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Multiple cellular, molecular, and biochemical changes
contribute to outcome after traumatic brain injury (TBI).
MicroRNAs (miRNAs) are known to influence many im-
portant cellular processes, including proliferation, apo-
ptosis, neurogenesis, angiogenesis, and morphogene-
sis, all processes that are involved in TBI pathophysiol-
ogy. However, it has not yet been determined whether
miRNA expression is altered after TBI. In the present
study, we used a microarray platform to examine
changes in the hippocampal expression levels of 444
verified rodent miRNAs at 3 and 24 hr after controlled
cortical impact injury. Our analysis found 50 miRNAs
exhibited decreased expression levels and 35 miRNAs
exhibited increased expression levels in the hippocam-
pus after injury. We extended the microarray findings
using quantitative polymerase chain reaction analysis
for a subset of the miRNAs with altered expression
levels (miR-107, -130a, -223, -292-5p, -433-3p, -451,
-541, and -711). Bioinformatic analysis of the predicted
targets for this panel of miRNAs revealed an overrepre-
sentation of proteins involved in several biological proc-
esses and functions known to be initiated after injury,
including signal transduction, transcriptional regulation,
proliferation, and differentiation. Our results indicate
that multiple protein targets and biological processes
involved in TBI pathophysiology may be regulated by
miRNAs. © 2008 Wiley-Liss, Inc.
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[t 1s now appreciated that multiple molecular and
pathological changes, including apoptosis, inflammation,
altered plasticity, and neuronal regeneration, contribute
to traumatic brain injury (TBI) pathophysiology (Dash
et al.,, 2004; Raghupathi, 2004; Zhang et al., 2008).
Neurons, glia, and other cells in the brain respond to
injury by altering their gene and protein expression pat-
terns. MicroRNAs (miRNAs) are a recently discovered
class of regulatory molecules that modulate gene expres-
sion at the posttranscriptional level (Fire et al., 1998). A
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number of studies have indicated that miRNAs can fine-
tune protein expression patterns and thus modulate
many different cellular and pathological processes. With
some exceptions (see Borchert et al., 2006; Dieci et al.,
2007), miRNAs are transcribed by RNA polymerase 11
as primary transcripts (pri-miRNAs) that undergo 5 7-
methyl guanosine capping and 3’ polyadenylation, and
are subsequently cleaved by Drosha into a precursor
transcripts (pre-miRNA) (Cai et al.,, 2004; Lee et al.,
2004). The pre-miRNAs are then translocated out of
the nucleus by Exportin5 and undergo further Dicer-
mediated processing in the cytoplasm into short, double-
stranded mature miRNAs. One strand of the mature
miRNA is incorporated into an RNA-induced silencing
complex, which guides binding to the 3’ untranslated
region (UTR) of target genes, and regulates their expres-
sion by inhibiting translation and/or directing mRINA
degradation (Rana, 2007).

Bioinformatic approaches for predicting target genes
have estimated that approximately 30% of all mR NAs may
be regulated by miRNAs, with each miRNA potentially
targeting up to several hundred genes (Lewis et al., 2005;
Xie et al., 2005). Experimental evidence has generally
confirmed these estimates (Lim et al., 2005; Karginov

Additional Supporting Information may be found in the online version
of this article.

Contract grant sponsor: National Institute of Neurological Disorders and
Stroke; Contract grant number: NS35457 (to P.K.D.); Contract grant
sponsor: National Institute of Neurological Disorders and Stroke; Con-
tract grant number: NS049160 (to P.K.D.); Contract grant sponsor:
National Institute of Mental Health; Contract grant number: MH072933
(to P.K.D.); Contract grant sponsor: Mission Connect/ TIRR Foundation
(to P.K.D.).

*Correspondence to: Pramod K. Dash, Department of Neurobiology and
Anatomy, The University of Texas Medical School, P.O. Box 20708,
Houston, TX 77225. E-mail: p.dash@uth.tmc.edu

Received 8 August 2008; Accepted 26 September 2008

Published online 19 November 2008 in Wiley InterScience (www.
interscience.wiley.com). DOI: 10.1002/jnr.21945



1436 Redell et al.

et al., 2007), in addition to demonstrating that an individ-
ual gene can be targeted by multiple miRNAs (Stark et al.,
2005; Kuzin et al., 2007). On the basis of these observa-
tions, it is not surprising that miRNAs have been found to
play a significant role in regulating a wide array of cellular
and biological processes, including growth, development,
differentiation, proliferation, and apoptosis (Kloosterman
and Plasterk, 2006).

There is an emerging opinion among researchers and
clinicians that combination treatments that target multiple
pathological processes may be more effective at improving
neurobehavioral outcome after TBI than single-target inter-
ventions. Because an individual miRINA can regulate the
expression of many different gene products, miRNAs are
attractive candidates for interventions aimed to modulate
multiple pathological processes. In order to identify a suita-
ble target or targets for therapeutic intervention, it needs to
be determined which, if any, miRNAs are affected by TBI.

In the present study, we examined the expression
levels of 444 verified rodent miRNAs in the hippocam-
pus after controlled cortical impact (CCI) injury. The
hippocampus was selected for the present analysis
because of its prominent role in learning and memory,
and its vulnerability to TBI. Our analysis showed that
after TBI, 35 miRINAs have increased expression levels,
while 50 miRNAs exhibited decreased expression levels.
Subsequently, we used quantitative polymerase chain
reaction (PCR) to confirm and extend these findings for
eight miRINAs, indicating that some miRNA changes
are both widespread and long-lasting. A bioinformatic
analysis of the predicted targets for these miRNAs
showed that multiple biochemical and cellular processes
that contribute to TBI pathophysiology are likely subject
to miRNA-mediated regulation.

