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Abstract

Wars in Irag and Afghanistan have highlighted the problems of diagnosis and treatment of mild traumatic brain injury
(mTBI). MTBI is a heterogeneous injury that may lead to the development of neurological and behavioral disorders. In the
absence of specific diagnostic markers, mTBI is often unnoticed or misdiagnosed. In this study, mice were induced with
increasing levels of mTBI and microRNA (miRNA) changes in the serum were determined. MTBI was induced by varying
weight and fall height of the impactor rod resulting in four different severity grades of the mTBI. Injuries were characterized
as mild by assessing with the neurobehavioral severity scale-revised (NSS-R) at day 1 post injury. Open field locomotion and
acoustic startle response showed behavioral and sensory motor deficits in 3 of the 4 injury groups at day 1 post injury. All of
the animals recovered after day 1 with no significant neurobehavioral alteration by day 30 post injury. Serum microRNA
(miRNA) profiles clearly differentiated injured from uninjured animals. Overall, the number of miRNAs that were significantly
modulated in injured animals over the sham controls increased with the severity of the injury. Thirteen miRNAs were found
to identify mTBI regardless of its severity within the mild spectrum of injury. Bioinformatics analyses revealed that the more
severe brain injuries were associated with a greater number of miRNAs involved in brain related functions. The evaluation of
serum MiRNA may help to identify the severity of brain injury and the risk of developing adverse effects after TBI.
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Introduction levels of brain specific/enriched proteins such as S-1008, glial
. Lo ) ) o fibrillary acidic protein (GFAP) and its breakdown products, and
Traumatic brain injury (TBI) is one of the signature injuries in ubiquitin carboxyl-terminal esterase L1 (UCH-LI) have been
the conflicts with Iraq and Afghanistan [1]. Thirty percent of proposed as diagnostic markers of severe TBI, but their utility in

Comb%t troops of Operation Iraqi Freedom (OIF) and Qper at'%on the diagnosis of mild to moderate TBI is still unknown [7—-12]. The
Enduring Freedom (OEF) have been diagnosed with mild,

moderate, or severe TBI. More TBI cases occur out of the
combat zone due to vehicle crashes, falls, sports, and recreational
activities, which account for 84% of the total military TBI cases
(www.dvbic.org). The Glasgow Coma Scale (GCS) is a standard

majority of mild brain injuries recover spontaneously. However,
10-20% of mTBI patients continue to suffer from post concussive
syndrome [3,13-15]. Therefore, it is important to establish
diagnostic marker(s) that can distinguish patients with a head

‘ injury regardless of the severity of the injury as well as distinguish
measure to ascertain the initial severity and prognosis of TBI [2]. individuals based on severity of mTBI.

Mild TBI (mTBI), which is the most common form of military and MicroRNAs (miRNA), which are small (19-28 nt) non-coding
civilian TBI, is characterized by loss of consciousness for <30 min
and post traumatic amnesia for <24 hr with a GCS of 13-15, and
accounts for 77% of the total TBI cases [3]. Diagnosis of mTBI is
difficult as the injury may go unnoticed due to the lack of any

endogenous RNA, have shown great promise as diagnostic
markers of several diseases and disorders [16-18]. Unique changes
in the expression of miRNAs in the brain samples after TBI have
been reported [19-23]. Redell and group have also investigated

immediate - symptoms and c.onﬁrmcd pa.thol({gy. Computed the diagnostic potential of the miRNA in severe TBI [20]. To date,
tomography (C'T) and magnetic resonance imaging (MRI) have

a comprehensive evaluation of miRINA as a diagnostic biomarker
limited ability to detect mild brain tissue damage [4-6]. Serum

of mTBI, which also addresses the heterogeneous nature of mTBI,
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has not been described. The present study was designed to identify
serum miRNAs as biomarkers of mild brain injury, which could
identify the occurrence of mTBI independent of the severity of the
injury within the mild spectrum of TBI.

In this study, a previously described free-fall weight-drop model
of mTBI [25] with modifications was used to study the
neurobehavioral deficits over a period of 30 days and miRNA
modulation during the acute phase of injury. This model
resembles the blunt head trauma resulting from a vehicle crash,
combat, falls, and other recreational activities. Mice were
subjected to an increasing grade of injury within the mild
spectrum by varying the weight and height of the falling metal
rod, with the most severe being a 3 c¢m fall height combined with a
333 g weight [25]. The neurobehavioral severity scale-revised
(NSS-R) was measured at day 1 post injury, along with open field
locomotion (OFL) activity and acoustic startle responses (ASR).
NSS-R scores correlated and increased significantly with the grade
of injury. OFL activity and startle responses were reduced in the
injury groups, except the 2461g/2 cm injury. OFL and ASR
activity returned to normal levels by day 14 post injury and
remained constant through day 30 post injury measurements. To
determine the miRNA changes in the serum during the acute
phase of injury, miRINA arrays were performed on serum RNA
isolated at 3 hr post injury. Thirteen miRNAs showed similar
expression changes among injured mice compared to sham
controls. Bioinformatics analyses using the Ingenuity Pathway
Analysis (IPA) and DNA Intelligent Analysis (DIANA)-miRPath
software showed that the number of significantly modulated serum
miRNAs predicted to be involved in brain related functions
increased with the severity of the injury.

Material and Methods

Animals and Injury

10-11 weeks old C57B1/6] (Stock# 000664) male mice were
obtained from Jackson Laboratories (Bar Harbor, ME). The
animals were acclimatized to their new environment for a week
and had continuous access to food and water. During the
acclimatization period and throughout the experiment, the
animals were housed on a reversed light cycle and were handled
daily by the laboratory staff. The reverse light cycle was used
because mice are nocturnal animals, so the behavioral measures
were made during their active periods. Daily handling was done to
habituate animals to laboratory staff and handling procedures,
thereby reducing any stress associated with handling the animals
during the experimental procedures.

Ethics Statement. All of the animal experiments were
reviewed and approved by the Uniformed Services University of
the Health Sciences (USUHS) Institutional Animal Care and Use
Committee and were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (Committee on Care
And Use of Laboratory Animals of The Institute of Laboratory
Animal Resources, National Research Council, NIH Publication
No. 86-23, revised 1996).

A weight drop injury apparatus (Figure S1A) was custom made
by F]JB Engineering (330-1 North Stone Street Ave., Rockville, MD
20850) based on the description given in Flierl et al. (2009) [25].
The mice were anesthetized using a continuous flow of isoflurane/
oxygen mix. The hair on the head was shaved and the animals
were placed on the platform where continuous anesthesia was
provided through a nose cone. The skin was sterilized using 10%
povidone-iodine (Betadine) solution (Purdue Products L.P.,
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Stamford, CT). A single cut was made along the mid line of the
head to expose the skull. Injury coordinates were: left parietal lobe,
2.5 mm from sagittal suture, and 2.5 mm from lamboid suture
(Figure S1B). Injury was induced by a free falling metal rod with a
rubber tip of 1 mm diameter (Figure S1A). Rebound injury was
minimized by immediately catching the rod after the primary
impact. Animals were resuscitated by gently massaging the thorax
and providing oxygen through the nose cone. Once continuous
breathing resumed, the animals were again put on mild anesthesia
using the nose cone. Animals without skull fractures were included
in the experiment and the scalp skin was sutured back using
Vetbond Tissue Adhesive 1469SB (3 M, St.Paul, MN, USA). The
animals were then placed in a cage on a warming mat and were
allowed to recuperate from the anesthesia. Injury day was
considered as day 0. Sham controls were similarly handled and
received only the scalp cut under anesthesia.

Study Design

The experiment was designed to evaluate the neurobehavioral
alteration in the mice following mTBI over a 30 day period and to
evaluate the serum miRNA changes of mice at 3 hr post injury.

Behavior Study. Multiple smaller cohorts were combined to
complete the final analyses. Four different injury groups: 246 g/
2cm n=32), 246 g/3 cm (n=29), 333 g¢/2 cm (n=20) and
333 g/3 cm (n=6) were based on the weight of the impact rod
and the height of the fall, respectively. These groups are referred to
as injury severity 1 (IS =246 g/2 cm), injury severity 2 (IS2
=246 g/3 cm), injury severity 3 (IS3 =333 g/2 cm), and injury
severity 4 (IS4 =333 g/3 cm) through rest of the manuscript.
Sham controls (n=42) were included in the experiment to
determine the effect of handling and surgery (scalp cut and
suture) on the animals’ neurobehavioral responses. In the sham
group, animals were handled similar to that of the injured groups
except that no injury was made after the scalp cut. The skin was
sutured back without making the impact trauma and the animals
were allowed to recuperate in the cage similar to the injured
animals. An additional control of naive (n=25) animals was
included to determine the basal level of normal neurobehavioral
responses. The naive group of animals was kept in their housing
room and not taken to the surgery room to avoid any stress related
to being in the surgery room. Baseline measurements for NSS-R,
OFL, and ASR were taken at day 3 (day —3) before the injury (day
0). NSS-R was also measured at day 1 post injury and ASR and
OFL were measured at days 1, 14, and 30 post injury.

