including hypoxic response, angiogenesis, and
neurodegeneration [12, 13]. Interestingly, HDAC
inhibition has been shown to rapidly alter
miRNA profiles in cancer [14], and chronic treat-
ment with the HDAC inhibitor VPA modulated
brain miRNA expression in rats [15]. In the pre-
sent study, we therefore sought to profile
mMiRNAs regulated in a rat cerebral ischemia
model following protective VPA treatment to
identify potential novel therapeutic miRNAs and
their predicted targets.

Materials and methods

Middle cerebral artery occlusion (MCAQ) and
drug administration

All animal experiments were performed accord-
ing to protocols approved by the National Insti-
tutes of Mental Health Animal Care and Use
Committee. Male Sprague-Dawley rats (200-
220 g, Charles River Laboratories, Wilmington,
MA) were subjected to focal cerebral ischemia
via right MCAO for 60 minutes as previously
described [16]. Briefly, animals were placed
under inhalational anesthesia (1.5% isoflurane
in 70% N20 and 30% 02) and a 4-0 nylon suture
with flame-rounded tip was advanced through
the right common carotid artery and right inter-
nal carotid artery to occlude the origin of the
right middle cerebral artery. After 60 minutes,
the suture was withdrawn to initiate reperfu-
sion. A rectal thermometer and heating blanket
were used during surgery to maintain core body
temperature at 37.0 + 0.5 °C. Sham-operated
rats underwent neck surgery without arterial
occlusion. VPA (300 mg/kg, i.p., Sigma, St.
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Louis, MO) was administrated immediately after
ischemic onset followed by another injection 12
hours later. One cohort of sham, MCAO, and
MCAO+VPA rats was used for rotarod testing;
the VPA-treated animals within this group were
given additional injections once daily until sacri-
ficed at day 3 after MCAO. A second cohort of
animals was used for neurological scoring, mi-
croarray analysis, and qPCR confirmation and
sacrificed at 24 hours. For MCAO+VPA animals,
VPA plasma levels were quantified by MedTox
Laboratories (St. Paul, MN). Animals that failed
to show neurological deficits, developed hemor-
rhage, or had low plasma VPA levels (VPA-
treated group) were excluded from further stud-
ies.

Accelerating rotarod test

An accelerating rotarod apparatus (San Diego
Instruments, San Diego, CA) was used to meas-
ure motor skill learning and coordination in a
subset of sham (N=6), MCAO (N=8), and
MCAO+VPA (N=7) rats [17]. Three consecutive
days before MCAOQ, rats received training ses-
sions of three trials per day with a 30-minute
interval. The longest time each rat remained on
the rod as it was accelerated from O to 40 rpm
within four minutes was recorded as baseline.
One, two, and three days after MCAO, rats un-
derwent three trials on the rotarod, and the best
performance of each rat was recorded.

Neurological severity scoring

Immediately before sacrifice at 24 hours, rats
were assessed for motor, sensory, and reflex
performance using a modified 12-point neuro-
logical scoring system as described previously
[17]. Seven tests of motor performance (flexion
of forelimb or hind limb, head movement 10° to
the vertical axis, inability to walk straight, cir-
cling towards the paralytic side, falling to the
paralytic side, and immobility), two tests of sen-
sation (visual and tactile placement and a pro-
prioceptive test), and three reflex tests (pinna,
corneal, and startle reflex) were evaluated. A
score of O (normal) or 1 (abnormal) was given
for each test by two investigators blinded to the
treatment condition and then averaged for each
animal (Sham N=4, MCAO N=4, MCAO+VPA
N=7).

RNA isolation

Dissected brain tissue from the ipsilateral cor-
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Table 1. Primers used for qPCR confirmation of array results of miRNAs listed below.

Target Primer Sequence

rno/mmu-miR-1224
mmu-miR-155
mmu-miR-297a
rno-miR-331

mmu-miR-466f
mmu-miR-466h

hsa-miR-885-3p

5-GTGAGGACTGGGGAGGTGGAG-3’
5-TTAATGCTAATTGTGATAGGGGTA-3’
5-ATGTATGTGTGCATGTGCATGT-3’
5’-GCCCCTGGGCCTATCCTAGAA-3’

5-TACGTGTGTGTGCATGTGCATG-3’
5-TGTGTGCATGTGCTTGTGTGTA-3’

5’-AGGCAGCGGGGTGTAGTGGATA-3’

U6 snRNA 5’- CTCGCTTCGGCAGCACA-3’ (Forward)
5’- AACGCTTCACGAATTTGCGT-3’ (Reverse)

tex of each animal was immediately placed in
ice-cold lysis buffer (mirVana miRNA Isolation
Kit, Ambion, Austin, TX), homogenized, and fro-
zen at -80°C. The mirVana miRNA Isolation Kit
was used for total RNA isolation per manufac-
turer’s instructions. RNA concentration and pu-
rity were determined using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Tech,
Rockland, DE), with a 260/280 value >1.8 con-
sidered acceptable. RNA samples were further
assessed for quality using a Bioanalyzer (Agilent
Technologies, Foster City, CA) to ensure an RNA
integrity number >7, and then stored at -80°C
for further analysis.

miRNA microarray hybridization and analysis

Total RNA (1 ug) was labeled using the Flashtag
Biotin RNA labeling kit (Genisphere, Hatfield,
PA) as per manufacturer’s instructions. Biotin-
labeled total RNA was then profiled using Affy-
metrix GeneChip miRNA arrays (Santa Clara, CA)
according to the manufacturer’'s protocol.
Briefly, 5 sham samples, 6 MCAO samples, and
8 MCAO+VPA samples were hybridized on the
same day under the same conditions. Hybrid-
ized arrays were then washed, stained, and
scanned as instructed. RNA Spike Control Oligos
were used in conjunction with miRNA quality
control software to assess labeling efficiencies,
and outliers from each group were identified
and excluded using principle component analy-
sis (PCA). Array data from 4 sham, 4 MCAO and
7 MCAO+VPA were analyzed using Partek Ge-
nomics Suite software (Chesterfield, MO).

Quantitative real-time PCR (qPCR)

Array data were confirmed by qPCR using the
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NCode miRNA First-Strand cDNA synthesis and
gPCR kits by Invitrogen (Calsbad, CA) as per
manufacturer’s instructions. Briefly, 1 ug total
RNA was first polyadenylated and then reverse
transcribed to generate first-strand cDNA. cDNA
was diluted in DEPC-treated water and prepared
for gPCR with Platinum SYBR Green gPCR Su-
perMix-UDG (Invitrogen), miRNA-specific forward
primers, a universal gPCR primer, and ROX ref-
erence dye. All reactions were run in triplicate
using a 7500 Real Time PCR System (Applied
Biosystems, Foster City, CA). Relative miRNA
levels were normalized to U6 snRNA, a verified
endogenous control. See Table 1 for primer se-
quences.