MATERIALS AND METHODS
Materials

Male Sprague Dawley rats (250-300 g) were purchased
from Harlan (Indianapolis, IN). MicroRNA reverse transcrip-
tion, TagMan MicroRNA assay reagents, and mirVana
miRNA isolation kits were purchased from Applied Biosys-
tems (Foster City, CA). DIG-labeled antisense miRNA probes
containing modified locked nucleic acids (LNA) were pur-
chased from Exiqon (Woburn, MA).

CCI Injury

Animal use was in accordance with the National Insti-
tutes of Health’s Guide for the Care and Use of Laboratory Ani-
mals. Surgical procedures were approved by the Institutional
Animal Care and Use Committee. A unilateral brain injury
was administered by an electronic CCI device essentially as
previously described (Dixon et al., 1991). Briefly, rats were
deeply anesthetized with 4% isoflurane and a 2:1 N,O:0,
mixture, and anesthesia was maintained with a 2% isoflurane
and a 2:1 N,O:O, mixture during surgery. Rats were
mounted in a stereotaxic frame with heads held in a horizon-
tal plane. A midline incision was made, and a 6-mm unilateral
craniectomy was performed midway between the bregma and

lambda with the medial edge 1 mm lateral to the midline.
Rats received a single impact (3.3 mm depth, 4 m/sec, and
150 msec dwell time) at an angle of 10 degrees from the ver-
tical plane. Sham rats were anesthetized and received a mid-
line incision. After injury or sham operation, the scalp was
sutured, the animals monitored during recovery from anesthe-
sia, and returned to their home cages.

pParaflo MicroRNA Microarray Assay

Microarray assays were performed by a service provider
(LC Sciences, Houston, TX). Microarray hybridizations were
repeated twice with independently prepared RINA samples.
Three or 24 hr after injury or sham surgeries, animals (n = 6/
group) were killed by decapitation and the ipsilateral hippo-
campus dissected under ice-cold artificial cerebrospinal fluid
(10 mM HEPES, 1.3 mM NaH,PO,, 3 mM KCIl, 124 mM
NaCl, 10 mM glucose, 26 mM NaHCO;, pH 7.2). Total
RNA was isolated with the mirVana miRNA isolation kit
following the manufacturers’ modified protocol for the
enrichment of small RNAs, and yield estimated by spectro-
photometry. Equal amounts of total RNA from each group’s
individuals were pooled, and RNA integrity was assessed by
an Agilent Bioanalyzer 2100 (Foster City, CA). Two to five
pg total RNA from each pool (sham, 3-hr TBI, and 24-hr
TBI) was size fractionated with a YM-100 Microcon centrifu-
gal filter (Millipore), and the recovered small RNAs (< 300
nt) were 3'-extended with a poly(A) tail using poly(A) poly-
merase. An oligonucleotide tag was ligated to the poly(A) tail
for later fluorescent dye staining with either Cy3 or Cy5.

Competitive hybridizations (sham vs. 3-hr TBI; sham
vs. 24-hr TBI) were performed overnight on pParaflo micro-
fluidic chips with a microcirculation pump (Atactic Technolo-
gies, Houston, TX) (Zhu et al.,, 2007). Each microarray
contained 444 unique mature miRNA elements, as well as
control and custom sequences. Of the 444 miRNAs, 206 had
confirmed expression in the mouse, 64 had confirmed expres-
sion in the rat, and 174 were confirmed in both species. Each
detection probe on the microfluidic chip consisted of a
chemically modified nucleotide coding segment complemen-
tary to the target miRNAs (Sanger miRBase Release, version
9.1) or control RNAs (array hybridization controls and single-
base mismatch targets), and a polyethylene glycol spacer seg-
ment to extend the coding segment away from the substrate.
The detection probes were made by in situ synthesis by pho-
togenerated reagent chemistry and were replicated at least
seven times within each microarray chip (Gao et al.,, 2004).
The hybridization melting temperatures of the probes were
balanced by chemical modifications of the detection probes.
Hybridization was performed at 34°C in 100 pl 6X SSPE
buffer (900 mM NaCl, 60 mM Na,HPO,, 6 mM EDTA, pH
6.8) containing 25% formamide. After washing, the hybridized
fluorescent Cy3 and Cy5 signals were detected with a laser
scanner (GenePix 4000B, Molecular Devices, Sunnyvale, CA)
and digitized by Array-Pro image analysis software (Media
Cybernetics, Bethesda, MA).

Data were analyzed by subtracting the background fol-
lowed by signal normalization with a LOWESS (locally
weighted regression) filter (Bolstad et al., 2003). For an
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miRNA transcript to be classified as reliably detectable, it had
to satisty the following criteria: overall signal intensity >3X
background standard deviation, spot coefficient of variation
<0.5, and >50% of the repeated probes had signal intensities
above detection level.

Quantitative Reverse Transcriptase~PCR (qRT-PCR)

By means of independent groups of animals, ipsilateral
and contralateral hippocampi was harvested at various time
points (n = 6; 3 hr, n = 5; 24 hr, n = 6; 3 days, n = 6) after
CCI or sham (n = 6) operation. Total RNA was purified
with the mirVana miRNA isolation kit following the manu-
facturers’ modified protocol recommended for the enrichment
of small RNAs, and eluted in 100 pl 10 mM Tris pH 8.0,
1 mM EDTA. RNA concentration was determined by spectro-
photometry, and integrity and concentration was confirmed by
denaturing gel electrophoresis. cDNA was generated for each
miRNA target with 1 pg total RNA in a 15-pl reaction
containing 1X RT bufter, 3 pl miRNA-specific RT primers,
3.8 units RNase inhibitor, 1 mM dNTPs, and 50 units Multi-
Scribe reverse transcriptase. Reactions were gently mixed,
then incubated in an iCycler (Biorad, Hercules, CA) pro-
grammed for 10 min at 4°C, 30 min at 16°C, 30 min at
42°C, 5 min at 85°C, and 4°C soak for all targets except
miR-711. To increase detection sensitivity, a pulsed RT-
PCR and preamplification protocol was used to detect miR-
711 expression (Tang et al., 2006; Kye et al., 2007).