MicroRNA Study. A separate group of animals for all four
injuries as described above in the behavior study, were used in the
miRNA study (n =6 each group). In addition, a sham group (n = 6)
was included to account for miRNA changes that may occur due
to the surgical process such as anesthesia, scalp cut, stress of
handling the animal, and sutures. MiRNA expression of injured
animals was compared with that of the sham to determine the
modulation in miRNA expression due to brain injury.

Neurobehavioral severity scale-revised (NSS-R)

A revised form of the neurological severity scale (NSS), initially
developed for rats, was modified for mice and measured 3 days
before the injury (day —3) and at day 1 post injury [26-27]. The
NSS-R is a specific, continuous sequence of 10 behavioral tests
and observations. This measure was originally designed to model a
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clinical neurological exam conducted in human neurology
patients. This particular sensory-motor assessment scale was based
on several previous reports and has been modified to increase
standardization and sensitivity [27-32]. Ten tasks assess reflex
suppression, general movement, and postural adjustments in
response to a challenge. The NSS-R uses a three-point Likert
scale, in which a normal, healthy response is assigned a “0,” a
partial or compromised response is assigned a “1,” and the
absence of a response is assigned a “2.” This three-point scale is
clear and reliable and allows for greater discrimination based on
sensory-motor responses than do previous scales that used two-
point ratings of each response. The NSS-R has a scoring range of
0-20, with higher scores reflecting greater extent of injury. All
personnel were blinded to the treatment groups for the NSS-R
measurements, but not to the naive group. Naive animals did not
exhibit a scalp cut and sutures, which were otherwise were present
on all the sham and injured animals, and therefore, were easily
identifiable. Animals were evaluated on all 10 tasks as listed in
Table SI.

Open Field Locomotion (OFL) test

Open field locomotor activity was measured to evaluate the
unconditional behavior of the mouse in its environment. OFL test
was performed at 3 days prior to injury (baseline; day —3) and
days 1, 14, and 30 post injury. Data collected included horizontal
activity for general health and gross motor skills; center time as an
index of anxiety-related behavior (where less time spent in the
center of the cage is interpreted as more anxiety-related behavior);
and vertical activity as an index of depression-related behavior
(where less vertical activity may indicate less escape behavior
which is interpreted as more depression-related behavior) [33-37].
Locomotor activity was measured using an Omnitech Electronics
Digiscan infrared photocell system [Test box model RXYZCM
(16 TAO); Omnitech Electronics, Columbus, OH] as described
before [38]. One hour activity measurements were obtained
during animals’ active cycle. Animals were placed singly in a
20x20x30 cm clear Plexiglas arena covered with a Plexiglas lid
with multiple holes to ensure adequate ventilation. A photocell
array measured horizontal locomotor activity using 8 pairs of
infrared photocells located every 2.5 cm from side-to-side and 16
pairs of infrared photocells located front-to-back in a plane 2 cm
above the floor of the arena. A second side-to-side array of 8 pairs
of additional photocells located 5.5 cm above the arena floor
measured vertical activity. Data were automatically gathered and
transmitted to a computer via an Omnitech Model DCM-I-BBU
analyzer.

Acoustic startle reflex (ASR) test

Acoustic startle reflex is a characteristic sequence of involuntary,
defensive, muscular responses elicited by a sudden, intense
acoustic stimulus. Measurement of acoustic startle response with
and without prepulse provides information about information
processing and attention [39-43]. ASR was measured 3 days prior
to injury (baseline; day —3) and on days 1, 14, and 30 post injury
using a Med Associates Acoustic Response Test System (Med
Associates, Georgia, VT) consisting of weight-sensitive platforms
inside individual sound-attenuated chambers. Each mouse was
placed individually in a ventilated holding cage that restricted
extensive locomotion, but allowed them to turn around and make
small movements. Animal movements in response to stimuli were
measured as a voltage change by a strain gauge inside each
platform. Responses were recorded by an interfaced Nexlink
computer as the maximum response occurring during the no-
stimulus periods, during the pre-pulse period, and during the
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startle period. Startle stimuli ranged from 100 to 110 dB and were
white noise bursts of 20 msec duration sometimes preceded
100 msec by 68, 79, or 90 dB 1 kHz pure tones (pre-pulses). Each
stimulus combination was presented six times. The total testing
period was about 20 min.

Behavior Data Analysis

Analysis of covariance (ANCOVA) and repeated measures
analysis of covariance rmANCOVA) were conducted for each of
the behavioral variables, covarying for baseline scores to account
for any baseline differences. NSS-R data were analyzed by a
change score (1 day post injury — Baseline) [44]. OFL data were
separated into three subscales: horizontal activity, center time, and
vertical activity. The 100 dB ASR data were analyzed. All tests
were two tailed using alpha =.05. Data for all the behavior
analysis 1s presented as mean * standard error mean (SEM).

MIRNA expression profiles in serum

To determine the effect of acute injury on the circulating
miRNA expression profile, serum was collected via cardiac
puncture at 3 hr post injury. 600-800 pl of blood was collected
in the MiniCollect tube (Cat# 450472, Greiner Bio-One GmbH,
Austria) and was allowed to clot at room temperature for 30—
45 min. Serum was collected by centrifuging the blood samples at
3000 g/10 min at 4°C and immediately stored at —80°C. Total
RNA enriched with miRNA was isolated from serum using
miRNeasy Serum/Plasma Kit (Cat# 217184; Qiagen Inc. CA).
MiRNA concentration was determined by Bioanalyzer (Agilent
Technologies, Inc., Santa Clara, CA). Five ng of miRNA was
taken for synthesizing complementary miRNA using the TagMan
MicroRNA Reverse Transcription (RT) Kit (Cat# 4366596; Life
Technologies, Carlsbad, CA). For each sample, the following RT
reaction mixture was set: 0.27 pl dNTP (100 M), 1 ul RT buffer
(10X), 1.2 pl MgCly (25 mM), 0.14 ul RNase inhibitor (20 U/pl),
2 uWl RT enzyme (50 U/ul), and 1 pl Megaplex RT Primers (either
Rodent Primer Pool A [Cat# 4399826] or Rodent Primer Pool B
V 3.0 [Cat# 4444299]). Five ng of miRNA in 3 ul volume was
then mixed with the above 7 pl RT master mix to make a final
reaction volume of 10 pl for each of the Pool A and B reaction.
RT reaction was carried out on Veriti 96-Well Thermal Cycler
(Life technologies, Carlsbad CA) as: [16°C/2 min; 42°C/1 min;
50°C/1 sec] X 40 cycles; 85°C/5 min; and hold at 4°C. Pre-
amplification of the RT reaction was done as follows: Pre-amp
master mix was made by mixing 12.5 pl TagMan Pre-Amp
Master Mix (2X) (Cat# 4384266); 2.5 ul of Megaplex Pre-Amp
Rodent Primer (either Pool A [Cat# 4399922] or Pool B V 3.0
[Cat# 4444309]); and 5 pl nuclease free water. Five pl of RT
reaction of either Pool A or Pool B was mixed with the 20 pl of the
above respective Pre-amp master mix. Pre-amp reaction was
carried out on Veriti 96-Well Thermal Cycler (Life technologies,

Figure 1. H&E stained sections of the brain. Histological
evaluation of the brain tissue at the site of injury (arrow) was done to
check for the lesion in the brain tissue following mTBI. No significant
difference was observed in brain tissue sections between the sham (A),
IS1 (B), 1S2 (C), 1S3 (D) and IS4 (E). Scale is 1 mm.
doi:10.1371/journal.pone.0112019.g001
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Figure 2. NSS-R for animals at day 1 post injury. Change scores
between day 1 post injury and baseline were calculated. A gradual, but
significant increase in the NSS-R scores were observed day 1 post injury
with the increased severity of the injury within the mild spectrum. As
expected, naive and sham groups did not show any increase in their
NSS-R scores. No change was observed in the I1S1 group. NSS-R score of
1S2, 1S3, and 1S4 groups increased and was the highest among the 1S4
group. * P value <0.05.

doi:10.1371/journal.pone.0112019.9g002

Carlsbad CA) as: 95°C/10 min; 55°C/2 min; 72°C/2 min;
[95°C/15 sec; 60°C/4 min] X 14 cycles; 99.9°C/10 min; and
held at 4°C.

MiRNA profile was carried out using the TagMan Rodent
MicroRNA Array Set v3.0 (Life Technologies, Carlsbad, CA) as
per manufacturer’s protocol. Briefly, for each of the Pool A and B
reactions, 9 pl of the pre-amp reaction product was mixed with
450 ul of TagMan Universal Master Mix, no UNG (Cat#
4440040), and 441 pl of nuclease free water. Each of the reaction
mixes was then loaded onto the respective pool’s miRNA array
plate. PCR reaction was carried out as 94.5°C/10 min; [97.0°C/
30 sec; 59.7°C/1 min] X 40 cycles on 7900 HT Fast Real Time
PCR machine (Life Technologies, Carlsbad, CA).

