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Warfare has long been associated with traumatic brain injury (TBI) in militarized zones. Common forms of TBI
can be caused by a physical insult to the head–brain or by the effects of a high velocity blast shock wave gener-
ated by the detonation of an explosive device. While both forms of trauma are distinctly different regarding the
mechanism of trauma induction, there are striking similarities in the cognitive and emotional status of survivors.
Presently, proven effective therapeutics for the treatment of either form of TBI are unavailable. To be able to de-
velop efficacious therapies, studies involving animal models of physical- and blast-TBI are required to identify
possible novel or existing medicines that may be of value in the management of clinical events. We examined
indices of cognition and anxiety-like behavior and the hippocampal gene transcriptome of mice subjected to
both forms of TBI. We identified common behavioral deficits and gene expression regulations, in addition to
unique injury-specific forms of gene regulation. Molecular pathways presented a pattern similar to that seen
in gene expression. Interestingly, pathways connected to Alzheimer's disease displayed a markedly different
form of regulation depending on the type of TBI. While these data highlight similarities in behavioral outcomes
after trauma, the divergence in hippocampal transcriptome observed between models suggests that, at the mo-
lecular level, the TBIs are quite different. These models may provide tools to help define therapeutic approaches
for the treatment of physical- and blast-TBIs. Based upon observations of increasing numbers of personnel
displaying TBI related emotional and behavioral changes in militarized zones, the development of efficacious
therapies will become a national if not a global priority.
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Introduction

Traumatic brain injury (TBI) covers a range of central nervous sys-
tem (CNS) injuries; such injuries can be caused by a diffuse or a fo-
cused form of tissue damage in brain. TBIs are exemplified by blunt
force trauma that can occur in a car accident, a fall or in a sporting
or warfare related event. TBIs can vary frommild, moderate to severe,
the greater the force involved in the injury the more severe is the TBI
(DeKosky et al., 2010; Hoge et al., 2008; Mendez et al., 2005). Quite
often TBIs can result in the development of diffuse axonal injury
(DAI), as originally described by Strich (1956) and more lately by
Adams and co-workers (Adams et al., 1982, 1984). Subsequent to an
injury, a series of molecular and cellular events may occur that result
in changes that often proceed to neuronal cell dysfunction and death.
This, in turn, manifests as changes in neurological status, exemplified
by issues of irritability; headache; fatigue; memory problems and, in
some cases, an increase in antisocial behavior that may lead to crim-
inal activity (Falk, 2012; Luukkainen et al., 2012; Yang et al., 2012).
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Typically in mild TBI, no gross tissue damage occurs at the time of
trauma. However, clinical neurological consequences of the trauma
develop over time, and, for the most part (~85% of cases), regress
within a few months after injury (see Alexander, 1995 for a clinical
perspective on diagnosis of mild traumatic brain injury).

A more recently recognized insidious form of TBI originating from
warfare has become a significant medical problem; this form of brain
injury has drawn considerable attention due to its prevalence in active
combat zones. Primarily through the use of high explosives, and more
specifically improvised explosive devices, explosive detonations are
causing an increased incidence of complex TBIs. These explosive devices
can cause primarily shock wave dependent damage (blast damage) to
multiple organ systems, including the brain. Blast-induced brain dam-
age and the ensuing neurological disorders caused by blast injuries
are proving to be difficult to clearly diagnose without the use of exten-
sive neurological and psychological assessments, and are an increasing
problem for military and civilian healthcare providers. The conse-
quences of these ‘lesion-less’ injuries often result in deficits in military
personnel reaction times, spatial memory function, and an increased
occurrence of headache, dizziness, sleep disturbances, and other emo-
tional and behavioral changes (Bryan and Hernandez, 2012; Shively
and Perl, 2012).