The synthesized ¢cDNA from the RT reactions was
diluted with water and assayed immediately. To generate the
reference curves for miR-107, -130a, -223, -433-3p, -451, and
-541, equal amounts of RNA from each sham-operated animal
was pooled and used as the template for the reverse transcrip-
tion reaction. For miR-292-5p and -711, which are expressed
at low levels in sham-operated animals, equal amounts of total
RNA from all experimental samples were pooled and 1 pg total
RNA used for the RT template. Each 20-pl qRT-PCR reac-
tion contained 10 pl 2X TagMan Universal PCR mix, 1 pl
20X miRNA-specific primer mix, 1.33 pl diluted cDNA, and
7.67 ul HyO. The qRT-PCR reactions were performed in
duplicate or triplicate with an iCycler programmed as follows:
1 cycle of 10 min at 95°C; 50 cycles of 15 sec at 95°C, 1 min
at 60°C, and the resulting data were analyzed by the iCycler iQ
optical system software version 3.1 (Biorad, Hercules, CA).
Changes in expression level detected by qRT-PCR are pre-
sented as the change in threshold cycle (AC,) from sham by the
formula: AC; = mean C(sham) — mean C(TBI). A positive
difference indicates an increase in target abundance after TBI,
while a negative difference indicates a decrease in target abun-
dance. The standard deviation for the AC, was calculated by
the following formula for error propagation

AC,SD = \/SD(sham)2 + SD(TBI)?.

Nonradioactive In Situ Hybridization (ISH) Using
miRNA Probes

Tissue preparation and automated ISH for miRNAs
were performed as previously described (Carson et al., 2002;
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Visel et al., 2004; Yaylaoglu et al., 2005) and as described
online at http://www.genepaint.org/RNA . htm. Briefly,
brains from sham-operated or 3-day post-TBI rats were
embedded in OCT, and freshly frozen 25-pm serial sections
were cut with a cryostat. After paraformaldehyde fixation,
acetylation, and dehydration, the slides were assembled into
flow-through hybridization chambers and placed into in a
Tecan Genesis 200 (Mannedorf, Switzerland) liquid-handling
robot for automatic nonradioactive ISH processing using
DIG-labeled miRNA antisense probes to miR-107 or miR-
223. Hybridization and wash temperatures were adjusted to
the theoretical melting temperatures of the DIG-labeled
probes. Probes were used at 230 nM, and either a scrambled
probe with no homology to known miRNAs or no probe
was used as a negative control. Hybridized miRNA antisense
probes were detected by catalyzed reporter deposition using
biotinylated tyramide followed by colorimetric detection of
biotin with avidin coupled to alkaline phosphatase, resulting
in a dark blue precipitate in cells containing the transcript of
interest (Carson et al., 2005; Yaylaoglu et al., 2005).

Protein Interaction Network and Gene
Ontology Analysis

The target gene sets for miRNAs with qRT-PCR-con-
firmed expression changes (miR-107, -130a, -223, -433-3p,
-451, and -541) were determined by the TargetScan (release
4.2) (Lewis et al., 2003) and PicTar (Krek et al., 2005) predic-
tion algorithms. Only those target genes identified by both
algorithms were retained for further analysis. We then
assembled lists of the miRNA target genes as determined by
the MiRanda algorithm (John et al., 2004; Betel et al., 2008).
The MiRanda data set was ranked by their scores, and the top
5% was combined with the data set identified by the intersec-
tion of the TargetScan and PicTar predictions.

Human orthologs of these target genes were identified by
the Inparanoid (O’Brien et al., 2005; Betel et al., 2008) and Homo-
loGene databases (release 60) (http://www.ncbi.nlm.nih.gov/sites/
entrez?Zdb=homologene). The human protein interaction data set
was obtained from the Human Protein Reference Database
(HPRD) (Peri et al., 2003; Mishra et al., 2006). By means of these
data, we constructed the protein interaction network of the pre-
dicted miRNA target genes. All self~connected nodes and isolated
pairwise connected nodes in the network were removed.

Gene Ontology (GO) annotations for the interacting pro-
teins were downloaded from Gene Ontology (http://www.
geneontology.org/go.current.annotations.shtml). We mapped
the high-level annotation terms (GO slim terms) to gain a high-
level view of gene functions. The predicted miRINA target genes
used to construct the protein interaction network were then com-
pared with the genome on the basis of GO annotations using the
GO slim terms for the “biological process’” and “molecular func-
tion” ontologies. To assess whether any GO slim term was
enriched within the predicted miRNA target genes, their repre-
sentation was compared with what would be expected by chance
from the population of all genes in the human genome.

Statistical Analysis

To determine whether miRNAs detected by microarray
analysis had altered expression levels after TBI, the ratio of the
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two sets of detected signals (sham operated vs. TBI, log, trans-
formed, balanced) was calculated, and changes between the
signal intensities evaluated by Student’s t-test. P values of
<0.01 were considered to be significantly different.

Quantitative RT-PCR data were compared by one-way
analysis of variance (ANOVA) to determine overall signifi-
cance level, followed by Bonferroni’s f-test for post hoc com-
parisons between experimental groups. For data that did not
pass the Kolmogorov-Smirnov normality test, a Kruskal-Wallis
one-way ANOVA on ranks was used to assess overall signifi-
cance level, and Dunn’s method for multiple comparisons was
used for post hoc pairwise comparisons. P values of <0.05
were considered to be significantly different.