Data analysis of miRNA array

MiRNA array threshold cycle (Ct) values were imported into
the Real-Time StatMiner Software V.4.5.0.7 (Integromics,
Madison, WI) for further analysis. StatMiner software allows
merger of both plates A and B of the sample. Samples were
grouped according to the weight and the fall height of the injury:
IS1, IS2, IS3, IS4, and sham control. Imputation for missing
values was skipped, and data were filtered for Ct <36 and “l or
more failure in 6 replicates”. Therefore, miRNAs that had Ct
value <36 in all the six biological replicates were considered
“expressed” and were taken for further analysis. Data were
normalized using the “global normalization” as described
elsewhere [45]. Relative quantitation (RQ) of the expression data
was done over the sham controls and miRNAs that had more than
1.5 fold modulation with a P value <0.05 were considered as
significantly modulated miRNAs. For the miRNAs where expres-
sion was absent (i.e., Ct>36), the fold differences were calculated
using the actual Ct value, with the maximum being 40. The “Ct
status” is given as ‘“‘calibrator not detected” or ‘target not
detected” for expression being absent in “sham” or “injured”
groups respectively. Ct status was given “valid” when the miRNA
expression was detected (Ct<36) in both the ‘“sham” and
“injured” groups.

For the identification of miRNAs that may be used as “‘stably
expressed miRINA” for validation of serum miRNA array data, the
following approach was taken [46]: Ct values of all miRNAs across
the samples, including both the injury and the sham groups, were
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taken. Mean and median Ct were calculated for each of the
miRNA along with the standard deviation (SD). All miRNAs that
had SD values >1 were eliminated. Remaining miRNAs were
checked for similar average and median values and those
differences greater than 0.5 were eliminated. Remaining miRNAs
were checked for the mean Ct range of 14-20 to ensure abundant
expression of the miRINA.

Validation of individual miRNA expression

Expression of miRNAs, miR-214, miR-376a and miR-199a-3p
was validated using the singleplex miRNA assay (Life technologies,
Carlsbad, CA; Assay# 002306, 001069 and 002304, respectively).
MiRNA miR-16 and miR-1937b were used as stable endogenous
controls (Life Technologies, Carlsbad, CA; Assay# 000391 and
241023 respectively). A multiplex PCR was performed on 5 ng of
miRNA as per manufacturer’s protocol. A multiplex RT primer
pool was prepared by mixing 10 pl of individual 5 X R'T primers
for each miRNA. 1X TE was added to make a final volume of
1000 pl. Multiplex RT reaction was set using the TagMan
MicroRNA Reverse Transcription (RT) Kit Cat# 4366596, Life
Technologies, Carlshad, CA) as follows: 6 ul of above multiplex
RT primer pool; 0.3 pl of ANTP with dTTP (100 M); 3 ul of RT
enzyme (50 U/ul); 1.5 ul of 10X RT buffer; 0.19 pl of RNAse
inhibitor (20 U/ul); and 3 ul of RNA (5 ng). RT was carried out
on Veriti 96-Well Thermal Cycler (Life technologies, Carlsbad
CA) as follows: 16°C/30 min; 42°C/30 min; 85°C/5 min; and
held at 4°C. For pre-amplification of RT product, multiplex pre-
amplification primer pool was prepared by mixing 10 pl of
individual 20X TaqMan assay primer for each miRNA. 1X TE
was added to make a final volume of 1000 pl. Pre-amplification
reaction was set as follows: 12.5 ul TagMan Pre-Amp Master Mix
(2X) (Cat# 4384266); 3.75 pl of above multiplex pre-amplification
primer pool; 3.75 pl nuclease free water; and 5 pl of multiplex RT
reaction product. Pre-amp reaction was carried out on Veriti 96-
Well Thermal Cycler (Life technologies, Carlshad CA) as: 95°C/
10 min; 55°C/2 min; 72°C/2 min; [95°C/15 sec; 60°C/4 min]
X 14 cycles; 99.9°C/10 min; and held at 4°C. Individual miRNA
real time PCR was set in triplicates as follows: 10 ul of 2X
TagMan Universal Master Mix, no UNG (Cat# 4440040); 1 pl of
20X TagMan Assay of miRNA; 7.67 ul nuclease free water; and
1.33 ul of multiplex pre-amp product (1:5 diluted). Real Time
PCR reaction was carried out as: 50°C/2 min; 95°C/10 min;
[95°C/30 sec; 60°C/1 min] X 40 cycles on 7900 HT Fast Real
Time PCR machine (Life Technologies, Carlsbad, CA). Three
biological repeats were performed for each of the miRNAs and
data are presented as fold change values using the comparative Cit
method (2~ AAC0) yalyes.

Histology of brain sections

Following blood collection for the miRNA study, whole brains
were harvested from mice and fixed in 10% normal buffered
formalin. Fixed brain tissues were then processed, paraffin
embedded, and 5 micron sections were cut at the hippocampus
level and stained with H&E (Histoserv Inc., Germantown, MD).
Sections were then evaluated under bright field microscopy.

Results

Mortality associated with the initial impact increased
with the height of fall and rod weight

Animal mortality immediately after the impact with the falling
weight increased with increase in the height of the fall and the
weight of the rod. The percent mortality was 6.7+2.29, 41.3£5.4,
33.+14.11, and 65.9%11.5 in IS1, IS2, IS3, and IS4, respectively.
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Figure 3. Neurobehavioral Activity. OFL test was conducted to evaluate animals’ various activities in an open field as a measurement of
behavioral deficits. Overall, day 1 showed significant reductions in the activities of injured animals as compared to the naive and sham controls
except for the IST group, which was not significantly different from that of naive and sham groups. (A) Horizontal activity was evaluated as an
indicator of the overall health. Activity was significantly reduced in the IS3 and IS4 groups. Activity in the 1S2 group was significantly reduced as
compared to the activity of IS1. Activity of IST and IS2 groups were not significantly different from the sham group. (B) Time spent in the center of the
open field was evaluated as an indicator of anxiety-like behavior. Center time of the animals in 1S3 and 1S4 groups was reduced as compared to the
246 g injury groups (i.e., IS1 and 1S2), sham and naive animals. The reduction in activity reached significance in the 1S3. (C) Vertical activity was
measured as an indicator of depression-related behavior. Vertical activity of the injured animals was significantly less than that of the sham and naive
animals except the IS1 group. * P value <0.05. (D) Startle response was measured as an indicator of emotional distress and potential sensory gating
impairments. Startle responses of all injured groups, except the I1S1 group, were reduced when compared to naive and sham groups at day 1 post
injury. There were no differences between groups at days 14 and 30 post injury, except in the 1S4 group where the startle response was significantly
higher than all other groups at day 14 post injury. Values are expressed as Mean = SEM. * P value <0.05.

doi:10.1371/journal.pone.0112019.9003
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doi:10.1371/journal.pone.0112019.g004
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Table 1. Significantly modulated miRNA in IS1.

MicroRNA as Diagnostic Markers of Mild TBI

S. No. MiRNA P Value Fold Difference(log10 [RQ])
Calibrator not detected

1 mmu-miR-376a 9.43E-04 1.99

2 mmu-miR-494 1.85E-04 1.94

3 mmu-miR-297a# 3.11E-02 1.56

4 rno-miR-345-3p 4.78E-03 1.08
Valid

5 hsa-miR-214 1.82E-03 0.58

6 mmu-miR-214 6.37E-03 0.54
7 mmu-miR-337-5p 2.10E-02 0.52
8 mmu-miR-574-3p 2.16E-02 0.51

9 mmu-miR-434-3p 2.16E-02 0.41
10 mmu-miR-671-3p 1.76E-02 0.39
1 mmu-miR-218 4.46E-02 0.36
12 mmu-miR-676 1.58E-02 0.33
13 mmu-miR-199a-3p 3.34E-02 0.32
14 hsa-miR-455 4.71E-02 0.28
15 mmu-miR-322 9.85E-03 —0.34
16 mmu-miR-331-3p 1.99E-02 —0.35
17 hsa-miR-106b# 2.80E-02 —0.40
18 mmu-miR-106b 1.41E-02 —0.47
19 mmu-miR-2138 5.83E-03 —0.61
20 mmu-miR-31 2.16E-02 —0.85
Target not detected

21 mmu-miR-363 4.59E-02 —1.40
22 mmu-miR-181c 2.86E-02 —1.66
23 rno-miR-196¢ 4.66E-02 —1.81

Aacoy
doi:10.1371/journal.pone.0112019.t001

No mortality was observed in the injured groups at the later time
points in the experiment. Apnea immediately after the impact
occurs in rodent model of weight drop injury and resuscitation
with oxygen mask and gentle rubbing of the chest cavity improves
recovery from the impact [25,47-48]. The immediate mortality in
the injury groups may have occurred due to the respiratory arrest
upon impact [25]. The High mortality rate in our study as
compared to the previously described similar model may be due to
the slight modification to the impactor tip. Specifically, a silicon/
resin covering was used in the previously described model [25],
whereas no such covering was used in our system. H&E staining of
the brain section at the hippocampus level (site of injury) did not
reveal lesion volume in any of the injured groups, indicating mild
brain injury in the animals that survived the initial impact of the
injury (Figure 1).