Primary cortical neuronal culture

Cortical neurons were prepared from 17-day-old
Sprague-Dawley rat embryos as described previ-
ously with several modifications [18]. Briefly,
cortices were dissected and cells were dissoci-
ated by trypsinization followed by treatment with
horse serum and DNase. After repeated tritura-
tions, dissociated cells were resuspended in
Dulbecco's modified Eagle's medium supple-
mented with 10% fetal bovine serum and 2.0
mM L-glutamine, and plated on poly-D-lysine
coated cell culture plates at a density of 7.0 x
105 cells/ml. After 24 hours, media was
changed to serum-free B27/neurobasal me-
dium (Gibco, Carlsbad, CA) supplemented with
0.5 mM glutaMAX (Gibco), 1x antibiotic-
antimycotic (Gibco), and 5 yM cytosine arabino-
furanoside was added to arrest the growth of
non-neuronal cells. A half medium change was
completed every 4-5 days. Cultures were
treated with 1 mM VPA at 9 or 10 days in vitro
and subjected to oxygen-glucose deprivation
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(OGD) four days later.
OGD studies

Cortical neuronal cultures in 24- or 6-well plates
were switched to glucose-free neurobasal me-
dium supplemented with 0.5 mM GlutaMAX and
deoxygenated by bubbling with 95% N2/5% CO-
for 30 minutes. Plates were then placed in a
Modular Incubator Chamber (Billups-
Rothenberg, Del Mar, CA) filled with a gas mix-
ture of 95%N2/5% CO2 at 37°C for 3 hours.
Control cells were maintained in neurobasal
medium containing 25 mM glucose and 0.5 mM
GlutaMAX for the same time interval under nor-
moxic conditions. After 3 hours, all culture me-
dium was replaced with a 1:1 mixture of fresh
and conditioned glucose-containing B27/
neurobasal medium. Cells were returned to nor-
moxic conditions for 24 hours before cell viabil-
ity analysis or harvesting for RNA isolation using
the mirVana miRNA Isolation Kit. For VPA-
treated cells, the drug was re-supplemented
both at the beginning of OGD and immediately
after reperfusion at a final concentration of 1
mM.

Measurement of cell viability

Cell viability was evaluated by the mitochondrial
dehydrogenase activity to reduce 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide (MTT), as previously described [19].
Cortical neurons in 24-well culture plates were
incubated with 125 pg/ml MTT for 2 hours at
37°C. The medium was then aspirated, and the
formazan product was dissolved in dimethylsul-
foxide and quantified spectrophotometrically at
540 nm. Results are expressed as a percentage
of viability of the control cultures.

Pathway analysis

Predicted mRNA targets of select miRNAs were
identified using the miRWalk database (http://
www.umm.uni-heidelberg.de/apps/zmf/
mirwalk/index.html) [20]. Targets were gener-
ated from four independent sources: miRanda,
miRDB, miRWalk, and Targetscan, and only
MRNAs predicted concurrently by 3 or more of
these databases (miRNA binding sites restricted
to 3’'UTR) were considered for further analysis.
Final target lists were then uploaded to Ingenu-
ity Pathway Analysis (IPA) software for functional
interpretation using filters for relationships spe-
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cific to central nervous system (CNS) tissues
and cell lines with Fisher’'s Exact Test and a p-
value threshold set at 0.05.

Statistical analyses

Data are expressed as mean + SEM. For rotarod
data, two-way repeated measures ANOVA was
performed to analyze the overall difference be-
tween treatment groups over time, and then
Bonferroni corrected post-hoc comparisons
were used to analyze the difference between
treatment groups at each time point. Student's t
-test and one-way ANOVA followed by Tukey’s
post-hoc test were used to evaluate the differ-
ence between two groups and multiple groups,
respectively. P<0.05 was considered statisti-
cally significant.

Results
VPA protects against cerebral ischemia

In order to determine the benefits of post-insult
VPA treatment following cerebral ischemia in
rats, we first evaluated the neurological severity
score at 24 hours after MCAO. Compared to
sham animals, MCAO surgery alone produced a
significant impairment in neurological function
(MCAO 6.13+0.31 vs. sham 0.25+0.25), and
post-insult VPA treatment (MCAO+VPA
3.00+0.24) partially restored this deficit (Figure
1A). We also administered an accelerating ro-
tarod test to assess motor skill learning and
coordination up to three days after either sham
or MCAO surgery. There was no significant dif-
ference between groups at baseline (sham:
131.2+13.4sec; MCAO: 111.0+9.1sec;
MCAO+VPA 118.0+6.5sec) however following
MCAO surgery there was a 70% reduction in
time retained on the rotarod (39.5+5.1sec)
when compared against sham (130.3+9.9sec)
at 24 hours. This deficit persisted over days 2
(40.947.4sec) and 3 (47.5+8.7sec) as well. The
post-insult VPA group demonstrated a signifi-
cant improvement in coordination as measured
by increased time spent on the rotarod com-
pared against the MCAO group on days 2
(77.045.2sec) and 3 (93.7+13.6sec) (Figure
1B). We performed miRNA profiling on ipsilat-
eral cortex from each group at 24 hours after
MCAO to further assess these therapeutic bene-
fits of post-insult VPA treatment. Principal com-
ponent analysis (PCA) on these miRNA array
results demonstrated a clear separation be-
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Figure 1. Post-insult VPA treatment protects against cerebral ischemia and alters miRNA expression. (A, B) Post-insult
VPA (300 mg/kg) treatment significantly improved neurological function at 24 hours and rotarod performance at days
2 and 3 after ischemic insult. ### p<0.001 vs sham; *p<0.05, **p<0.01, ***p<0.001 vs MCAO. (C) Principle Com-
ponent Analysis (PCA) after miRNA profiling comparing MCAO (n=4), sham (n=4), and MCAO+VPA (n=7).

tween sham and MCAO groups with a less ex-
treme, but nonetheless distinct, separation be-
tween MCAO and MCAO+VPA groups (Figure
10C).

MCAO-regulated miRNAs and their targets

Focusing initially on MCAO vs. sham-regulated
miRNAs, there were 101 (FDR p<0.05, +2 fold)
differentially regulated miRNAs (Supplemental
Table 1; human, mouse, and rat miRNAs consid-
ered). A heat map of these miRNAs along with a
list of selected top MCAO-regulated miRNAs is
provided in Figure 2. Bolded miRNAs are ones
that were confirmed by qPCR (Figure 3) includ-
ing miR-155, miR-297a, miR-466f, miR-466h,
and miR-1224. Predicted targets of these con-
firmed miRNAs were obtained from miRWalk
and are shown in Figure 4 as a Venn diagram
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where the numbers of overlapping targets are
depicted accordingly. Ninety-five
(22+18+6+15+34) common targets of at least
3 miRNAs were then used for Ingenuity Pathway
Analysis (IPA). IPA results revealed top canonical
pathways, networks, and functions of these 95
common targets (Table 2).

Profiling differentially expressed miRNAs be-
tween MCAO and MCAO+VPA

Identifying differentially expressed miRNAs be-
tween MCAO and MCAO+VPA groups highlights
miRNAs that may contribute to beneficial effects
of post-insult VPA treatment (Figures 1A and
1B). Analyzing differentially expressed miRNAs
between MCAO and MCAO+VPA (unadjusted
p<0.05, +1.2 fold) identified 131 miRNAs
(Supplemental Table 2; human, mouse, and rat
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Figure 2. Differentially expressed miRNAs between MCAO vs. sham. (A) Heat map analysis showed upregulated
miRNAs in red and downregulated in blue (FDR p<0.05, +2 fold). (B) Accompanying list identifies selected top regu-
lated miRNAs and their fold regulation (MCAO vs sham) where bolded miRNAs have been confirmed by qPCR.
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Figure 3. qPCR confirmation of five MCAO-upregulated miRNAs identified by
array (n=4; *p<0.05, **p<0.01). The relative quantity of each miRNA is shown
for the MCAO group compared with sham.

miRNA considered). These
miRNAs are represented in
a heat map (Figure 5)
where a list of the top regu-
lated miRNAs is also pro-
vided. Hierarchical cluster-
ing of miRNAs differentially
regulated comparing MCAO
vs. MCAO+VPA segregated
the three groups: MCAO,
sham, and MCAO+VPA. We
focused on two miRNA can-
didates, miR-331 and miR-
885-3p, based on further
analysis of their predicted
targets (e.g. cytokines:
CX3CL1, CXCL12; trans-
porters: AQP3, SLC23A2,
SLC25A10, TAP2; enzymes:
DGAT1, GNAZ, GPD1,
PADI3; and transcriptional
regulators: GAS7, LZTS1,
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miR-466f/h miR-1224

Figure 4. Top predicted targets of MCAO-regulated
miRNAs. Predicted mRNA targets of gPCR confirmed
miRNAs were generated using four independent pre-
diction algorithms. Only mRNAs predicted concur-
rently by 3 or more databases were selected for com-
parison. The numbers of mRNAs targeted by each
miRNA are listed in the appropriate section. Those
numbers underlined are common mRNAs targeted by
3 or more miRNAs that were further analyzed by Inge-
nuity Pathway Analysis.

l_I_

MTPN) and confirmed regulation by post-insult
VPA treatment via qPCR (Figure 6A and 6B).