To assess the statistical significance of GO slim term
representations in the predicted miRINA target gene data set
compared with what would be expected by chance from the
population of all genes in the human genome, we calculated
P values from the hypergeometric distribution. An adjustment
for multiple testing used the conservative Bonferroni correc-
tion to account for the 34 (biological process) and 29 (molec-
ular function) GO slim terms that were evaluated. A GO slim
term was considered over represented within the predicted
target genes if the corrected P value was < 0.01.

RESULTS

MicroRNA Expression Levels in the Ipsilateral
Hippocampus Are Altered After TBI

Total RINA was isolated from sham, 3-hr, and
24-hr post-TBI ipsilateral hippocampi (n = 6 per group),
and 10 pg from the individuals in each group was
pooled and size fractionated. The small RNA fractions
were fluorescently labeled (sham-Cy3; TBI-Cy5) and
competitively hybridized (sham, 3-hr TBI; sham, 24-hr
TBI) overnight on pParaflo microfluidic chips contain-
ing detection probes complementary to the mature cod-
ing sequences of 444 verified mouse or rat miRNAs
(Sanger miRBase Release, version 9.1). Figure 1A shows
representative images taken from one of the repeated
regions with pseudocolored fluorescent signals overlaid.
Array elements that appear red indicate elevated miRNA
expression in the ipsilateral hippocampus after TBI,
green array elements indicate more abundant expression
in the sham condition, and yellow array elements indi-
cate no change in expression. The independent microar-
ray experiments were reproducible, indicating the
hybridizations were robust (Fig. 1B). Of the 444
miRNA elements represented on the microarray, 223
met the criteria for reliable detection in sham-operated
animals for both microarray experiments. After TBI,
there was an increase in the number of reliably detecta-
ble miRNAs in the ipsilateral hippocampus to 285 (3 hr
after TBI) and 278 (24 hr after TBI) (Fig. 1B; Supp.
Info. Tables I, II, and III).

Out of a total of 294 miRNA transcripts that had
reliably detectable signal in both experiments, 219
(74.5%) were found in all three experimental conditions.
There were an additional 13 miRNA transcripts
expressed only at 3 hr after TBI, 7 expressed only at 24

24 hr TBI

3hrTBI 24hr TBI

278

Sham (223)

3h TBI (285) 24hTBI (278)

Fig. 1. MicroRNA expression after TBI. A: Pseudocolored Cy3/Cy5
overlay images of representative regions of the microfluidic array. (Left)
Representative sham/3-hr TBI image. (Right) Representative sham/24-
hr TBI image. Elements with higher expression in the sham condition
appear green, elements with higher expression after TBI appear red, and
elements with equivalent expression appear yellow. The boxed elements
correspond to miRNAs with altered expression that were subsequently
confirmed by qRT-PCR analysis: 1-miR-107, 2-miR-130a, 3-miR-
223, 4-miR-292-5p, 5-miR-433-3p, 6-miR-451, 7-miR-541, and 8-
miR-711. B: Venn diagrams illustrating the reproducibility of the inde-
pendent microarray experiments. The number of miRINA elements that
were classified as detectable within each condition are indicated, with the
elements in common between the experiments subjected to further analy-
sis. C: Venn diagram illustrating the intersection between the three exper-
imental groups of those miRNAs with detectable hybridization signals.
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mmu-miR-125a mmu-miR-103 mmu-miR-129-3p |mmu-miR-214 mmu-miR-23a mmu-miR-126-3p
mmu-miR-125b mmu-miR-107 mmu-miR-328 mmu-miR-298 mmu-miR-23b mmu-miR-155
mmu-miR-127 mmu-miR-130a mmu-miR-361 mmu-miR-30a-3p |mmu-miR-290 mmu-miR-19b
mmu-miR-146b  |mmu-miR-140* mmu-miR-487b  |mmu-miR-30a-5p [mmu-miR-30b mmu-miR-21
mmu-miR-148a mmu-miR-150 mmu-miR-30¢c mmu-miR-30e mmu-miR-223
mmu-miR-148b mmu-miR-151 mmu-miR-467b mmu-miR-451 mmu-miR-292-5p
mmu-miR-181a mmu-miR-181b mmu-miR-665 mmu-miR-467a mmu-miR-9
mmu-miR-22 mmu-miR-185 mmu-miR-675-5p |mmu-miR-671 mmu-miR-92
mmu-miR-221 mmu-miR-191 mmu-miR-691 mmu-miR-680
mmu-miR-25 mmu-miR-222 mmu-miR-721 mmu-miR-685
mmu-miR-320 mmu-miR-323 rmo-miRk-327 mmu-miR-689
mmu-miR-325 mmu-miR-329 mmu-miR-705
mmu-miR-346 mmu-miR-330 mmu-miR-711
mmu-miR-376a mmu-miR-379 mmu-miR-714
mmu-miR-485-5p |mmu-miR-382 mmu-miR-744
mmu-miR-852 mmu-miR-383 mmu-miR-762
mmu-miR-674* mmu-miR-422b
mmu-miR-§90 mmu-miR-433-3p
mmu-miR-98b mmu-miR-485
rno-miR-151 mmu-miR-541
rno-miR-221 mmu-miR-543
rno-miR-422b mmu-miR-667

rno-miRk-140*
rmo-miRk-151*

Fig. 2. MicroRNAs with significantly altered expression levels after
TBI. A: Venn diagram indicating the number of miRNAs with
altered expression 3 or 24 hr after injury. B: Temporal classification
of miRNAs exhibiting altered expression levels in the hippocampus