NSS-R scores increased with the increase in the fall
height and weight

NSS-R scores were determined by measuring behaviors of the
naive, sham, and injured animals in a series of 10 tasks to evaluate
neurobehavioral effects of acute injury. NSS-R was measured at
day —3 (baseline) and day 1 post injury. Significant increases in
NSS-R change scores were observed with increasing severity of the
injury (Figure 2). There were significant differences among injury
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Twenty three miRNA were significantly modulated. Of these 14 were up regulated and 9 were down regulated. Values are given as Log10 of the fold change (2~ ™e"

groups, F(5,92)=6.04, P<.001, 1’]2 =.247. NSS-R change scores
and group comparisons are presented in Table S2.

Open field activity of the animals is reduced following

the injury

Horizontal activity of the animals was taken as a measure of the

overall health of the animals prior to injury and after the injury.
Activity was measured as the number of beam breaks during a
1 hr session. Overall, there was a significant Time x Injury
interaction, F(8.33,245.14)=7.69, P<<.001, n?=.207 (sphericity
violated, used Greenhouse-Geisser correction). At 1 day post
injury, there were significant differences among injury groups,
F(5,149)=8.46, P<.001, n?=.221 (Figurc 3A), such that the
activity in IS2, IS3 and IS4 was reduced as compared to the naive,
sham, and IS1 groups. No significant differences were observed
among the naive, sham, and injury groups at 14 and 30 days post
injury. Horizontal activity and comparisons among the groups
appear in Table S3.

The time spent in the center of the open field was taken as a
measurement of anxiety-related behavior. There was a significant
effect of Time, F (2,294)=16.26, P<.001, n°=.100 (Table S4).
There also was a significant Time X Injury interaction,
F(10,294) = 3.45, P<.001, n>=.105. At day 1 post injury, there
were significant differences among injury groups, I(5,148) =2.97,
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Table 2. Significantly modulated miRNA in 1S2.
S.No. MiRNA P Value Fold Difference (log10 [RQ])
Calibrator not detected
1 mmu-miR-700 2.31E-02 221
2 mmu-miR-487b 2.17E-03 1.91
3 mmu-miR-376a 1.11E-03 1.70
4 mmu-miR-125b 4.32E-02 1.23
5 mmu-miR-1932 2.25E-02 117
6 mmu-miR-218-1 3.42E-02 1.05
7 mmu-miR-191* 1.79E-02 1.00
Valid
8 mmu-miR-384-5p 6.70E-03 0.73
9 hsa-miR-214 2.58E-05 0.72
10 mmu-miR-667 5.12E-03 0.69
11 mmu-miR-218 1.82E-04 0.64
12 mmu-miR-214 8.97E-05 0.64
13 mmu-miR-434-3p 3.91E-03 0.61
14 mmu-miR-122 1.59E-03 0.61
15 mmu-miR-34b-3p 3.05E-03 0.60
16 mmu-miR-872* 9.36E-03 0.56
17 mmu-miR-361 8.35E-03 0.55
18 mmu-miR-485-3p 2.64E-02 0.53
19 mmu-miR-574-3p 2.61E-03 0.53
20 hsa-miR-9* 4.56E-02 0.52
21 mmu-miR-337-5p 9.90E-03 0.49
22 mmu-miR-685 3.22E-03 0.48
23 mmu-miR-204 1.44E-02 0.44
24 mmu-miR-376¢ 2.57E-02 043
25 mmu-miR-199a-3p 2.91E-03 0.42
26 mmu-miR-337-3p 2.11E-02 0.40
27 mmu-miR-132 4.27E-02 0.40
28 mmu-miR-671-3p 1.04E-02 037
29 mmu-miR-152 1.58E-02 0.36
30 mmu-miR-376b* 1.29E-02 0.34
31 mmu-miR-212 3.85E-02 0.32
32 mmu-miR-511 1.48E-02 0.31
33 mmu-miR-192 2.19E-03 0.30
34 mmu-miR-145 2.81E-02 0.25
35 mmu-miR-146a 3.56E-02 0.24
36 mmu-miR-19b 3.57E-02 —0.25
37 mmu-miR-322 3.22E-02 —0.26
38 hsa-miR-200c 1.20E-02 —0.26
39 mmu-miR-486 2.56E-02 —0.27
40 mmu-miR-1274a 3.52E-02 —0.28
41 hsa-miR-200b 4.62E-02 —0.30
42 mmu-miR-2146 2.90E-02 —0.30
43 mmu-miR-652 1.91E-02 —0.30
44 mmu-miR-18a 2.17E-02 —0.34
45 hsa-miR-106b* 9.68E-03 —0.38
46 mmu-miR-451 1.48E-02 —0.42
47 mmu-miR-106b 7.93E-03 —0.45
48 mmu-miR-26b 3.19E-02 —0.53
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Table 2. Cont.

MicroRNA as Diagnostic Markers of Mild TBI

S.No. MiRNA P Value Fold Difference (log10 [RQ])
49 mmu-miR-31 1.86E-02 -1.03

50 hsa-miR-875-5p 4.14E-02 —3.02

Target not detected

51 rno-miR-196¢ 4.67E-02 —1.53

52 mmu-miR-1982.2 3.95E-02 —1.56

53 mmu-miR-7a 8.20E-03 —1.98

AaCoy

doi:10.1371/journal.pone.0112019.t002

P=.014, n*=.091 (Figure 3B), such that the center time was
significantly reduced in the IS3 group as compared to the naive,
sham, IS1, and IS2 groups. At 14 and 30 days post injury, no
significant differences between the control and injured groups
were observed. Center time of each group and comparisons
among groups appear in Table S5.

Vertical activity was taken as a measure of depression-related
behavior such that less vertical activity is associated with more
depression (i.e., learned helplessness). Overall, there was a
significant effect of Time, F(2,294)=16.20, P<<.001, n2=.099
(Table S6). There was also a significant Time x Injury interaction,
F(10,294) = 4.45, P<.001, n*=.131 (Figure 3C). At 1 day post
injury, there were significant differences among injury groups,
F(5,148)=7.32, p<.001, n2=.198, such that the vertical activity
in IS3 and IS4 groups was significantly reduced as compared to
naive, sham, IS1, and IS2 groups. No significant differences were
observed between naive, sham, and various injury groups at 14
and 30 days post injury. The vertical activity of each group and
comparisons among groups appear in Table S7.

The overall negative effect on general health and vertical
activity of the mouse was also evaluated as the percent of animals
in injury groups that showed reduced activity compared to the
naive group at day 1 post injury. Each group was evaluated for the
number of animals that showed activity less than the lower limit of
the baseline activity of naive animals. Overall, the more severe the
injury, the greater percentage of the animals that showed reduced
activity in the open field (Figure S2). To eliminate motor activity
loss as a cause of reduced activity, animals were subjected to the
rotarod test, which showed no significant differences between the
various control and injury groups (Figure S3). No apparent signs of
pain such as ruffled fur, hunched posture, altered behavior,
vocalization, lethargy, tremors, ataxia efc. that may affect the
activity of the injured mice were observed in the animals.

Acoustic startle response was reduced in the animals
following injury

Startle response of animals to a 100 dB tone was measured and
1s presented. Overall, when looking at the responses to a 100 dB
tone alone, there was a significant Time x Injury interaction,
F(10,264)=3.72, P<.001, n%=.123, such that a lower startle
response was observed in the injured animals at day 1 post injury
except in the IS4 group, and the response increased by day 14 and
30 post injury (Figure 3D). At day 1 post injury, there were
significant differences among injury groups, F(5,132)=3.54,
P =.005, n?=.118 (Table S8). On day 14 post injury, there were
significant differences among injury groups, F(5,132)=2.95,
P=.015, n?=.100 (Table S9). No significant differences were
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Fifty three miRNA were significantly modulated. Of these, 35 were up regulated and 18 were down regulated. Values are given as Log10 of the fold change (2~ ™"

observed between naive, sham, and various injury groups at 30
days post injury.

Serum miRNAs are modulated in injured animals

To determine whether miRNAs were modulated after the
injury, serum miRNA expression of the injured mice was
compared to the serum miRNA expression of the sham mice at
3 hr post injury. The numbers of the miRNA that passed the
detection criteria were similar among the injured and sham groups
(Figure 4A). However, the number of significantly modulated
miRNAs increased with the increasing grade of injury except in
the IS4 injury group where the numbers of significantly modulated
miRNA were marginally less than the IS3 imjury group
(Figure 4B). 23 miRNAs (14 up- and 9 down- regulated) were
significantly modulated in IS1 injury group (Table 1). 53 miRNAs
(35 up- and 18 down-regulated) were significantly modulated in
IS2 injury group (Table 2). 116 miRNAs (70 up- and 46 down-
regulated) were significantly modulated in IS3 injury group
(Table 3). 106 miRNAs (66 up- and 40 down-regulated) were
significantly modulated in IS4 injury group (Table 4). Hierarchical
clustering of the DDCt values of the expressed miRNAs showed
1S3 and IS4 (i.e., 333 g groups) were similar to each other followed
by the association with the IS2. The IS1 group clustered away
from the rest of the three injury groups (Figure S4). This
observation was consistent with the behavior data where the IS1
group did not show any significant differences from the sham

group.

Common miRNA changes regardless of the mTBI severity

To identify miRINAs that may consistently be present regardless
of extent or severity of the injury, significantly modulated miRNAs
were compared among the injury groups (Figure 4C). 13 miRNAs
were found to be modulated in all four injury groups and had
similar expression patterns. Nine of the 13 miRNAs were up
regulated and 4 were down regulated following injury (Table 5).
The Ct values of the modulated miRNAs are given in Table S10.