The origins of the cognitive and psychological disorders induced
by blast injuries in combat zones are most likely due to undefined
changes in the molecular and cellular homeostasis of different regions
of the brain, and, as such, highly warrant further study. Non-blast
(concussive) injuries are most likely mediated by shearing force dam-
age to neurons causing a DAI (Adams et al., 1982, 1984; Messé et al.,
2012; Strich, 1956; see Johnson and Stewart, 2012 for review), while
in a primary blast injury, the role of DAI appears to be more complex
(Garman et al., 2011; Risling et al., 2011; Sajja et al., 2012;Wang et al.,
2011). However, it is feasible that the final end stages of neuronal
damage induced by different mechanisms are mediated by the activa-
tion of shared pathways that could be identified by sensitive screen-
ing approaches. We have utilized a mild, closed head weight drop
model of physical head trauma (physical-TBI) in mouse developed
and extensively characterized by our laboratories (Baratz et al.,
2011; Milman et al., 2005; Rachmany et al., 2012; Tashlykov et al.,
2007, 2009; Tweedie et al., 2007; Zohar et al., 2003, 2011) and we
have compared physical-TBI with a novel mouse model of a mild
blast-TBI (Rubovitch et al., 2011). Our purpose was to compare the
effects of the two different forms of mild brain injury on mouse cog-
nitive and emotional paradigms and on hippocampal gene expres-
sion. The hippocampus was selected due to its role in memory and
cognition. Behavioral changes and the hippocampal transcriptome
were examined at a time point after injury where TBI related impair-
ments are known to occur in mild physical-TBI (Baratz et al., 2011;
Rachmany et al., 2012; Zohar et al., 2011).

Cognitive and emotional behavior was assessed by use of novel ob-
ject recognition (NOR), Y-maze, passive avoidance (PA) and elevated
plus maze (EPM) initiated 7 days after exposure to either physical- or
blast-TBI. All TBI animals demonstrated deficits in novel object recogni-
tion compared to control mice, yet there were no marked differences
between control and TBImice for Y-maze, passive avoidance or elevated
plusmaze, thus indicating that these TBI models weremild in nature. In
contrast to mouse behavioral measures, we observed marked changes
in gene expression in RNA from intact TBI hippocampal tissue. There
was a degree of overlap in genes co-regulated by the two mechanisms
of injury. However there were a larger number of genes uniquely
expressed in an injury specific manner. Consequently, molecular path-
ways displayed similar patterns of injury dependent regulation. While
these data suggest a potentially shared injury behavioral outcome,
there is a divergence in gene expression and pathway regulation that
would suggest that the two types of injury are different at themolecular
level. This divergencemay aid in the identification of novel drug targets
that may be of clinical benefit in the setting of complex human TBIs.
Methods

Animal studies

Male ICR mice weighing 30–40 g were kept five per cage under a
constant 12-h light/dark cycle, at room temperature (22 ± 2 °C).
Food (Purina rodent chow) and water were available ad libitum.
Each mouse was used for one experiment. The Ethics Committee of
the Sackler Faculty of Medicine approved the experimental protocols
(M-09-055; M-07-055), in compliance with the guidelines for animal
experimentation of the National Institutes of Health (DHEW publica-
tion 85-23, revised, 1995). All experimental manipulations were
conducted during the light phase of the cycle.

Induction of a mild physical- and blast-TBI

A mild physical-TBI was induced using a concussive head trauma
device described previously (Milman et al., 2005; Zohar et al.,
2003). Briefly, mice were lightly anesthetized (Isoflurane) and placed
under the weight-drop concussive head trauma instrument. The
device consisted of a metal tube (inner diameter 13 mm), placed
vertically over the mouse head. A metal weight (30 g) was dropped
from the top of the tube (80 cm) and struck the skull at the right
side temporal area between the corner of the eye and the ear. A
sponge supported the head, allowing some antero-posterior motion
without any rotational head movement at the moment of the impact.

Experimental conditions used to create amild low-level blast-TBI and
the subsequent model characterization, have been described in detail
elsewhere (Rubovitch et al., 2011). In brief, mice were anesthetized
with a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg).
Once the animals were fully anesthetized they were placed at a defined
distance from a detonation source, in this case 7 m. Pressure sensors
were used to measure the explosion shock wave pressure (PSI) gen-
erated by the detonation (Free-Field ICP® Blast Pressure Sensor; PCB
Piezoelectronics, Depew, NY, USA, Model 137). At 7 m from the source
of the detonation, the animals were exposed to a maximum of a 2.5 psi
(17.2 kPa) pressure shock wave. Immediately after the induction of the
injury, micewere placed back in their cages. Once the animals had recov-
ered from the anesthesia, basic neurological assessmentswere undertak-
en to identify any acute neurological dysfunction. Only animals exhibiting
no evidence of acute neurological damage post injury were subsequently
used in further experiments. Sham treated mouse groups were treated
identically; however, they were not exposed to physical- or blast-TBI.