hr after TBI, and 51 that were found at both 3 hr and
24 hr after TBI (Fig. 1C; Supp. Info. Tables I, II, and
II). Of the 223 miRNAs detected in sham-operated
animals, 50 were determined to be significantly down-
regulated after TBI (Student’s t-test, P < 0.01). Twenty-
two of these miRINAs exhibited lower expression levels
only at 3 hr after injury, 4 were down-regulated only at
24 hr after injury, and 24 miRNAs were down-regu-
lated at both time points (Fig. 2). In addition, there
were 35 miRNA transcripts that were significantly up-
regulated after TBI (Student’s t-test, P < 0.01). Twelve
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after TBI. Underlining indicates miRNAs that did not have detecta-
ble expression levels in the hippocampus under sham conditions.
*indicate miRNAs derived from the -3p arm of the hair pin.

of these miRNAs were not detectable under sham con-
ditions and therefore represented newly expressed
miRNA species. Of the 35 up-regulated miRNAs, 11
were found to be up-regulated only at 3 hr, 8 were ele-
vated only at 24 hr after injury, and 16 were up-regu-
lated at both time points. We did not identify any miR-
NAs that were oppositely regulated at the time points
examined (i.e., up-regulated at 3 hr and down-regulated
at 24 hr, or vice versa).

To assess the potential for increased hybridization
noise after TBI, we also included a random selection of
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miRNA sequences harboring single-nucleotide mis-
matches on the microarray. The coding sequences for
the mismatch miRINNA probes were altered to contain a
single (G—=C) or (C—G) transition mutation (Supp.
Info. Table IV) to disrupt specific hybridization with the
wild-type target sequence. The position of the transition
mutation within the miRNA coding sequence was ran-
domly chosen. The percentage of signal intensity
remaining (100*mismatch signal/wild-type signal) for
the mismatch probes in the sham (Cy3) and TBI (Cy5)
wavelengths at each time point (3 and 24 hr) was calcu-
lated for each of 38 miRNAs whose wild-type detection
probes were reliably detected in sham samples. Of the
38 mismatch probes, 27 showed a >50% reduction in
signal intensity, 19 were reduced by >75%, and 17 were
reduced by >90%. The percentage of signal intensity
remaining in the sham and TBI samples was plotted as
histograms to look for potential differences in signal dis-
tribution that could be attributable to increased small
RNA fragments generated in apoptotic or necrotic cells
in the injured tissue. As Figure 3 shows, however, there
were no substantial differences between the distributions
of sham and 3-hr TBI (Fig. 3A) or 24-hr TBI (Fig. 3B)
signal intensities. We next plotted each mismatch probes’
percentage of remaining signal intensity under sham vs.
TBI conditions (Fig. 3C). The reduction in signal inten-
sity observed in sham samples as a consequence of the
single-base mismatch was equivalent to the signal loss
observed in the TBI samples. The resulting linear regres-
sion plots did not deviate from the expected relationship,
indicating that TBI did not interfere with, or increase
the noise level of, the microarray hybridizations.

Real-time RT-PCR Quantification

To confirm and extend the microarray analysis, we
purified total RNA from the ipsilateral and contralateral
hippocampi of sham-operated (n = 6), 3-hr (n = 5),
24-hr (n = 6), and 3-day (n = 6) post-TBI animals.
The expression levels of representative miRNAs were
then determined by qRT-PCR analysis by using Taq-
Man primers and probes specific to each miRINA target.
Changes in miRINA expression in the ipsilateral hippo-
campus, reiterating the 3-hr and 24-hr microarray times
and extending the time window to 3 days after injury,
are shown in Figure 4. The temporal expression patterns

v

Fig. 3. Analysis using single-base mismatch oligonucleotide probes.

A: Histogram plot of the percentage of signal intensity obtained

from mismatch probes compared with their corresponding wild-type
sequence probes from one microarray experiment. Thirty-eight mis-
match probes, each containing a single transition mutation, were
included on the microarray. The percentage of signal intensity
obtained from hybridizations using Cy-3-labeled sham and Cy-5-la-
beled 3-hr TBI RNA samples were grouped into 10 bins and plot-
ted. B: Histogram of percentage of signal intensity obtained from
Cy-3 labeled sham and Cy-5 labeled 24 hr TBI RNA samples. C:
Scatterplot of the remaining percentage of signal intensity obtained
from each mutant probe under sham and TBI

of miR-107, -130a, -433-3p, and -541, agree with the
microarray results, with all the targets being significantly
down-regulated at 3 hr and 24 hr after TBI (Fig. 4A).
All the miRNAs except miR-130a remained signifi-
cantly down-regulated at 3 days.
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Fig. 4. Temporal expression profiles of selected regulated miRINAs as
determined by qRT-PCR analysis of ipsilateral hippocampal RNA.
MicroRNA-107, -130a, -433-3p, and -541 (A) were selected from
the panel of down-regulated miRNAs, and miR-223, -292-5p, -451,
and -711 (B) were selected from the panel of up-regulated miRNAs
to confirm the microarray findings using an independent set of experi-
mental animals. Data are presented as the change in threshold cycle
compared with sham-operated animals (AC, = Cgsham — C.TBI).
Group sizes were as follows: n = 6 for sham; n = 5 for 3 hr after TBI;
n = 6 for 24 hr after TBI; n = 6 for 3 days after TBI. *P < 0.01.
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We next examined a panel of miRINAs that were
up-regulated as determined by the microarray experi-
ments. Similar to the microarray results, miRINA-223
showed no significant change in expression at 3 hr, but
a large increase at 24 hr that remained robust at 3 days
after injury (Fig. 4B). The mean changes in expression
for miR-451, -711, and -292-5p tracked the direction
of the changes found by microarray, although these
changes were not statistically different by qRT-PCR as
a result of variations in the animal-to-animal responses.