Brain function specific miRNAs are modulated following
mTBlI

The miRNAs common among all mTBI groups were analyzed
for their combined effect on functional pathways using the
DIANA-miRPath v2.0 [49]. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways that were most significantly predicted
to be affected by the combined effect of the modulated miRNAs
were identified. Several brain function related pathways, such as
axon guidance, gap junction, dopaminergic synapse, cholinergic
synapse, long-term potentiation, tight junction, adherens junction,
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Table 3. Significantly modulated miRNA in IS3.

S.No MiRNA P Value Fold Difference (log10 [RQ])
Calibrator not detected

1 mmu-miR-15a* 1.8E-13 4.57
2 mmu-miR-495 1.5E-03 2.87
3 mmu-miR-673 3.0E-02 2.66
4 mmu-miR-433 9.8E-04 2.63
5 mmu-miR-146b 2.7E-02 248
6 mmu-miR-702 2.4E-02 224
7 mmu-miR-10a 2.6E-02 222
8 mmu-miR-700 2.4E-02 2.2
9 mmu-miR-134 1.9E-02 2.09
10 mmu-miR-487b 1.3E-03 2.01
1" mmu-miR-494 7.3E-05 1.96
12 hsa-miR-99b* 7.7E-03 1.87
13 mmu-miR-551b 2.1E-03 1.75
14 mmu-miR-376a 7.1E-04 1.72
15 rno-miR-551B 5.7E-03 1.62
16 mmu-miR-434-5p 2.9E-02 1.61
17 rno-miR-204* 1.7E-02 1.6
18 mmu-miR-467b 1.6E-02 1.6
19 mmu-miR-137 2.7E-02 1.54
20 rno-miR-345-3p 2.0E-03 141
21 mmu-miR-547 4.1E-02 13
22 mmu-miR-680 4.8E-02 1.14
23 mmu-miR-218-1* 3.0E-02 1.1
24 mmu-miR-345-3p 3.4E-02 1.09
25 mmu-miR-295 2.6E-02 1.09
26 rno-miR-351 6.3E-03 0.89
Valid

27 mmu-miR-122 2.2E-04 1.24
28 mmu-miR-872 2.6E-02 0.98
29 mmu-miR-667 7.9E-04 0.91
30 mmu-miR-214 2.4E-07 0.88
31 mmu-miR-485-3p 5.1E-04 0.83
32 mmu-miR-365 9.5E-03 0.83
33 mmu-miR-384-5p 9.8E-04 0.78
34 mmu-miR-337-5p 1.0E-05 0.77
35 mmu-miR-193* 7.4E-03 0.74
36 mmu-miR-671-3p 2.1E-05 0.72
37 hsa-miR-214 2.5E-05 0.71
38 mmu-miR-574-3p 4.2E-05 0.71
39 mmu-miR-192 3.5E-03 0.64
40 mmu-miR-434-3p 7.2E-05 0.64
41 mmu-miR-685 3.1E-04 0.63
42 mmu-miR-193 3.5E-02 0.62
43 mmu-miR-872* 2.8E-03 0.6
44 mmu-let-7a* 4.4E-03 0.6
45 mmu-miR-410 4.8E-03 0.58
46 mmu-miR-125b-5p 1.6E-02 0.57
47 mmu-miR-218 1.3E-03 0.54
48 mmu-miR-34b-3p 2.5E-04 0.54
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MicroRNA as Diagnostic Markers of Mild TBI

Table 3. Cont.

S.No MiRNA P Value Fold Difference (log10 [RQ])
49 mmu-miR-145 1.2E-03 0.53
50 mmu-miR-500 8.2E-05 0.51
51 mmu-miR-132 6.0E-03 0.48
52 mmu-miR-127 3.3E-02 0.46
53 mmu-miR-125a-5p 3.1E-03 0.46
54 mmu-miR-199a-3p 1.4E-03 0.46
55 mmu-miR-706 2.0E-02 0.44
56 hsa-miR-671-5p 1.8E-02 0.44
57 mmu-miR-152 2.4E-03 0.44
58 mmu-miR-1944 4.0E-02 0.42
59 mmu-miR-361 2.7E-02 0.38
60 mmu-miR-376c 8.4E-03 0.37
61 mmu-miR-362-3p 4.0E-02 0.37
62 hsa-miR-744* 7.7E-03 0.36
63 hsa-miR-455 3.0E-02 0.35
64 mmu-miR-31* 2.4E-02 0.35
65 mmu-miR-674* 4.3E-02 0.34
66 mmu-miR-204 4.2E-03 0.32
67 mmu-miR-212 2.4E-02 0.29
68 mmu-miR-532-3p 2.9E-02 0.28
69 mmu-miR-511 2.8E-02 0.26
70 mmu-miR-1839-3p 4.9E-02 0.19
71 mmu-miR-200c 4.7E-02 —0.22
72 mmu-miR-484 2.7E-02 —0.23
73 mmu-miR-18a* 1.6E-03 —0.25
74 hsa-miR-425 4.7E-02 —0.26
75 mmu-miR-1930 3.6E-02 —0.26
76 mmu-miR-301a 4.2E-02 —0.26
77 mmu-miR-2134 3.9E-03 —0.28
78 mmu-miR-19b 1.3E-02 —0.29
79 mmu-miR-222 4.6E-02 —0.31
80 mmu-miR-141 3.9E-02 —0.33
81 hsa-miR-200c 2.1E-03 —0.33
82 mmu-miR-106a 2.0E-02 —0.34
83 mmu-miR-130b 5.5E-03 —0.34
84 mmu-miR-486 1.7E-02 —0.35
85 mmu-miR-17 9.6E-03 —0.39
86 mmu-miR-331-3p 1.3E-02 —0.41
87 mmu-miR-652 7.1E-03 —0.41
88 mmu-let-7d 7.6E-03 —0.41
89 mmu-miR-17* 9.6E-03 —0.43
920 mmu-miR-16 2.7E-02 —043
91 hsa-miR-421 6.9E-04 —043
92 mmu-miR-345-5p 2.4E-03 —043
93 mmu-miR-18a 1.6E-03 —043
94 mmu-miR-103 2.1E-02 —0.44
95 mmu-miR-25 4.3E-03 —0.47
96 mmu-miR-93 4.8E-03 —0.47
97 mmu-miR-140 1.7E-02 —0.48
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Table 3. Cont.

MicroRNA as Diagnostic Markers of Mild TBI

S.No MiRNA P Value Fold Difference (log10 [RQ])
98 mmu-let-7i 1.5E-03 —0.48
929 mmu-miR-20a 8.0E-04 —0.48
100 mmu-miR-20b 2.5E-02 —0.49
101 mmu-miR-340-5p 2.0E-02 —05
102 mmu-miR-186* 1.6E-02 —0.51
103 mmu-miR-301b 7.0E-03 —0.54
104 mmu-miR-15b 5.0E-04 —0.54
105 mmu-miR-26a 4.1E-03 —0.57
106 mmu-miR-142-3p 4.2E-03 —06
107 mmu-miR-26b 7.4E-03 —0.63
108 hsa-miR-106b* 5.9E-05 —0.64
109 mmu-miR-451 5.0E-05 —0.78
110 mmu-miR-106b 4.2E-05 —0.83
m mmu-miR-31 2.4E-02 —0.87
112 hsa-miR-875-5p 2.5E-02 —3.16
Target not detected

113 rno-miR-196¢ 2.2E-02 —1.39
114 mmu-miR-463 2.2E-03 —1.75
115 mmu-let-7e 3.7E-02 —1.98
116 mmu-miR-363 4.4E-03 —2.95

change (2*(mean AACt))'
doi:10.1371/journal.pone.0112019.t003

and long-term depression, were found to be targeted by the
modulated miRNAs (Figure S5). Specific analysis of the axon
guidance pathway, previously reported as affected upon TBI,
showed that the number of the miRNAs predicted to be involved
in this pathway increased with the severity of the injury (Figure 5).
The combined effect of modulated miRNAs on functional
pathways using the DIANA-miRPath v2.0 [49] also
performed for the significantly modulated miRNAs common
among the three injury groups that showed significant change in
NSS-R, OFL, and ASR tests (i.e., IS2, IS3, and 1S4) (Table S11).
The axon guidance pathway, along with several other brain
related function pathways, was one of the most affected KEGG
Pathway (Figure S6). Unique miRNAs that were modulated only
in the IS1 group (Table S12), which did not show any significantly
difference in NSS-R and OFL tests, showed long-term potentia-
tion pathways as the most affected pathway by DIANA-miRPath
v2.0 analysis (data not shown).