VPA-regulated hsa-miR-885-3p and rno-miR-
331

Candidates miR-885-3p and miR-331 were ini-
tially confirmed by qPCR to be regulated by post-
insult VPA in the rat MCAO in vivo model (Figure
6A and 6B). Candidate miR-885-3p was upregu-
lated following MCAO surgery alone where post-
insult VPA treatment attenuated this upregu-
lated response (Figure 6A). Candidate miR-331
was only upregulated by post-insult VPA treat-
ment (Figure 6B). Using an OGD model of rat
cortical neurons where cell viability was reduced
following OGD and increased by VPA pretreat-
ment (Figure 6C), miR-331 was also upregu-
lated in this neuroprotective VPA treatment con-
dition. We also tested miR-885-3p in this model,
but did not see any significant changes in ex-
pression by either OGD or OGD+VPA (data not
shown).

Fold-Change
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Figure 5. Differentially expressed miRNAs between MCAO+VPA vs. MCAO. (A) Heat map analysis showed upregulated
miRNAs in red and downregulated in blue. (B) Accompanying list identifies selected top MCAO+VPA regulated miRNAs
compared with MCAO and their fold regulation (unadjusted p<0.05, +1.2 fold).
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Table 2. Pathway analysis of common MCAO-regulated miRNA targets. Common targets identified in Fig-
ure 4 were further analyzed by Ingenuity Pathway Analysis (IPA). Top networks, canonical pathways, and
functions along with the predicted MCAO-regulated miRNA targets are listed below.

Top Networks

Predicted Targets in Network

Cell Death, Cellular Development, Cellu-
lar Growth and Proliferation

Molecular Transport, Behavior, Cell-To-
Cell Signaling and Interaction

AIFM1, APP, BAD, BCAR1, CCL2, CCL3, ceramide, CHAT, CXCR4, DCX,
EIF5A2, EN1, FOX01, FUS, GNAO1, IGF2, KRAS, LRP1, MAFB, NCAM1,
NF1, NGFR, NME1, PLAT, PLD1, PRKACA, PURA, RARA, RPS6, RPS19,
SMAD3, ST8SIA1, TPPP, TUBA3C/TUBA3D, YWHAZ

ACAT1, APP, ATN1, CA4, CALML4, Cd24a, CDK2AP1, CLOCK, CPLX2,
DLG2, DLG4, ETV5, HMP19, HTT, ILG, IL6R, JUP, KCNA1, KCNAB1,
KCNC3, MOBP, NEUROD2, PITPNM1, POU4F1, PRKACB, PTBP1,
RUNX1T1, SLC12A2, SOX11, SP1, ST8SIA5, TAGLN3, TRH, TYRO3, ZIC3

Top Canonical Pathways

Predicted Targets in Pathway

Prolactin Signaling

Regulation of IL-2 Expression in Activated
and Anergic T Lymphocytes

TGF-B Signaling

Mouse Embryonic Stem Cell Pluripotency
PPARo/RXRa Activation

KRAS, SOCS7, SOS1, SP1
KRAS, NFAT5, SMAD3, SOS1

KRAS, SMAD3, SMAD5, SOS1
FZD5 ,KRAS, SMAD5, SOS1
CLOCK, KRAS, PRKAB2, SMAD3, SOS1

Nervous System Development and Func-
tions

Predicted Targets implicated in Nervous System Development and
Functions

pathfinding of axons

extension of neurites

arrest in migration of facial branchiomo-
tor neurons

branching of interneurons

delay in withdrawal of neurons
depolarization of CA1 neuron

formation of basolateral amygdaloid
nucleus

growth of retinal axons

pathfinding of retinal axons

quantity of postsynaptic density
cytostasis of astrocytes

entry into S phase of cortical neurons
neuroprotection of striatal interneurons
size of motor endplates

proliferation of astrocytes

development of brain cells

dilation of cerebral ventricles

excitation of CA3 neurons

miniature excitatory postsynaptic cur-
rents

neuroprotection

abnormal morphology of hippocampus
excitatory postsynaptic potential of cere-
bral cortex cells

sprouting of mossy fibers
neuritogenesis of hippocampal neurons
regeneration of motor neurons
thickness of cerebral cortex
development of granule cells

survival of corticospinal neurons

cell viability of Schwann cells

excitatory postsynaptic potential of neu-
rons

long-term potentiation of mossy fibers

maturation of synapse

NCAM1,SEMA5A
DCX,NCAM1,PLD1,SP1
MAFB

DCX
NCAM1
SLC12A2
NEUROD2

SEMASA
SEMASA
NCAM1
SMAD3
ST8SIAL

IL6R

NCAM1
KRAS,NCAM1
NCAM1,NEUROD2
SOCS7
SLC12A2
CPLX2

IL6R,SP1
CPLX2
CPLX2

PLD1
NCAM1
IGF2
SOCS7
NEUROD2
IGF2

IGF2
CPLX2

CPLX2
SLC12A2
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Figure 6. VPA regulated miRNAs after MCAO and oxygen-glucose depriva-
tion (OGD). (A, B) qPCR confirmation of miRNAs regulated by post-MCAO
treatment with VPA (Sham, MCAO n=4, MCAO+VPA n=7; ##p<0.01 vs
Sham; *p<0.05, ** p<0.01 vs MCAO). (C) Cell viability measured by MTT
assay following OGD with or without 1mM VPA pre-treatment for 4 days
(n=14; #p<0.05 vs control, ** p<0.01 vs OGD). (D) Levels of miR-331
measured by gPCR following OGD or OGD+VPA (n=5; *p<0.05).

To suggest potential miRNA mediated mecha-
nisms that may underlie the therapeutic bene-
fits of post-insult VPA treatment, we considered
targets of miR-331 and miR-885-3p using miR-
Walk. We analyzed targets of these miRNA can-
didates using IPA analysis and list the top net-
works, neurological diseases, and functions
along with the associated miRNA targets (Tables
3 and 4). These networks, neurological diseases
and functions will be considered in greater de-
tail in the following discussion.

Discussion

The physiological response to ischemic stroke is
complex and involves a multitude of processes
(for review see [7]) that are not completely un-
derstood, nor are effective clinical treatments
currently available. Therapeutic application of
HDAC inhibitors for CNS disorders such as
stroke is being considered in experimental mod-
els [21]; however, the precise mechanisms of
action remain unclear. We used an HDAC inhibi-
tor, VPA, and showed that it has beneficial ef-
fects following MCAO injury by improving neuro-
logical score and motor coordination. Our study
first identified miRNA response profiles follow-
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MCAO MCAO+VPA

miR-331 (OGD)

miR-331 (MCAO) ing ischemic stroke and pre-

sented pathway analysis based
on these ischemia-regulated
miRNA targets. We then profiled
the miRNA response following
post-insult VPA treatment to iden-
tify miRNAs that may contribute to
these beneficial effects. We will
first discuss the MCAO-regulated
miRNAs followed by the post-
insult VPA-regulated miRNAs. To-
gether we will provide analysis of
the miRNA regulated predicted
networks, pathways, functions,
and neurological diseases. We
will also address cell-type speci-
ficity for selected miRNAs and
how this may impact their func-
tion. We suggest that future in
silico algorithms need to account
for cell-type specific expression of
both miRNAs and their targets to
improve their biological signifi-
cance. Finally, we will consider
limitations and future directions
for this research.