When we examined miRNA regulation in the
contralateral hippocampus, we found responses were
similar to those observed in the ipsilateral hippocampus
for miR-107, -130a, and -541. The exception was
miR-433-3p, which was not significantly altered in the
contralateral hippocampus at any of the time points
examined (Fig. 5A). In contrast to the similar responses
of the down-regulated miRNAs, there were substantial
differences between the ipsilateral and contralateral
responses for the up-regulated miRINAs miR-223, -451,
-711 and -292-5p (compare Figs. 4B and 5B). Although
there was a 4.91-cycle difference at 24 hr in the ipsilat-
eral hippocampus, miR-223 expression in the contralat-
eral hippocampus varied by less than 0.5 cycles at all
the time points examined. Interestingly, miR-292-5p
trended toward a decrease in expression at 3 days, a time
point at which miR-451 showed a statistically significant
decrease (Fig. 5B).

In Situ Hybridization Localization of miR-107
and miR-223 Transcripts

We used antisense LNA-containing oligonucleotide
probes (Kloosterman et al., 2006) to determine the dis-
tributions of miR-107 transcripts in the rat brain. Con-
sistent with previous findings that used human brain
tissue (Wang et al., 2008), we found strong miR-107
signal in neuron-like cells throughout the brain of sham-
operated animals, including all cortical layers, the dentate
gyrus, and the CA1-CA3 subfields of the hippocampus.
We did not observe any significant staining in compara-
ble sections incubated either with a scrambled LNA oli-
gonucleotide or no probe (Fig. 6A-H). Although TBI
did not affect overall localization of the miR-107 signal,
there was a decrease in staining in the areas underlying
and surrounding the impact site that may reflect down-
regulated expression and/or cell death (Fig. 6L,]).

MicroRNA-223  expression has been strongly
linked to various hematopoietic cells, but its expression
in the brain has not yet been examined. Although it was
weaker than that observed for the miR-107 antisense
probe, miR-223 signal was also detected in the dentate
gyrus and CA1-CA3 subfields of the hippocampus (Fig.
7A-F), with very weak signal detected in scattered corti-
cal cells (not shown). The miR-223 probe gave a punc-
tuate signal in the cell bodies that appeared both more
intense and abundant in the CA3 layer than in other
regions of the hippocampus (compare CA3 vs. dentate
gyrus). After injury, miR-223 localization was not sub-
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Fig. 5. Temporal expression profiles of selected regulated miRNAs
determined as determined by gqRT-PCR analysis of contralateral
RNA. MicroRNAs were selected from the panel of (A) down-regu-
lated and (B) up-regulated miRNAs to confirm the microarray find-
ings using an independent set of experimental animals, and extend
the time course to 3 days after TBI. Data are presented as the change
in threshold cycle from sham-operated animals (AC, = Cgsham —
C.TBI). Group sizes were as follows: n = 6 for sham; n = 5 for 3 hr
after TBI; n = 6 for 24 hr after TBI; n = 6 for 3 days after TBI.
*P < 0.01.

stantially altered, although it appeared to be more preva-
lent in the relatively large vessel-like structures scattered
throughout the brain (Fig. 7G-H).

Protein Interaction Network Prediction
and GO Analysis

Because some miRNAs have been predicted to
regulate the expression of up to several hundred target
genes (Rajewsky, 2006), we restricted this analysis to
only include genes predicted to be targeted by miRINAs
that were confirmed by qRT-PCR analysis to have stat-
istically different expression levels after TBI (miR-107, -
130a, -233, -433-3p, -451, and -541; see Figs. 3 and 4).
To create the protein interaction network, we used the
prediction algorithms PicTar (Krek et al.,, 2005), Target
Scan (release 4.2) (Lewis et al., 2003), and MiRanda
(John et al., 2004; Betel et al., 2008) to generate a com-
bined set of 585 target genes potentially regulated by the
validated miRNAs. This approach was used to attain a
more balanced data set between predicted target genes
with 5’-dominant miRNA sites, and those with imper-
fect 5 sites but containing sufficient 3'-compensatory
sites (Brennecke et al., 2005).

Because of the limited information currently avail-
able for analysis of rodent protein interactions, we per-
formed the subsequent steps using the human homo-
logues of the rodent genes. Currently, approximately
90% of mouse genes (27,793) have been mapped to their
corresponding human orthologs. We used the Homolo-
Gene (release 60) and Inparanoid databases (O’Brien
et al.,, 2005) to identify human homologues for 492 of
the 585 putative target genes in the data set. Three hun-
dred fifty-nine of these target genes were then found in
the HPRD, which consists of 37,108 protein interactions
derived from manual curation of the published literature
(Peri et al., 2003; Mishra et al., 2006). From this data
set, we constructed a protein interaction network that
contained 70 genes predicted to be targeted by the
screened miRNAs (Fig. 8A). For simplicity, all self-con-
nected nodes and isolated pair wise connected nodes
were removed from the network.