Correlation analysis of the modulated miRNAs and their
validated targets by the IPA software revealed a direct relation
with validated targets of six of the modulated miRNAs to the axon
guidance pathway (Figure 6). Because behavioral analysis showed
symptoms of depression in the injured animals, a correlation
analysis of the modulated miRNAs with depression-related
pathways was performed, this showed their direct effect on the
depression-related validated targets (Figure 6). The molecular
pathway for sensorimotor impairments was also predicted to be
targeted by the significantly modulated miRNAs (Figure 6). This
correlates with the NSS-R and ASR measurements that also
showed sensorimotor impairments. The expression profile of 3 out
of 13 commonly modulated miRNAs, miR-199-3p, miR-214, and
miR-376a that have been shown to be important in brain related

was
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One hundred and sixteen miRNA were significantly modulated. Of these, 70 were up regulated and 46 were down regulated. Values are given as Log10 of the fold

processes and functions was also validated using the singleplex
miRNA assay (Life Technologies, Carlsbad, CA) (Figure 7).

Stable miRNA expression in serum

To identify miRNAs that can be used for validating the expression
data of the miRNA array, miRNAs that exhibited stable expression
in the serum, irrespective of the sham or injury group, were
identified. 18 miRNAs were identified that showed stable Ct values
across the sham and injury groups with SD <1 (Table S13). One of
the miRNAs (miR-16) has been described as stable serum miRNA in
other studies [50]. Therefore, miR-16 (Mean Ct =15.54*0.91)
along with another miRNAs, miR-1937b (Mean Ct = 14.91£0.90)
were taken for use as endogenous controls in the miRNA expression
validation experiments. Similar results were obtained with either of
the selected stable miRNAs (data not shown) and data presented
here used miR-16 as the stable endogenous miRNA. MiR-1937b is
no longer considered a miRNA as it is a tRNA-derived small RNA
fragment (tRF) (http://www.mirbase.org/cgi-bin/mirna_entry.
pl?acc=MI0009938). Therefore, miR-1937b (like non-coding small
nuclear RNA U6), presents a target that is of non-miRINA origin and
may be useful as stable endogenous small RNA to validate miRNA
expression in serum.

Discussion

MTRBI is a heterogeneous injury that can range from no clinical
symptoms to development of post concussive syndrome (PCS) after
injury. Rapp and Curly [51] describe mTBI as an event that may
lead to the development of neurological disorders. The heteroge-
neous nature of mTBI makes it difficult to diagnose, based
exclusively on current behavioral and neurocognitive analyses
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MicroRNA as Diagnostic Markers of Mild TBI

Table 4. Significantly modulated miRNA in 1S4.
S. No. MiRNA P Value Fold Difference (log10 [RQ])
Calibrator not detected
1 mmu-miR-15a* 2.14E-13 4.47
2 mmu-miR-129-3p 6.98E-05 3.37
3 hsa-miR-149 7.43E-03 333
4 mmu-miR-187 1.92E-03 3.22
5 mmu-miR-433 7.82E-04 2.87
6 mmu-miR-34c 1.08E-04 2381
7 mmu-miR-146b 2.44E-02 252
8 hsa-let-7e* 3.67E-07 2.27
9 mmu-miR-10a 2.49E-02 2.23
10 mmu-miR-134 2.06E-02 207
11 mmu-miR-494 1.42E-04 2.02
12 rno-miR-204* 5.97E-03 1.97
13 mmu-miR-383 3.11E-03 1.89
14 mmu-miR-487b 2.96E-03 1.87
15 mmu-miR-376a 4.14E-03 1.68
16 mmu-miR-137 2.01E-02 1.65
17 rno-miR-345-3p 5.67E-04 1.61
18 mmu-miR-381 3.45E-03 1.60
19 mmu-miR-455 3.32E-02 1.59
20 hsa-miR-99b* 1.94E-02 1.58
21 mmu-miR-125b* 3.70E-02 1.28
22 mmu-miR-345-3p 2.48E-02 117
23 mmu-miR-218-1* 4.93E-02 0.98
24 rno-miR-351 8.86E-03 0.86
Valid
25 mmu-miR-122 5.56E-05 1.41
26 mmu-miR-667 9.46E-04 1.19
27 mmu-miR-365 2.39E-03 0.93
28 mmu-miR-34b-3p 6.71E-04 0.91
29 mmu-miR-485-3p 3.61E-04 0.84
30 mmu-miR-214 4.42E-07 0.80
31 mmu-miR-204 1.71E-04 0.77
32 hsa-miR-214 1.03E-05 0.75
33 mmu-miR-193* 1.37E-03 0.74
34 mmu-miR-384-5p 2.60E-02 0.74
35 mmu-miR-125b-5p 2.47E-03 0.70
36 mmu-miR-194 1.78E-03 0.69
37 mmu-miR-127 1.59E-02 0.69
38 mmu-miR-671-3p 1.94E-04 0.69
39 mmu-miR-434-3p 1.61E-03 0.67
40 mmu-miR-199a-3p 1.01E-04 0.62
41 mmu-miR-132 6.76E-03 0.61
42 mmu-miR-410 2.09E-02 0.60
43 mmu-miR-872* 8.59E-03 0.58
44 mmu-miR-192 3.06E-04 0.57
45 mmu-miR-145 1.40E-03 0.56
46 hsa-miR-671-5p 4.68E-03 0.53
47 mmu-miR-574-3p 1.26E-03 0.53
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Table 4. Cont.

S. No. MiRNA P Value Fold Difference (log10 [RQ])
48 mmu-miR-532-5p 1.23E-02 0.52
49 mmu-miR-337-5p 5.90E-03 0.52
50 mmu-miR-375 4.70E-02 0.50
51 mmu-miR-218 7.99E-04 0.50
52 mmu-let-7a* 5.98E-03 0.49
53 hsa-miR-455 2.99E-03 0.49
54 mmu-miR-500 2.66E-03 0.46
55 mmu-miR-1944 1.63E-02 0.45
56 mmu-miR-685 1.30E-03 0.43
57 mmu-miR-148a 1.47E-03 0.42
58 mmu-miR-212 3.16E-02 0.41
59 mmu-miR-224 6.52E-03 0.40
60 mmu-miR-676 2.96E-03 0.40
61 mmu-miR-152 9.64E-03 0.40
62 mmu-miR-200a 4.06E-02 0.39
63 hsa-miR-744* 1.19E-02 0.36
64 mmu-miR-497 9.60E-03 0.35
65 mmu-miR-532-3p 2.04E-02 0.30
66 mmu-miR-133a 4.79E-02 0.27
67 mmu-miR-19b 2.20E-02 -0.27
68 mmu-miR-28 1.19E-02 —-0.27
69 mmu-miR-18a* 1.54E-02 —0.30
70 mmu-miR-301a 2.62E-02 —0.32
71 mmu-miR-18a 2.96E-02 —0.32
72 mmu-miR-15b 7.79E-03 —0.34
73 mmu-miR-879* 4.04E-02 —0.35
74 mmu-miR-191 2.35E-03 —0.35
75 mmu-let-7i 2.49E-02 -0.35
76 mmu-miR-222 1.42E-02 -0.35
77 mmu-let-7d 1.78E-02 —0.36
78 hsa-miR-106b* 1.21E-02 -0.36
79 mmu-miR-93 2.02E-02 —0.36
80 mmu-miR-106a 2.31E-02 —0.37
81 mmu-miR-16* 1.54E-02 —0.39
82 mmu-miR-25 3.56E-02 —0.39
83 mmu-miR-130b 2.38E-02 —0.40
84 mmu-miR-2134 2.10E-02 —0.41
85 mmu-miR-17 4.15E-03 —0.43
86 mmu-miR-16 3.14E-02 —0.43
87 mmu-miR-15a 2.51E-02 —0.44
88 rno-miR-148b-5p 1.10E-02 —0.45
89 mmu-miR-451 1.04E-02 —0.51
920 mmu-miR-340-5p 1.11E-02 —0.53
91 mmu-miR-20a 3.68E-03 —0.53
92 hsa-miR-421 5.54E-04 —0.53
93 mmu-miR-26b 1.48E-02 —0.57
94 mmu-miR-1274a 2.25E-02 —0.60
95 mmu-miR-186 3.50E-02 —0.60
96 mmu-miR-142-3p 4.12E-03 —0.61
97 mmu-miR-17* 4.59E-03 —0.62
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Table 4. Cont.
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S. No. MiRNA P Value Fold Difference (log10 [RQ])
98 mmu-miR-301b 2.02E-03 —0.66
929 mmu-miR-26a 1.46E-03 —0.66
100 mmu-miR-186* 2.64E-03 —0.67
101 mmu-miR-106b 1.92E-03 —0.68
102 mmu-miR-31 1.59E-02 —0.86
103 hsa-miR-875-5p 1.02E-02 —3.75
Target not detected

104 rno-miR-196¢ 4.12E-02 —1.80
105 mmu-miR-363 1.33E-02 —2.38
106 mmu-miR-2138 4.71E-02 —2.52

(zf(mean AACt))
doi:10.1371/journal.pone.0112019.t004

[51]. Biochemical assays for brain related proteins in serum, such
as GFAP, UCH-L1 and S100p, are either not sensitive or selective
for mTBI [7-12]. Therefore, a more reliable and sensitive
molecular assay is needed to accurately diagnose mTBI. In this
experiment, acute phase miRNA changes in the serum were
measured to determine the feasibility of using miRNA as
diagnostic markers of mTBI.