*

OGD+VPA

MCAO-regulated miRNAs

In this study, we identified and validated several
miRNAs: miR-155, miR-297a, miR-466f, miR-
466h, miR-1224 in the ischemic cortex 24
hours after MCAO. A previous study showed that
miR-155 is downregulated following permanent
MCAO in both hippocampus and peripheral
blood, suggesting that it may be a key indicator
of the injury response following cerebral ische-
mia [22]. miR-155 is enriched in hematopoetic
cells [23], suggesting that it may have broad
relevance to the inflammatory response after
cerebral ischemia. In addition, miR-155 is
upregulated following micoglia activation by
lipopolysaccharide (LPS) where knock down of
miR-155 upregulates one its targets: suppres-
sor of cytokine signaling 1 (SOCS-1) and de-
creases the production of nitric oxide and the
expression of inflammatory cytokines and induc-
ible nitric oxide synthase [24]. Furthermore,
treating neuronal primary cultures with condi-
tioned medium obtained from microglia cells
where miR-155 is blocked before microglia acti-
vation decreases neuronal cell death attributed
to microglial activation. Therefore, miR-155’s
effects are supported to be pro-inflammatory
and perhaps suppression of miR-155 may lead
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Table 3. Pathway analysis of post-insult VPA-regulated miR-331 targets. Predicted mRNA targets of miR-331
were generated using four independent prediction algorithms. Only mRNAs predicted concurrently by 3 or more
databases were selected and further analyzed by Ingenuity Pathway Analysis to identify top canonical
networks. These top networks were then filtered for disease and functions where both direct (BOLDED) and
indirect miRNA targets associated with each network, disease or function are included.

Top Networks:
rno-miR-331

Predicted Targets in Network

Cellular Movement,
Hematological System
Development and Function,
Immune Cell Trafficking

APP, ATP6V1A, Ca2+, CCL20, CDKN2B, COL1A1, CX3CL1, DGAT1, ERBB2, FGF2, FLOT2, FUS,
FYN, GLI1, GRIAL, HMOX1, HNRNPU, IMPA2, ITGAG, LZTS1, NOG, NPTX1, NUCB2, POLR2C,
PRDX2, pregnenolone, PTPN5, RARA, S100A6, SERPINE1, SMAD1, ST3GAL6, TGFA, TGFB1,
TUBA3C/TUBA3D

Cell Death, Hereditary Disorder,
Neurological Disease

ADRBK1, ARF3, ATP5B, BBC3, CIT, DLG4, DRD2, FDFT1, FURIN, FXYD6, Gapdh, GAS7, GCLC,
GLUL, GRIK2, GRIN2D, GRK5, HAP1, HTT, KCNAB1, KCNJ4, KCNJ12, LIN7A, NCS1, NFE2L2,
NGF, NSF, PKM2, SDHA, SERPINF1, SGK1, SLC7A8, STX1B, TAF4, VSNL1

Cellular Assembly and
Organization, Nervous System
Development and Function,
Cellular Movement

BDNF, CAMK4, CDH13, CSPG4, CXCL12, CXCR4, CYGB, DUSP1, EFNB1, EIF2AK2, EIF2S1,
EIFAEBP1, ELK1, EPHB2, ethanol, GABA, GNAO1, GRIP1, GTP, KSR1, MAPK1, MAPK14,
MCF2L, MTOR, NTRK3, PDE4A, PRKCZ, RAB3A, SKIL, SYN1, SYN2, SYT12, THRA, VAT1, VGF

Top Neurological Diseases: rno-
miR-331

Predicted Targets in Disease

movement disorder

APP, ATP6V1A, BDNF, Ca2+, CAMK4, CIT, CX3CL1, DRD2, EPHB2, ethanol, FDFT1, FGF2,
GLI1, GNAO1, GRIK2, GRIN2D, GRK5, HAP1, HMOX1, HNRNPU, HTT, KCNAB1, KCNJ4, MTOR,
NGF, NTRK3, PDE4A, PKM2, PRDX2, PTPN5, RAB3A, SDHA, SGK1, SYN1, SYN2, VSNL1

disorder of basal ganglia

APP, ATPGV1A, BDNF, Ca2+, CAMK4, CX3CL1, DRD2, EPHB2, FDFT1, FGF2, GNAO1, GRIK2,
GRIN2D, HAP1, HMOX1, HNRNPU, HTT, KCNAB1, KCNJ4, NGF, PDE4A, PKM2, PRDX2, PTPN5,
RAB3A, SDHA, SGK1, SYN1, SYN2, VSNL1

neuromuscular disease

APP, ATPGV1A, BDNF, Ca2+, CAMK4, CX3CL1, DRD2, EPHB2, FDFT1, FGF2, FURIN, GNAO1,
GRIK2, GRIN2D, HAP1, HMOX1, HNRNPU, HTT, KCNAB1, KCNJ4, MTOR, NGF, PDE4A, PKM2,
PRDX2, PTPN5, RAB3A, SDHA, SGK1, SYN1, SYN2, VSNL1

Huntington's disease

ATP6V1A, BDNF, Ca2+, CAMK4, CX3CL1, DRD2, EPHB2, FDFT1, FGF2, GNAO1, GRIK2,
GRIN2D, HAP1, HMOX1, HNRNPU, HTT, KCNAB1, KCNJ4, NGF, PKM2, PRDX2, PTPN5, RAB3A,
SDHA, SGK1, VSNL1

dementia

APP, BDNF, Ca2+, CXCL12, CXCR4, DRD2, EIF2AK2, EIF2S1, EIFAEBP1, FDFT1, FGF2,
GRIN2D, HMOX1, HNRNPU, HTT, MTOR, NFE2L2, NGF, NPTX1, NTRK3, PRKCZ, SERPINE1,
TGFB1, TUBA3C/TUBA3D

neurodegenerative disorder

APP, BDNF, Ca2+, CXCL12, CXCR4, DRD2, EIF2AK2, EIF2S1, EIFAEBP1, FDFT4, FGF2, FLOT2,
GRIN2D, HMOX1, HNRNPU, HTT, MTOR, NFE2L2, NGF, NPTX1, NTRK3, PRKCZ, TGFB1,
TUBA3C/TUBA3D

schizophrenia

APP, BDNF, CIT, CXCL12, DLG4, DRD2, ELK1, FXYD6, GCLC, GRIA1, GRIK2, GRIN2D, IMPA2,
NCS1, NPTX1, NSF, pregnenolone, S100A6, SYN2, VGF, VSNL1

damage of hippocampus

ADRBK1, APP, BBC3, FGF2, NGF

damage of cerebral cortex

APP, BBC3, CX3CL1, FGF2, NGF

bipolar disorder

BDNF, CIT, DLG4, DRD2, GRIA1, GRIK2, GRIN2D, IMPA2, NCS1, pregnenolone, SYN1, SYN2,
THRA, VGF