To gain a high-level view of gene functions that
may be affected by altered miRINA expression after TBI,
we downloaded the gene annotations for the 70 target
proteins represented in the protein interaction network
(Fig. 8A) from Gene Ontology (http://www.geneonto-
logy.org/go.current.annotations.shtml). We mapped the
more generalized GO slim term annotations of these tar-
get genes for the biological process and molecular func-
tion ontologies. There were 34 GO slim terms tested
within the biological process ontology, and 29 terms
tested within the molecular function ontology. The rep-
resentations of the GO slim terms for the predicted
miRNA-targeted genes were compared with an
expected genomewide representation. Figure 8B shows
those GO slim terms that were found to be statistically
overrepresented compared with what would be expected
by chance from the population of all genes in the human
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Fig. 6. MicroRNA-107 transcripts are abundant
in neurons throughout the brain. A-H: Sham-
operated animals. IJ: Animals 3 days after TBI.
Robust staining for the antisense miR-107 probe
was observed in neuronlike cells in all cortical
layers (A), CA1 (C), CA3 (E), and dentate gyrus
(G). Sections incubated with a scrambled probe
(B,D,F,H) yielded no significant signal. TBI
resulted in decreased miR-107 hybridization sig-
nal (arrows) in the CA3 and dentate gyrus
underlying the injury impact site (I, top right
corner). J: Higher-magnification image of (I).
Scale bars = 500 pum in A,B,I; 200 pm in J;
50 pm in C-H. DG, dentate gyrus; CAl, cornu
ammonis 1; CA3, cornu ammonis 3.

genome. Nine out of the 34 biological process terms activity) were significantly overrepresented in the protein
(transcription, signal transduction, protein modification, interaction network. Supporting Information Tables V
cell differentiation, morphogenesis, cell proliferation, cell and VI contain the slim term classifications of the target
cycle, growth, and embryonic development), and 3 of genes, as well as the miRINA predicted to target them,
the 29 molecular function terms (transcription regulator for the biological process and molecular function ontolo-
activity, transcription factor activity, and protein kinase gies, respectively.
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DISCUSSION

TBI provokes numerous molecular and biochemi-
cal changes throughout the central nervous system,
including altered mRNA and protein expression levels,
perturbed signal transduction, cell proliferation, apopto-
sis, and neurogenesis (Dash et al., 2004; Raghupathi,
2004; Richardson et al., 2007). Recent efforts have
greatly advanced our understanding of the changes in
mRNA and protein expression that are initiated after
brain injury, as well as our understanding of how these
changes relate to TBI pathophysiology. However, there
can be a disassociation between the expression levels of
mRNAs and their corresponding protein products (Gygi
et al, 1999). It is likely that at least some of the
observed differences between mRNA and protein

Fig. 7. In situ hybridization localiza-
tion of miR-223 transcripts. Micro-
RNA-223 signal is found in neuronal
cell layers throughout the hippocampus
(A) of sham-operated animals, includ-
ing the CA3 subfield (C) and dentate
gyrus (E). B,D,F: Background staining
observed after hybridization of sections
from sham-operated animals with a
scrambled oligonucleotide probe in the
hippocampus (B), CA3 subfield (D),
and dentate gyrus (F). G,H: Animals 3
days after TBI showing miR-223 stain-
ing of the dentate gyrus (G) and pre-
sumed vessels (arrows, H) within the
hippocampus. Scale bars = 500 pm in
A,B; 100 pm in C-H. DG, dentate
gyrus; CA1, cornu ammonis 1; CA3,
cornu ammonis 3.

expression levels can be attributed to the actions of
miRNAs, a recently discovered class of small noncoding
regulatory RNAs (Fire et al., 1998; Baek et al., 2008).
The results presented here demonstrate that TBI signifi-
cantly alters the expression levels of a large number of
mature miRNAs transcripts in the rodent hippocampus
(85 of 444 screened, Fig. 2). Because individual
miRNAs can regulate the expression of numerous target
genes (Lewis et al.,, 2005; Lim et al., 2005), altering the
expression levels of such a large panel of miRNAs may
greatly affect TBI pathophysiology and outcome. In
agreement with this, an analysis of the predicted targets
of a subset of the miRINAs with altered expression after
TBI (miR-107, -130a, -223, -433-3p, -451, and -541)
revealed that many of the target genes are involved in
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biological functions and processes that play a role in TBI  expression levels may be influenced by miRNA-medi-
pathophysiology, including transcription, proliferation, ated regulation.

morphogenesis, and signal transduction (Fig. 8). Some of Microarray analysis of miRINA expression levels
the predicted miRINA target genes have been previously  after TBI provided a platform to analyze a large number
shown to be altered after brain injury (e.g., BDNF, of targets simultaneously, giving an overall assessment of
GADD45B, PPARY, and RAGE) (Kobori et al., 2002;  relative changes in expression and yielding a possible
Ma et al, 2003; Victor et al,, 2006; Quintana et al., miRNA expression signature for TBI. It has been
2008), suggesting the possibility that changes in their reported that both the number and expression levels of
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miRNAs are enriched in the brain compared with other
organs (Nelson et al., 2008). In agreement with this, our
results found detectable expression for 294 out of the
444 mature rodent miRNA transcripts included on the
microarray. It is likely that this underestimates the total
number of miRNA transcripts expressed in the rodent
brain because we only included validated miRNA
sequences in our analysis, and approximately 550 miR-
NAs have been annotated in the human brain (Bere-
zikov et al., 2006). A total of 114 of the 294 miRNA
transcripts detected in this study were also found to be
expressed in the brains of rats subjected to transient focal
ischemia (Jeyaseelan et al.,, 2008). The additional 180
miRNAs detected in our study are attributable to the
inclusion of 206 mouse-derived miRNAs on our micro-
array that were absent in the stroke study. Of the 52
miRNAs we detected with altered expression levels 24
hr after TBI, 31 also responded to ischemia/reperfusion
injury. However, only 14 of the 31 regulated miRNAs
in common between the two studies had expression lev-
els that changed in the same direction, a finding consist-
ent with the different natures of the injuries. We used
qRT-PCR to further examine 10 miRNAs with altered
expression levels detected by the microarray analysis (4
down-regulated, 6 up-regulated). We were unable to
obtain a qRT-PCR signal for one candidate (miR-290),
and one was determined to have no change in expres-
sion (miR-30e). However, the mean change in expres-
sion levels detected by qRT-PCR analysis for the
remaining eight miRNAs, representing approximately
10% of the cohort of altered miRNAs, coincided with
the microarray findings (Figs. 4 and 5).