Increasing grades of mTBI were induced by a weight drop
device by increasing the height and weight of the falling rod.
Injuries were characterized by the sensory motor responses
designed to model clinical neurological examination and indicated
the injuries to be within the mild spectrum of TBI [26-27].
Consistent with mTBI, histological analysis of the brain showed no
gross pathological changes following the injury. Behavior impair-
ments such as depression and loss of interest have been described
in patients with mTBI [52]. Reduced escape behavior, measured
in terms of vertical activity of the animal in an open field
apparatus, can be a measure of depression-related behavior [53—

One hundred and six miRNA were significantly modulated. Of these, 66 were up regulated and 40 were down regulated. Values are given as Log10 of the fold change

55]. Transient, but significant depression-related behavior in terms
of reduced vertical activity was observed in the injured animals at
day 1 post injury, which recovered over time. A general negative
impact on the overall health of the animals was also observed at
day 1 post injury, indicated by the reduction in horizontal activity
of the injured animals. Sensory gating impairments have also been
reported in mTBI [56]. Increase in the OFL activity of the animals
at the later time points of day 14 and day 30 as compared to day 1
activity was interesting. We hypothesize that the naive and sham
control animals remember being in the chambers and that the
other animals, due to injury, may not remember the chamber as
well and spend more time exploring. ASR is a complex behavior
that engages higher brain functions and is related to information
processing [39,41,57-58]. A significantly reduced startle response
was observed in animals with injury, such that the greater the
injury severity, the less startle response was observed. The parietal
lobe, where the injury was centered, is involved in the
sensorimotor information processing [59]. It is suggested that the
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Table 5. Common MIiRNA among all injury groups.

S. No. MiRNA IS1 1S2 1S3 1S4

1 mmu-miR-376a 1.99 1.70 1.72 1.68
2 hsa-miR-214 0.58 0.72 0.71 0.75

3 mmu-miR-214 0.54 0.64 0.88 0.80
4 mmu-miR-337-5p 0.52 0.49 0.77 0.52

5 mmu-miR-574-3p 0.51 0.53 0.71 0.53

6 mmu-miR-434-3p 0.41 0.61 0.64 0.67

7 mmu-miR-671-3p 0.39 0.37 0.72 0.69

8 mmu-miR-218 0.36 0.64 0.54 0.50
9 mmu-miR-199a-3p 0.32 0.42 0.46 0.62
10 hsa-miR-106b* —0.40 —0.38 —0.64 —0.36
11 mmu-miR-106b —0.47 —0.45 —0.83 —0.68
12 mmu-miR-31 —0.85 —1.03 —0.87 —0.86
13 rno-miR-196¢c —1.81 —1.53 —1.39 —1.80
Thirteen miRNAs were commonly modulated among all the injury groups. Of these, 9 were up regulated and 4 were down regulated. Values are given as Log10 of the
fold change (2~ (mean AACH)

doi:10.1371/journal.pone.0112019.t005
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Figure 5. Involvement of significantly modulated miRNA in
axon guidance pathway. Quantitative bioinformatics analysis on the
number of miRNA involved in the axon guidance pathway was done
using IPA. The number of the significantly modulated miRNAs that were
predicted to modulate axon guidance pathway increased with the
severity of the injury.

doi:10.1371/journal.pone.0112019.9005

right inferior parietal lobe plays a role in auditory signal processing
and integration of sensory and motor functions [39,59-60]. This
observation indicates the diffuse nature of the injury that may also
affect central brain functions. Many individuals, who suffer with
mTBI do not exhibit neurobehavioral alterations and acute
symptoms of mTBI, such as headaches, sleep disturbance and
depression or recover spontaneously from the injury [13-15]. A
similar observation was made in the current experiment, where the
percent of animals’ OFL activity in the mildest of mild injury
group (i.e., IS1) was similar to sham and naive control groups.
Other groups, with a more severe form of the mild injury,
however, showed greater reduction in the percent activity than the
sham and naive groups.
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MicroRNA as Diagnostic Markers of Mild TBI

MiRNA changes in the serum have been suggested as a
potential marker of disease and injury [16-18]. MiRNA modu-
lations in the serum of TBI patients have been reported. Down
regulated expression of has-mir-16, and has-mir-92 and increased
levels of has-mir-765 correlated with the severe TBI, however,
their utility in diagnosing mTBI was limited [24]. Earlier we have
also reported the modulation of let-71 in the serum and
cerebrospinal fluid of rats following blast injury [22]. Modulation
of miRNA expression in the brain following TBI has been shown
before [19-23]. Some of the miRNAs (mir-21, mir-34a, mir-27b,
mir-9, mir-874, mir-223, mir-144 and mir-153) that were reported
to Increase in the brain after moderate to severe TBI [20-
21,23,61-62] did not show significant modulation in the serum in
our experiment. Mir-497 and mir-149, which were up regulated in
IS4 group, were earlier reported to also increase in the brain after
TBI [23,63]. Mir-451 and mir-340-5p, which were shown to be up
regulated in the brain post TBI, were down regulated in our
experiment [19,61]. Despite the difference in the tissue being
analyzed after the TBI, some common targets of modulated
miRNAs were observed. Earlier studies found apoptosis as one of
the cellular process targeted by the miRNAs modulated in the
brain following TBI [19-21]. Apoptosis was predicted to be
affected by the modulated miRNAs in this experiment as well.
BDNF, which was identified as a predicted target of one of the
down regulated miRNA mir-106 in this experiment, was also
identified as target of the modulated miRNAs following TBI in an
carlier study [19].

Two main observations were made in the current experiment.
First, the number of miRNAs that were significantly modulated
post injury increased with the severity of the injury. Second,
thirteen common miRNAs were significantly modulated in all the

Sensorimotor impairments

E.miT (2)

E, miT (1)

E.miT (1)

Figure 6. IPA Analysis for effect of significantly modulated miRNAs common among all four injury groups on brain functions
related pathways. MiRNAs common to all four injury groups were taken and their targets and pathway analysis in relation to brain related
functions were performed. My Pathway tool of IPA software was used to build the custom pathway using miRNAs that show experimentally validated
targets by overlaying with 1) depression, 2) sensorimotor function and the 3) axon guidance pathway molecules. Of the 13 common modulated
miRNAs, only 6 miRNAs were found to have experimentally validated targets that are predicted to modulate axon guidance, synaptic depression and

sensorimotor impairments.
doi:10.1371/journal.pone.0112019.g006
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Figure 7. Expression of miRNAs in individual real time PCR
assay. The fold upregulation of three miRNAs, miR-376a, miR-214 and
miR-199a-3p, in the injury groups over the sham mice was validated
using the individual real time PCR assays. Similar to the miRNA arrays,
expression of the three miRNAs was found to be up regulated in the
injured groups over the sham animals. Data presented is the fold up
regulation (= SEM; *P<<0.05) calculated from the mean DDCt value
obtained from three biological samples for each injury group. Statistical
significance was calculated using the individual Ct values obtained from
the three biological replicates for each injury group.
doi:10.1371/journal.pone.0112019.9g007

four injury groups compared to the sham controls. Functional
analysis to identify the combined effect of modulated miRNAs
showed that eight of the thirteen miRNAs may play a role in CNS
related pathways, such as synaptic depression, sensorimotor
mmpairments and the axon guidance pathway (Figure 5, Figure
S5). Vimentin (VIM) and phosphatase and tensin homolog
(PTEN), targets of the significantly down regulated miRNA mir-
106b, expression has been shown to increase in the brain post TBI
and has been related to inflammatory cell proliferation and
differentiation and neuronal survival and neurite integrity,
respectively [64-67]. Brain-derived neurotrophic factor (BDNF)
and Amyloid precursor protein (APP), also targets of mir-106b,
have been shown to increase post TBI [68-69]. BDNF has been
reported to have a neuroprotective effect post TBI [68,70]. The
role of APP is, however, debated as some studies have shown APP
association with neuronal loss and others have shown APP as
neuroprotective [71-74]. Axon guidance includes axon outgrowth,
repulsion, and attraction, which plays an important role in
neuronal functions and axonal regeneration. Axonal Injury is
prevalent in TBI [75-78]. Axon guidance and synaptic plasticity is
affected post TBI and positive regulation of axon guidance has
been suggested to result in better functional outcomes [79-81].
Elevated levels of axon related proteins, such as neurofilament
heavy chain, Tau, S100B and myelin basic protein in the serum,
have also been suggested as potential biomarkers of mTBI [82].
Two of the significantly up regulated miRNAs that were validated
using the singleplex miRINA assay, have been shown to play a role
in neuronal differentiation and CNS development. Normal miR-
376a expression has been shown to be involved in the early fetal
brain development, whereas accumulation of unedited miR-376a
has been linked to neurodevelopmental disorders and increased
metastasis potential of gliomas [83-86]. MiR-214 has also been
shown to enhance neurite outgrowth and its expression is up
regulated during the mouse cortical neuron, embryonic stem cells
development, and at the early developmental stages in embryonic
retina [87-88]. However, miR-214 levels have been shown to
decrease in the neurons of the dorsal root ganglion after an injury
to the sciatic nerve [89]. MiR-376a was also up regulated in the
serum of rats exposed to blast induced moderate TBI [22]. Down
regulated mir-106b and up regulated miR-376a and miR-214
along with other modulated miRNAs at the acute stage of injury,
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may reflect the metabolic active state of neural tissue engaged in
the immediate response to injury that involve neuroprotection,
synaptic plasticity, axonal damage/regeneration, and neurogene-
sis.