damage of brain

ADRBK1, APP, BBC3, BDNF, CX3CL1, FGF2, HTT, NFE2L2, NGF

Top Functions:
ro-miR-331

Predicted Targets for Purported Functions

cell death of brain

ADRBK1, APP, BBC3, BDNF, Ca2+, CXCL12, DLG4, DRD2, ethanol, FGF2, GCLC, GNAO1, HTT,
KSR1, MAPK14, NCS1, NFE2L2, NGF, NPTX1, NTRK3, PTPN5, SDHA, SERPINE1, SERPINF1,
TAF4, TGFA, TGFB1

long-term potentiation

APP, BDNF, Ca2+, CAMK4, DLG4, DRD2, EFNB1, EPHB2, ethanol, FYN, GRIA1, GRIK2,
GRIN2D, HTT, KCNAB1, KSR1, MAPK1, NGF, NTRK3, PTPN5, RAB3A

cell death of central nervous
system cells

ADRBK1, APP, BBC3, BDNF, Ca2+, CXCL12, DRD2, ethanol, GCLC, GNAO1, HTT, KSR1,
MAPK1, MAPK14, NCS1, NFE2L2, NGF, NPTX1, NTRK3, PTPN5, SERPINE1, SERPINF1, TGFA,
TGFB1

growth of plasma membrane
projections

APP, BDNF, Ca2+, CAMK4, CXCL12, EFNB1, EIFAEBP1, ELK1, EPHB2, ethanol, FGF2, FYN,
GAS7, GNAO1, GRK5, HAP1, HTT, MAPK1, MTOR, NGF, NOG, NPTX1, NTRK3, PDE4A, SGK1,
SKIL, SYN1

synaptic depression

APP, BDNF, Ca2+, CAMK4, DLG4, DRD2, EPHB2, ethanol, GRIAL, HTT, MTOR, RAB3A, SYN1,
SYN2, VGF

neurotransmission

APP, BDNF, Ca2+, CAMK4, DLG4, DRD2, EPHB2, ERBB2, ethanol, FGF2, GABA, GRIA1,
GRIK2, GRIN2D, HAP1, HTT, KCNAB1, NCS1, NPTX1, NSF, PRKCZ, RAB3A, SYN1, SYN2

synaptic transmission

APP, BDNF, Ca2+, CAMK4, DLG4, DRD2, EPHB2, ethanol, FGF2, GABA, GRIA1, GRIK2,
GRIN2D, HAP1, HTT, NCS1, NPTX1, NSF, PRKCZ, RAB3A, SYN1, SYN2
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cell death of cortical neurons

APP, BBC3, BDNF, Ca2+, DRD2, GCLC, GNAO1, HTT, KSR1, MAPK14, NCS1, NFE2L2, NGF,
NPTX1, NTRK3, PTPN5, SERPINE1, TGFA

growth of neurites

APP, BDNF, Ca2+, CAMK4, CXCL12, EFNB1, EIFAEBP1, ELK1, EPHB2, ethanol, FGF2, GAS7,
GNAO1, GRK5, HAP1, HTT, MAPK1, MTOR, NGF, NOG, NPTX1, NTRK3, PDE4A, SGK1, SKIL,
SYN1

cell death of cerebral cortex cells

ADRBK1, APP, BBC3, BDNF, Ca2+, DRD2, GCLC, GNAO1, HTT, KSR1, MAPK14, NCS1,
NFE2L2, NGF, NPTX1, NTRK3, PTPN5, SERPINE1, TGFA, TGFB1

branching of neurites

APP, BDNF, Ca2+, CAMK4, CXCL12, DLG4, DRD2, EFNB1, EIF4EBP1, EPHB2, FGF2, HTT,
MTOR, NGF, NTRK3, SGK1, SKIL, TGFB1

necrosis

ADRBK1, APP, BBC3, BDNF, Ca2+, CAMK4, CIT, CSPG4, CX3CL1, CXCL12, CXCR4, DLG4,
DRD2, DUSP1, EFNB1, EIF2AK2, EIFAEBP1, ELK1, EPHB2, ERBB2, ethanol, FDFT1, FGF2,
FURIN, FUS, FYN, GABA, GCLC, GLI1, GNAO1, GRIK2, HAP1, HMOX1, HTT, ITGAG, KSR1,
MAPK1, MAPK14, MCF2L, MTOR, NCS1, NFE2L2, NGF, NOG, NPTX1, NTRK3, PDE4A, PKM2,
PRDX2, PRKCZ, PTPN5, RARA, S100A6, SDHA, SERPINE1, SERPINF1, SGK1, SKIL, TAF4,
TGFA, TGFB1, THRA, VSNL1

apoptosis of neurons

APP, BBC3, BDNF, Ca2+, CXCL12, DRD2, DUSP1, ethanol, FGF2, GCLC, GNAO1, GRIK2,
HAP1, HMOX1, HTT, KSR1, MAPK14, NFE2L2, NGF, NPTX1, NTRK3, PRDX2, SERPINF1, TGFA,
TGFB1

morphogenesis of neurites

APP, BDNF, Ca2+, CAMKA4, CIT, CXCL12, DLG4, DRD2, EFNB1, EIFAEBP1, EPHB2, FGF2,
GAS7, HTT, LZTS1, MTOR, NGF, NTRK3, SGK1, SKIL, TGFB1

Table 4. Pathway analysis of post-insult VPA-regulated miR-885-3p targets. Predicted mRNA targets of miR-
885-3p were generated using four independent prediction algorithms. Only mRNAs predicted concurrently by 3
or more databases were selected and further analyzed by Ingenuity Pathway Analysis to identify top canonical
networks. These top networks were then filtered for disease and functions where both direct (BOLDED) and
indirect miRNA targets associated with each network, disease or function are included.

Top Networks:
hsa-miR-885-3p

Predicted Targets in Network

cell death, cellular movement,
cellular assembly and organization

AKT1, CALML3, CAMK2A, CASP3, CTSB, CXCL12, DNAJC5, ENSA, FAIM2, GNAO1, GRIN1,
HDACS5, HYOU1, INPPL1, LRPAP1, MAPT, MMP2, NCAM1, NUMB, PEBP1, PRKCA, PTEN,
RAD51D, RPS6KA3, SLC1A1, SLC6A1, SMAD4, SP1, ST8SIA1, STIP1, TFAP2A, THBS1,
TNFRSF1B, TPPP, VEGFA

behavior, cellular development,
nervous system development and
function

ADRA2B, ADRBK1, AGRN, ARC, CHRNB2, CNTN2, CSNK1E, EFNB2, ELK1, EN1, GAS7,
GFAP, GIT1, GPC1, GRM1, HAP1, HIP1, HTT, IGFBP5, KCNA1, KCNIP3, KCNJ2, LIF, NGFR,
NOTCH1, OLIG2, OPRL1, PDE1B, PMP22, SLC25A22, SP6, STX12, TGFBR2, THBS2, ULK1

organismal development,
reproductive system development
and function, tissue development

AIM1, ALDOC, ANGPT2, ANTXR1, APP, ascorbic acid, ATP6V1A, BTC, CD82, CDON, CEBPB,
CLDN3, COL5A1, COL5A3, CYB561, DAP, DCN, DERL1, DGAT1, EIF2S1, ERBB2, ERBB4,
GHR, KCND2, KLRK1, LCN2, PQLC1, SETDB1, SQRDL, TMEM39A, TUBB3, UCK1, UPP1,
VDR, VWF