The reported functions of some of the qRT-PCR
confirmed miRNAs include involvement in Alzheimer’s
disease pathogenesis (miR-107) (Wang et al., 2008),
pancreatic development (miR-541) (Joglekar et al.,
2007), hematopoiesis (miR-223 and miR-451) (Fazi
et al.,, 2005; Masaki et al., 2007; Zhan et al., 2007),
inflammation (miR-223) (Johnnidis et al., 2008), and
angiogenesis (miR-130a) (Chen and Gorski, 2008).
Neuroinflammation, vascular compromise, and later
angiogenesis are processes initiated by TBI that contrib-
ute to the overall pathophysiology. The vital role of
miRNA processing in controlling angiogenesis was
revealed by the embryonic lethality and defective blood
vessel formatron/mamtenance phenotype exhibited by
dicer™"?~deficient mice (Yang et al., 2005). Recent
investlgatlons indicate that many different miRNAs
likely play key roles in regulating angiogenesis, inflam-
mation, and vascular disease (Urbich et al., 2008). Con-
sistent with this, numerous miRNAs exhibit enriched
expression in endothelial cells, including miR-103/107,
-126, -21, -221, -222, -23a, -23b, -29, -320, and -92
(Poliseno et al., 2006; Dews et al., 2006; Kuehbacher
et al., 2007; Suarez et al., 2007).

We found that the expression levels of many miR-
NAs related to endothelial cell function were altered at-
ter TBI. Two members of the miR-17-92 cluster, miR -
19b and -92, as well as miR-21, were up-regulated after

TBI, while miR-130a, -221, and -222 were down-regu-
lated. Increased expression of members of the miR-17-
92 cluster (miR-17-5p, -17-3p, -18a, -19a, -19b, -20,
and -92) can promote tumor vascularization by targeting
and down-regulating antiangiogenic factors such as
thrombospondin-1 and connective tissue growth factor
(Dews et al., 2006). MicroRNA-21 plays a role in vas-
cular smooth muscle cell proliferation and neointimal
lesion formation after vascular injury (Ji et al.,, 2007).
MicroRNAs -221 and -222 are involved in repressing
angiogenesis in cultured HUVEC cells by down-regulat-
ing c-Kit, resulting in decreased vascular endothelial
growth factor expression and a reduced capacity to form
capillaries (Poliseno et al., 2006). Likewise, miR-130a
expression regulates angiogenesis by inhibiting the
expression of the antiangiogenic transcription factors
GAX and HOXAS5 (Chen and Gorski, 2008). As both
vascular compromise, leading to disruptions in the integ-
rity of the blood-brain barrier, and angiogenesis have
been reported after TBI, manipulation of the expression
levels of these miRNAs may provide a means for tem-
pering post-TBI vascular disruptions.

Brain-derived neurotrophic factor (BDNF) plays an
important role in learning and memory, particularly in
regulating synaptic plastic and dendritic spine develop-
ment, and its 3’ UTR is involved in dendritic targeting
of the mRINA (Yamada et al., 2002; An et al., 2008;
Bekinschtein et al., 2008; Lu et al., 2008). Many highly
regulated mRINA transcripts, including BDNF, possess
relatively long 3’ UTRs (Stark et al., 2005). BDNF
mRNA levels are up-regulated after TBI (Kobori et al.,
2002), and our analysis found that BDNF was a pre-
dicted target of miR-107, a microRNA that was rapidly
down-regulated after TBI. Interestingly, decreased
miR-107 expression correlates with the progression of
Alzheimer’s disease, and may contribute to disease
pathogenesis by regulating BACE1 (B-site amyloid pre-
cursor protein-cleaving enzyme 1) expression (Wang
et al., 2008). Whether or not decreased miR-107
expression after TBI is related to an increased risk of
developing Alzheimer’s disease remains to be explored
(Van Den et al., 2007). A closer inspection of the
BDNEF 3’ UTR shows that it contains predicted binding
sites for up to 160 different miRNAs (http://www.mi-
crorna.org/microrna/home.do). Included among the
miRNAs with predicted BDNF 3 UTR binding sites
are 24 transcripts that showed altered expression levels
after TBI. One of these altered miRNAs was miR-30-
5p, which was recently reported to regulate BDNF
expression (Mellios et al., 2008). In contrast to miR-
107, miR-30-5p is acutely up-regulated after TBI. Deci-
phering the myriad of interactions that are likely to
occur amongst target genes with multiple miRNA bind-
ing sites, as well as between difterentially regulated target
genes involved in the same biological process, will
require additional research effort.

The results of this study show that TBI changes
the expression levels of a large number of mature miR-
NAs in the hippocampus, and this may then alter the
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expression levels of proteins involved in a variety of cel-
lular processes including intracellular signaling, cellular
architecture, inflammation, metabolism, cell death, and
survival. Future studies that use genetic approaches or
specific miRNA mimics/inhibitors may help address
whether or not alterations of these miRNAs can be cau-
sally linked to specific target proteins and their roles in
memory dysfunction or other pathologies observed after
TBI. With advances in the specificity and delivery of
mimetic and inhibitor compounds, the miRNAs found
to be altered after TBI could be targeted for therapeutic
intervention and for regenerative medicine. This may be
a useful treatment approach because miRNAs can regu-
late the expression of multiple target genes, suggesting
that they may be successfully used to effect a combina-
tion treatment plan.
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