Endogenous neurogenesis and neuronal maturation have been
proposed as keys to recovery and as therapeutic targets after TBI.
TBI is often followed by the increase in endogenous neuronal
progenitor cells proliferation and migration, neuronal differenti-
ation, and neurogenesis [90-96]. Proliferating neuroprogenitor
cells differentiate into immature neurons post TBI but fail to
develop further into the mature neurons [91,97]. A small subset of
newborn granular neurons, however, has been observed in the
brain after TBI, though the formation of these neurons is not
significantly enhanced [97-98]. Dash and group also reported
development of mature neurons in the dentate gyrus of the
hippocampus one month after the TBI [96]. To determine if
bioinformatics analysis targeting the axon guidance pathway may
be exploited for predicting the severity of the injury, significantly
modulated miRNA in each injury groups were analyzed by IPA
for their predicted involvement in modulating axon guidance
pathway. The number of miRNAs that are predicted to modulate
axon guidance pathway related brain functions increased with the
severity of the injury, suggesting an enhanced effect of injury on
molecular functions associated with the axon guidance and
neurogenesis (Figure 5). Long-term studies are needed to evaluate
development of chronic pathologies such as axon damage, synapse
and blood brain barrier functions in the brain following injury in
this model of mTBI. However, the quantitative bioinformatics
analysis of the modulated miRNAs relating to their potential CNS
involvement can be helpful to identify the severity of the injury at
early time points after the injury. In conclusion, a cohort of 13
serum miRNAs identified in this study, may be used as acute
biomarkers of mTBI regardless of any neurobehavioral or
cognitive alterations following the injury. Future studies will be
needed to validate this cohort of 13 miRNAs as acute biomarkers
of mTBI in the other animal models of injury and in the human
mTBI. In addition, further behavioral studies will be needed to
identify the long-term cognitive deficits and/or sleep disorders in
the mTBI model described in this study. Such long-term studies
will also be able to determine the prognostic value of the miRNAs
identified in this study as acute biomarkers of mTBI.

Supporting Information

Figure S1 Closed head injury (CHI) device. (A) CHI
device was custom made based on the design of CHI device
described by Flier] et. al. (2009) [30]. Injury was induced by a
metal rod of specific weight falling under gravity. The rod can be
set for a specific height using the holding grooves made 0.5 cm
apart. The rod was released using a pneumatic control operated by
a foot pedal. The tip of the rod was fitted with a rubber tip (1 mm
in diameter/1 mm in length). (B) Site of the injury was over the
parietal lobe, 2.5 mm from the sagittal and lamboid suture.

(TIF)

Figure $2 Animal activity in an open field test. Percentage
of the animals that show reduced activity within each of the
controls and the injury groups was evaluated. The lowest baseline
horizontal and vertical activity values (beam breaks) in the naive
group were used as reference numbers. Animals exhibiting activity
lower than the reference number were identified and were used to
calculate the percentage of the animals within a group that
exhibited reduced activity on day 1 post injury ([Number of
animals that exhibited reduced activity in a group/total number of
the animals in the group]*100). Data showed that as the grade of
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the injury increased, a higher percentage of the animals showed
reduced activity.

(TIF)

Figure 83 Motor activity post injury. Animals were
subjected to the rotarod test to evaluate the motor activity deficits
post injury using a Med Associates rat rotarod (Med Associates,
Inc., St. Albans, V'T). Animals were placed on an accelerating (4—
40 rpm) rotating rod (7.0 cm diameter) for a maximum period of
5 min and the time spent on the rod by each animal was
measured. Three attempts of 5 min each were given to each
animal and the mean time spent was calculated. Data presented
here is the change scores between 1 day, 14 day and 30 day post
injury and baseline (Mean time spent at each time point- mean
time spent at BL measurement). No significant differences were
found in the motor activity of the injured mice compared to the
naive or the sham groups at any time point measured.

(TIF)

Figure S4 Hierarchical clustering (HC) of DDCt values.
HC of DDCt of miRNAs calculated over the sham controls
showed 333 g injury groups (i.e., IS3 and IS4) clustering together
followed by IS2 and IS1 respectively. HC indicates that more
severe of the injuries with in the mild spectrum showed close
association.

(TIF)

Figure S5 Brain functions related pathways targeted by
the significantly modulated miRNAs common among all
the four injury groups. Thirteen common miRNAs that were
significantly modulated among all the four injury groups were
analyzed for their combined effect on KEGG pathways using
DIANA-miRPath v2.0 software [50]. Eight of the significantly
modulated miRNAs, miR-106b, miR-199a-3p, miR-214, miR-
218, miR-31, miR-434-3p, miR-671-3p, and miR-574-3p were
predicted to significantly modulate several nervous system function
and disease related pathways.

(TTF)

Figure S6 Brain functions related pathway targeted by
the significantly modulated miRNAs unique to the injury
groups with the neurobehavioral alterations. Ninecteen
miRNAs that were significantly modulated among all the three
mjury groups, which demonstrated alteration in the neurobehav-
ioral functions (i.e., IS2, 1S3 and IS4) were analyzed for their
combined effect on the significant modulation of KEGG pathways
using DIANA-miRPath v2.0 software [44].

(TTF)

Table S1 List of the tasks performed for determining
NSS-R scores.
(DOCX)

Table $2 NSS-R change scores. NSS-R change scores of the
individual groups are given and its significance with the other
groups in the study is indicated. Values are expressed as mean =+
SEM. * P value significant <0.05.

(DOCX)

Table S3 The horizontal activity in OF. The horizontal
activity (number of beam breaks) of the individual groups is given
and its significance with the other groups in the study is indicated.
Values are expressed as mean = SEM. * P value significant <0.05.

(DOCX)

Table S4 The center time spent over the time period of
the study. The center time of the animals (in seconds) from all
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groups over the period of the study is given. Values are presented
as mean = SEM. * * P value significant <0.05.
(DOCX)

Table S5 The center time of the animals in OFL. The
time spent in the center (in seconds) is given for each of the groups
and its comparison with the other groups is given. Values are
presented as mean * SEM. * P value significant <0.05.

(DOCX)

Table S6 The vertical activity over the time period of
the study. The vertical activity of the animals (number of beam
breaks) from all the groups over the period of the study is given.
Values are presented as mean = SEM. * * P value significant <
0.05.

DOCX)

Table 87 The vertical activity in OFL. The vertical activity
of the animals (number of beam breaks) in each group and its
comparison with the other groups for day 1 is given. Values are
presented as mean * SEM. * P value significant <0.05.
DOCX)

Table S8 Day 1 ASR. ASR response of the animals in each
groups and its comparison with the other groups is given. Values
are presented as mean £ SEM. * P value significant <0.05.

(DOCX)

Table S9 Day 14 ASR. ASR response of the animals in each
groups and its comparison with the other groups is given. Values
are presented as mean £ SEM. * P value significant <0.05.

(DOCX)

Table S10 Average Ct values for the common miRNAs.
Average Ct value for each of the miRNA in the injury and the
sham control group indicate their abundance in the sample. High
expression = Ct ranging from 11-15; Good expression = Ct
ranging from 16-20; Moderate expression = Ct ranging from 21—
25; Low Expression = Ct ranging from 26-30; and Rare

Ct ranging from 31-35.

expression

(DOCX)

Table S11 MiRNAs present only in the injury groups
that demonstrate behavior changes. Nincteen miRNAs
were significantly modulated in the injury group that showed
significant behavior alterations. Of these 14 were up regulated and
5 were down regulated. Two miRNAs, mmu-miR-487b and
mmu-miR-218-1* were expressed only in the injured animals and
not in the sham-injured animals .., “calibrator not detected”. For
all other miRNAs Ct value was <36 in both, the injured and the
sham-injured groups. Values are given as log10 of the fold change
(2—(rm:an AACt)>.

DOCX)

Table S12 MiRNA present only in the injury groups that
do not demonstrate behavior changes. Two miRNAs, miR-
297a* and miR-181c were found to be significantly modulated in
the IS1 injury group, which did not demonstrate any significant
neurobehavioral and cognitive changes as compared to the sham
injury group. “Calibrator not detected” is the miRNA which is
expressed only in the injured animals and not in the un-injured
sham animals. “Target not detected” is the miRNA that was
expressed only in the un-injured sham animals and not in the
injured animals. In such case the Ct value for non-detected
miRNA was taken as 40 followed by the fold change and statistical
analysis.

(DOCX)
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Table S13 Selection of the endogenous control miRNA.
The most stable miRNA were selected based on their Ct values
across the samples (n=30). Ct for each miRNA from all the
samples, irrespective of the injury or control group, were taken and
Ct values with a SD <1 were selected. Mean Ct were calculated to
determine the abundance of miRNAs in the serum samples. To
ensure that there are no outliers, median Ct was also calculated.
MiRNA that showed similar mean and median Ct values were
then selected. MiRNA that show more abundance i.e., Ct <25
were considered for determining a candidate stable endogenous
miRNA in validation experiments.

(DOCX)
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