Top Neurologjcal Diseases: hsa-
miR-885-3p

Predicted Targets in Disease

movement disorder

ADRA2B, AKT1, APP, ascorbic acid, ATP6V1A, CAMK2A, CASP3, CHRNBZ2, CTSB, DNAJC5,
GFAP, GIT4, GNAO1, GRIN1, GRM1, HAP1, HDACS, HIP1, HTT, KCNA1, LIF, MAPT, NGFR,
OPRL1, PDE1B, PEBP1, PMP22, SETDB1, SLC1A1, SLC6A1, SP1, ST8SIA1, VEGFA

tauopathy

ADRA2B, AGRN, APP, ascorbic acid, CAMK2A, CASP3, CTSB, CXCL12, DCN, EIF2S1, GFAP,
GRIN1, GRM1, HTT, LRPAP1, MAPT, NGFR, NOTCH1, PRKCA, PTEN, SLC1A1, TGFBR2, VDR

neurodegenerative disorder

ADRA2B, AGRN, APP, ascorbic acid, CAMK2A, CASP3, CTSB, CXCL12, DCN, EIF2S1, GFAP,
GRIN1, GRM1, HTT, LRPAP1, MAPT, NGFR, NOTCH1, PRKCA, PTEN, SLC1A1, TGFBR2, VDR,
VEGFA

Alzheimer's disease

ADRA2B, AGRN, APP, ascorbic acid, CAMK2A, CASP3, CTSB, CXCL12, DCN, EIF2S1, GFAP,
GRIN1, GRM1, HTT, LRPAP1, MAPT, NGFR, NOTCH1, PRKCA, PTEN, TGFBR2, VDR

hyperactive behavior

APP, CAMK2A, CHRNB2, DGAT1, ERBB4, GNAO1, HTT, MAPT, PDE1B, SLC6A1, TGFBR2

seizures

APP, CNTN2, GNAO1, GRIN1, GRM1, HTT, HYOU1, KCNA1, NGFR, PMP22, PTEN, SLC1A1,
SLC6A1, ST8SIA1, TNFRSF1B

neurodegeneration

APP, CASP3, DNAJC5, ERBB2, GRIN1, HAP1, HTT, MAPT, NGFR, SLC1A1, ST8SIA1, TGFBR2,
VEGFA

neurological signs

ADRA2B, AKT1, APP, ATPGV1A, CAMK2A, CASP3, CHRNB2, GFAP, GIT1, GNAO1, GRIN1,
HAP1, HDAC5, HTT, KCNA1, MAPT, PDE1B, PMP22, SETDB1, SLC1A1, SP1, ST8SIA1
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epilepsy CHRNB2, CTSB, GRIN1, HTT, KCNA1, NGFR, SLC1A1, SLC25A22, SLC6A1
tremor CTSB, GNAO1, GRM1, HIP1, HTT, KCNA1, LIF, PMP22, SLC6A1
ataxia APP, CHRNB2, DNAJC5, GRIN1, GRM1, HTT, KCNA1, NGFR, SLC1A1, SLC6A1

damage of brain

ADRBK1, APP, ascorbic acid, GRIN1, HTT, HYOU1, THBS1, VWF

Top Functions:
hsa-miR-885-3p

Predicted Targets for Purported Functions

neuronal cell death

ADRBK1, AGRN, AKT1, APP, ascorbic acid, CAMK2A, CASP3, CTSB, CXCL12, DNAJCS,
EFNB2, ELK1, EN1, ERBB2, FAIM2, GFAP, GHR, GNAO1, GRIN1, GRM1, HAP1, HDACS,
HIP1, HTT, HYOUZ, INPPL1, KCNIP3, LCN2, LIF, LRPAP1, MAPT, NGFR, PRKCA, PTEN,
SLC1A1, SP1, ST8SIA1, STIP1, TNFRSF1B, VEGFA

behavior

ADRBK1, APP, ARC, ascorbic acid, CAMK2A, CASP3, CHRNB2, CNTN2, DGAT1, DNAJC5,
EFNB2, EN1, ERBB4, GHR, GIT1, GNAO1, GRIN1, GRM1, HAP1, HTT, KCNA1, KCNIP3,
LRPAP1, NCAM1, NGFR, NOTCH1, OLIG2, OPRL1, PDE1B, PRKCA, PTEN, SETDB1, SLC6A1,
ST8SIA1, THBS2, TNFRSF1B, VDR, VEGFA

necrosis

ADRBK1, AGRN, AKT1, ANGPT2, ANTXR1, APP, ascorbic acid, BTC, CAMK2A, CASP3,
CEBPB, COL5A3, CTSB, CXCL12, DCN, DNAJC5, EFNB2, ELK1, EN1, ERBB2, ERBB4, FAIM2,
GFAP, GHR, GNAO1, GPC1, GRIN1, GRM1, HAP1, HDACS5, HIP1, HTT, HYOU4, IGFBP5,
INPPL1, KCNIP3, KLRK1, LCN2, LIF, LRPAP1, MAPT, MMP2, NCAM1, NGFR, NOTCH1,
NUMB, PDE1B, PEBP1, PMP22, PRKCA, PTEN, RAD51D, SLC1A1, SMAD4, SP1, ST8SIA1,
STIP1, TFAP2A, TGFBR2, THBS1, THBS2, TNFRSF1B, TUBB3, VDR, VEGFA

organization of cytoskeleton

ADRBK1, AGRN, AKT1, ANGPT2, ANTXR1, APP, CALML3, CD82, CHRNB2, CNTN2, CXCL12,
EFNB2, ELK1, ERBB2, ERBB4, GAS7, GFAP, GHR, GIT1, GRIN1, HAP1, HTT, INPPL1, KCNJ2,
LCN2, LRPAP1, MAPT, NCAM1, NGFR, NOTCH1, NUMB, PMP22, PRKCA, PTEN, SP1,
ST8SIA1, STIP1, THBS1, TPPP, TUBB3, ULK1, VEGFA, VWF

quantity of neurons

ANGPT2, APP, ascorbic acid, CASP3, CHRNB2, CNTN2, EN1, ERBB2, ERBB4, GNAO1, HTT,
KCNIP3, LIF, MAPT, NGFR, NOTCH1, NUMB, OLIG2, SLC1A1, SMAD4, TFAP2A

differentiation of cells

ADRA2B, AGRN, AKT1, ANGPT2, APP, ascorbic acid, BTC, CASP3, CD82, CDON, CEBPB,
CNTNZ2, CTSB, CXCL12, DCN, EFNB2, ELK1, EN1, ERBB2, ERBB4, GAS7, GHR, GNAO1,
GPC1, HDACS, HTT, IGFBP5, KLRK1, LCN2, LIF, MAPT, MMP2, NCAM1, NGFR, NOTCH1,
NUMB, OLIG2, PMP22, PRKCA, PTEN, RPS6KA3, SETDB1, SMAD4, SP1, SP6, STSSIA1,
TFAP2A, TGFBR2, THBS1, THBS2, TNFRSF1B, TUBB3, ULK1, VDR, VEGFA

development of neurons

APP, CAMK2A, CXCL12, EN1, ERBB4, HTT, KCNJ2, LIF, NCAM1, NGFR, NOTCH1, OLIG2,
PMP22, STIP1, THBS1, THBS2, VEGFA

microtubule dynamics

AGRN, AKT1, ANGPT2, APP, CALML3, CD82, CHRNB2, CNTN2, CXCL12, EFNB2, ELK1,
ERBB2, ERBB4, GAS7, GHR, GIT1, GRIN1, HAP1, HTT, INPPL1, KCNJ2, LCN2, LRPAP1,
MAPT, NCAM1, NGFR, NOTCH1, NUMB, PMP22, PRKCA, PTEN, SP1, ST8SIA1, STIP1,
THBS1, TPPP, TUBB3, ULK1, VEGFA

morphology of nervous system

AGRN, AKT1, APP, CASP3, CDON, CNTN2, CTSB, CXCL12, DNAJC5, EN1, ERBB2, ERBB4,
FAIM2, GFAP, GIT1, GRIN1, HAP1, HTT, HYOU1, KCNA1, KCND2, LIF, LRPAP1, NCAM1,
NGFR, NOTCH1, NUMB, OLIG2, PMP22, PTEN, TFAP2A, TNFRSF1B, UPP1, VEGFA

apoptosis

ADRBK1, AGRN, AKT1, ALDOC, ANGPT2, ANTXR1, APP, ARC, ascorbic acid, BTC, CAMK2A,
CASP3, CEBPB, COL5A3, CSNK1E, CTSB, CXCL12, DAP, DCN, DNAJC5, EFNB2, EIF2S1,
ELK1, EN1, ERBB2, ERBB4, FAIM2, GHR, GNAO1, GRIN1, GRM1, HAP1, HDAC5, HIP1, HTT,
HYOU1, IGFBP5, INPPL1, KCNIP3, LCN2, LIF, LRPAP1, MAPT, MMP2, NCAM1, NGFR,
NOTCH1, NUMB, PDE1B, PEBP1, PRKCA, PTEN, RPS6KA3, SMAD4, SP1, ST8SIA1, STIP1,
TFAP2A, TGFBR2, THBS1, THBS2, TNFRSF1B, VDR, VEGFA

cell death

ADRBK1, AGRN, AKT1, ALDOC, ANGPT2, ANTXR1, APP, ARC, ascorbic acid, BTC, CAMK2A,
CASP3, CD82, CEBPB, CLDN3, COL5A3, CSNK1E, CTSB, CXCL12, DAP, DCN, DNAJCS,
EFNB2, EIF2S1, ELK1, EN1, ERBB2, ERBB4, FAIM2, GFAP, GHR, GNAO1, GPC1, GRIN1,
GRM1, HAP1, HDACS, HIP1, HTT, HYOU1, IGFBPS5, INPPL1, KCNIP3, KLRK1, LCN2, LIF,
LRPAP1, MAPT, MMP2, NCAM1, NGFR, NOTCH1, NUMB, PDE1B, PEBP1, PMP22, PRKCA,
PTEN, RAD51D, RPS6KA3, SLC1A1, SMAD4, SP1, ST8SIA1, STIP1, TFAP2A, TGFBR2,
THBS1, THBS2, TNFRSF1B, TUBB3, VDR, VEGFA

differentiation of neurons

ADRA2B, AGRN, AKT1, APP, CDON, CEBPB, CNTN2, CXCL12, EN1, GAS7, HTT, LIF, MAPT,
NCAM1, NGFR, NOTCH1, NUMB, OLIG2, PRKCA, TFAP2A, TUBB3, ULK1, VEGFA

formation of plasma membrane
projections

AGRN, APP, CHRNB2, CNTN2, CXCL12, EFNB2, ERBB2, ERBB4, GAS7, GIT1, GRIN1, HTT,
KCNJ2, LCN2, MAPT, NCAM1, NGFR, NOTCH1, NUMB, PMP22, PRKCA, PTEN, ST8SIA1,
STIP1, ULK1

development of central nervous
system

APP, CASP3, CD82, CDON, CHRNB2, CXCL12, EN1, ERBB2, ERBB4, FAIM2, GFAP, GRIN1,
HTT, LIF, NCAM1, NGFR, NOTCH1, NUMB, OLIG2, PMP22, PTEN, RPS6KA3, STIP1, TGFBR2,
THBS1, THBS2, VEGFA

sprouting

AGRN, ANGPT2, APP, CHRNB2, CXCL12, DCN, ERBB4, GIT1, HTT, LCN2, NCAM1, NGFR,
NOTCH1, NUMB, PTEN, SMAD4, THBS1, ULK1, VEGFA

327

Am J Transl Res 2012;4(3):316-332




microRNAs and cerebral ischemia

to beneficial effects following cerebral ischemia
that would act directly on microglia and provide
both a cell- and injury- specific response ther-
apy. Further support for miR-155’s inflamma-
tory effects include the finding that treatment
with a natural antioxidant, Resveratrol, reduces
the upregulation of miR-155 following LPS
stimulation [25]. Genetic risk for cardiovascular
disease is also associated with the polymor-
phism (+1166/A/C) in the human angiotensin I
type 1 receptor (AT1R) gene, which occurs in
the 3’UTR and interferes with the miR-155 bind-
ing site [26]. Importantly, this study supports
that a polymorphism in a miRNA-binding site
can disrupt miRNA regulation of susceptibility
genes leading to increased risk for cardiovascu-
lar disease.

Sparse data is available for the other MCAO-
regulated miRNA candidates and their potential
functions in cerebral ischemia. These may rep-
resent previously uncharacterized miRNAs that
mediate the cerebral ischemic response. Inter-
estingly, robust upregulation of the miR-297-
669 cluster, which includes candidates miR-
297a, miR-466h, and miR-466f, is observed
following nutrient depletion in Chinese hamster
ovary (CHO) cells. This may be linked to pro-
apoptotic pathways, as suppression of miR-
466h upregulates anti-apoptotic genes (bcl2I2,
dadl, birc6 and stat5a), increases cell viability,
and decreases caspase 3/7 activation in CHO
cells [27]. The role of this miRNA cluster in fa-
cilitating OGD-induced cell death in cerebral
ischemia warrants further investigation. Candi-
date miR-1224 is upregulated following LPS
treatment in the spleens of mice where it is
shown to negatively regulate tumor necrosis
factor-a (TNF- o) via the transcription factor
Specificity Protein 1 (Sp1) [28]. Further investi-
gation is required to determine the exact func-
tion of miR-1224 in brain, particularly whether it
may be involved in neuroinflammation in re-
sponse to stroke.

MCAO-regulated miRNA predicted targets were
evaluated using IPA

Top molecular networks generated from com-
mon MCAO-regulated miRNA predicted targets
generated by IPA included: (1) cell death, cellu-
lar development, cellular growth and prolifera-
tion and (2) molecular transport, behavior, cell-
to-cell signaling and interaction (Table 2). The
first network includes many predicted mRNA
targets that are well established to play a role in
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cell death mechanisms also implicated in ische-
mia. Some examples include apoptosis-inducing
factor 1, mitochondrial (AIFM1) and BCL2-
associated agonist of cell death (BAD). BAD has
recently been implicated in the rapamycin-
induced autophagy mechanism found to protect
against hypoxia-ischemia [29]. The second net-
work may represent some new candidates that
underlie the miRNA-regulated response to cere-
bral ischemia. For instance, carbonic anhydrase
4 (CA4) is a member of a family of zinc metal-
loenzymes that catalyze the reversible hydration
of carbon dioxide. CAs also provide an impor-
tant role in buffering the brain against acute
changes in pH and are shown to be implicated
in the asphyxia-compensatory-response that
protects neonates from pathological changes
associated with loss of oxygen [30]. Therefore,
investigating these predicted targets in this sec-
ond network may provide new compensatory
mechanisms for protecting against cerebral
ischemia and suggests another advantage for
miRNA research. We have also listed miRNA
predicted targets for top canonical pathways
and nervous system development and functions
that may also be characterized in future studies
to contribute to the miRNA-regulated response
mechanisms following cerebral ischemia.

Post-insult VPA-regulated miRNAs

Our study identified and validated miR-885-3p
and miR-331 following protective VPA treatment
in ischemic cortex 24 hours after MCAO. Candi-
date miR-885-3p was upregulated by MCAO in
our study while post-insult VPA treatment de-
creased its expression. Interestingly, miR-885-
3p is involved in the regulation of cell viability,
apoptosis and/or autophagy in squamous cell
carcinoma cells upon cisplatin exposure via
regulation of anti-apoptotic protein BCL2 [31]. If
miR-885-3p is able to exert similar BCL2 regula-
tory effects in brain, the previously observed
upregulation of neuronal BCL2 by VPA treat-
ment [19] may occur, at least in part, through
downregulation of miR-885-3p. Candidate miR-
885-3p was not regulated in our neuronal OGD
in vitro model of ischemia. This may be due to
its enriched expression in astrocytes [23]. This
demonstrates a clear example of why cell-type
specific expression of miRNAs is an important
consideration that may impact their function
and role in cerebral ischemia.

Candidate miR-331 was upregulated following
post-insult VPA treatment in vivo and also fol-
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lowing treatment with VPA in our neuronal OGD
in vitro model of ischemia. This response profile
may represent a compensatory response of the
post-insult VPA treatment that may be exploited
further for therapeutic benefits. In support of
this, using our OGD model where cell viability
was reduced following OGD and increased by
VPA pretreatment, miR-331 was also upregu-
lated in this neuroprotective VPA treatment con-
dition. Interestingly, miR-331 is expressed in
both neurons and astrocytes [23]. This may be
one of the contributing factors as to why miR-
331 is regulated by VPA in our neuronal OGD
model. Previous reports have shown that miR-
331 is upregulated in whole brain following
MCAQ in rats [11]. This may be due to process-
ing the entire brain versus only including the
ipsilateral cortex, as was performed in our study
where we found miR-331 to not be regulated
following MCAO alone. Candidate miR-331 is
best characterized for its role in cancer where it
has been shown to target ERBB2, a tyrosine
kinase receptor frequently overexpressed in
prostate cancer [32, 33]. The potential func-
tions of miR-885-3p and miR-331 in cerebral
ischemia have not been extensively character-
ized. Therefore, we identified their predicted
targets and performed pathway analysis using
IPA.

Post-insult VPA-regulated miRNA targets evalu-
ated using IPA

This analysis provided top networks, neurologi-
cal diseases, and functions potentially regulated
by our candidate miRNAs. Top networks for can-
didate miR-331 include: (1) cellular movement,
hematological system development and func-
tion, immune cell trafficking; (2) cell death, he-
reditary disorder, neurological disease and (3)
cellular assembly and organization, nervous
system development and function, cellular
movement. Briefly considering some interesting
predicted targets, chemokine C-X3-C motif
ligand 1 (CX3CL1) has been shown to be neuro-
protective in permanent focal cerebral ischemia
[34] while protein tyrosine phosphatase non-
receptor type 5 (PTPN5) has been shown to be
regulated by cerebral ischemia [35], and PTPN5
dysregulation has been implicated in numerous
neuropsychiatric disorders including stroke,
Alzheimer’s disease, and Huntington’s disease
[36]. PTPN5 is one of many targets implicating
miR-331 in numerous neurological diseases
listed in Table 3. This type of analysis highlights
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another benefit of miRNA predictive target
analysis where common targets, such as
PTPN5, APP, ATP6V1A, BDNF, and MTOR,
among others, may be dysregulated across mul-
tiple neurological diseases. Collectively this may
suggest common functions to these neurologi-
cal diseases such as cell death, necrosis, long-
term potentiation, and synaptic transmission as
listed in Table 3 that are under miRNA control.
Therefore, characterizing key candidate miRNAs
that can most effectively modulate these com-
mon mechanisms may provide novel therapeu-
tics for neurological diseases.

Top networks for candidate miR-885-3p include
(1) cell death, cellular movement, cellular as-
sembly and organization; (2) behavior, cellular
development, nervous system development and
function; and (3) organismal development, re-
productive system development and function,
tissue development. Briefly considering some
interesting predicted targets of miR-885-3p,
vascular endothelial growth factor A (VEGFA)
promotes angiogenesis, vasculogenesis, endo-
thelial cell growth, and inhibits apoptosis. VEGF
is regulated at the mRNA and protein level fol-
lowing cerebral ischemia [37], can be further
regulated after chronic VPA treatment in a rat
model of cerebral ischemia to promote func-
tional recovery [38], and may be further modu-
lated by miR-885-3p. RAC-alpha serine/
threonine-protein kinase (AKT1), another pre-
dicted target of miR-885-3p, is involved in cell
survival where it is shown that activation of both
VEGF and AKT1 is necessary to promote neu-
ronal survival mediated by hypoxic precondition-
ing [39]. Histone deacetylase 5 (HDAC5S) is also
a target of miR-885-3p, and VPA [4], where its
function in the CNS has been implicated in
modulating angiogenesis [40] and cocaine ad-
diction [41]. In terms of top neurological dis-
eases predicted for miR-885-3p from our analy-
sis, movement disorder, tauopathy, neurode-
generative disorder, Alzheimer’'s disease, and
seizures were some of those represented (Table
4). Some of the common predicted targets for
these neurological diseases include: o2B
adrenoceptor (ADRA2B), amyloid precursor pro-
tein (APP), chemokine (C-X-C maotif) ligand 12
(CXCL12), calcium/calmodulin-dependent pro-
tein kinase type Il alpha chain (CAMK2A), and
phosphatase and tensin homolog (PTEN). Some
of the functions targeted by miR-885-3p pre-
dicted targets that may be implicated in these
neurological diseases include neuronal cell
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death, behavior, necrosis, and organization of
cytoskeleton. Future studies will be required to
evaluate the therapeutic potential of targeting
these functions through miR-885-3p in neuro-
logical diseases.

Limitations, future directions, and conclusions

The major limitations of this study include vali-
dation of miRNA targets and characterization of
mMiRNA biological function. Validation of miRNA
targets has been reviewed previously [42] and
includes using multiple algorithms to predict
MiRNA binding sites, determining miRNA/mRNA
co-expression, identifying altered protein ex-
pression by miRNA, and characterizing miRNA
impact on biological function. Future in silico
algorithms for predicting miRNA targets should
consider cell- and tissue- specific co-expression
of miRNAs and their targets. This comprehen-
sive expression analysis paired with miRNA
binding site prediction algorithms is currently
not available. Adding this expression analysis
will improve the biological validity of these pre-
diction algorithms. In the mean time, to infer
biological function, we used literature support,
predicted targets, pathway analysis, and tissue-
specific expression. Future investigations will
need to validate each candidate miRNA in ex-
perimental models of cerebral ischemia. Addi-
tional studies should elucidate the miRNA regu-
latory networks, pathways, and functions pre-
sented in our study and exploit them for thera-
peutic use. Exploring miRNA mechanisms un-
derlying cerebral ischemia and following HDAC
inhibition may provide common networks to
facilitate recovery that have currently been un-
recognized. In addition, elucidation of pan-HDAC
inhibitors versus targeting specific isoforms in
producing post-insult benefits and regulating
mMiRNA mechanisms is also warranted. These
studies will help clarify which isoform-specific
inhibition hold the greatest therapeutic promise
and likewise which miRNA mechanisms may
underlie these benefits.

In summary, our study provides novel evidence
identifying miRNAs involved with the injury re-
sponse to cerebral ischemia, as well as involved
with the beneficial effects following post-insult
VPA treatment. We have analyzed these miRNA
candidates based on their predictive targets to
infer functions, networks, pathways, and dis-
eases. Collectively, these array studies identify
MiRNA mechanisms that may contribute to the

330

endogenous compensatory mechanisms follow-
ing MCAO injury, as well as those therapeutic
mechanisms facilitated via HDAC inhibition.
These results have broad implications for the
field of neurology by suggesting another layer of
controls of gene expression to modulate path-
ways and mechanisms that will provide new
insights for stroke research.
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