Cognitive and emotional behaviors

Behavioral assessments were initiated 7 days after the animals were
exposed to TBI. This time point was selected based upon prior studies
with these models where behavioral deficits were observed to occur
from this time point. Mouse cognition and emotional behavior was
assessed using the NOR; Y maze; PA and EPM paradigms. For a diagram
of the experimental time course see Fig. 1A. The NOR and the Ymaze be-
havioral paradigmshave beendescribed in detail elsewhere (Baratz et al.,
2010, 2011; Edut et al., 2011; Rachmany et al., 2012; Rubovitch et al.,
2010). Mouse treatment groups utilized were as follows: sham, n =
27–42; physical-TBI, n = 22–34; blast-TBI, n = 23–30. All equipment
used for behavioral testing was cleaned with a 70% ethanol solution be-
tween testing sessions and animals tominimize any olfactory dependent
cognitive influences on mouse behavior.

Novel object recognition paradigm

The NOR task was used to evaluate recognition memory; typically
rodents display a natural inquisitiveness to explore new objects in
their environment. This characteristic can be used to evaluate visual
recognition memory function in rodents, and more interestingly it



Fig. 1. A: The time line for the induction of TBI and the evaluation of behavioral paradigms with the subsequent euthanasia day is shown: 7 days after the induction of either form of
TBI a series of behavioral assessments was undertaken. This time point was selected based upon prior studies with these models where behavioral deficits were observed to occur
from 7 days post injury. At 14 days after TBI the animals were euthanized and hippocampal tissue was harvested for use in gene expression studies. B: The effects of TBI on mea-
sures of mouse cognition and emotional wellbeing are shown. For the novel object recognition (NOR) behavioral paradigm, deficits were observed in both sets of TBI mice compared
to sham animals, deficits were observed by comparing the Aggleton index for the sham and injured animal groups (i). For the Y maze paradigm there were no marked differences
between sham and TBI animals (ii). The methods for calculating the Aggleton index for the NOR and Y maze are described in the methods section. The latency times of the animals
to enter the dark, foot shock chamber are presented for the passive avoidance paradigm (PA, iii); comparing the latency times to enter the dark chamber indicated no significant
differences between sham or either TBI group. The levels of anxiety-like behavior were assessed by the elevated plus maze paradigm (EPM, iv). All test groups responded similarly
when comparing the total time spent in the dark-enclosed and light-open arms of the maze.

3D. Tweedie et al. / Neurobiology of Disease 54 (2013) 1–11
can illustrate how various interventions influence this natural ten-
dency. Animals were allowed to explore a set of two identical objects
for a 5 minute period, afterwards the mice were returned to their
cages. Twenty four hours later the animals were presented with a
similar set of objects in the same environment, where one object
was novel to them; they were allowed to freely explore the objects
again for a 5 minute period. A discrimination preference, Aggleton
index for a novel over a familiar object was calculated as follows:
time near a new object less the time near the old object, divided by
time near the new object plus the time near the old object. Methodol-
ogies used were adapted from those used by Dix and Aggleton
(1999), and have been described elsewhere in detail (Baratz et al.,
2010, 2011; Edut et al., 2011; Messier, 1997; Rachmany et al., 2012).

Y maze paradigm

The Y maze task was used to evaluate spontaneous exploration,
responsiveness to novel environments and spatial memory function.
The apparatus used for the Y maze study was constructed out of
black Plexiglass where the three arms of the maze were separated
by a 120° angle. Each arm was identical (8 × 30 × 15 cm); however
different spatial cues were placed in each arm (i.e. a triangle, a square,
or a circle). The start arm for each experiment was chosen randomly;
each mouse was placed into the Y maze environment on two occa-
sions separated by a 2 minute interval. During the first 5 minute
trial, one of the two arms was randomly blocked. On the second
2 minute trial all arms were open for exploration; the total amount
of time the mouse explored in each arm was recorded. During the
inter-trial interval the animal was returned to its home cage and
the maze was cleaned. A discrimination preference, Aggleton index
similar to what was utilized in the NOR, was employed herein. An
index of the time spent in the new, previously unexplored arm over
the familiar explored arm was used to assess for any behavioral dif-
ferences between each animal treatment group. It was calculated as
follows: time in the new arm less the time in the old arm, divided
by the time in new arm plus the time in the old arm.
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Passive avoidance paradigm

The PA task was used to evaluate non-spatial memory function; it is
an assessment of whether an animal can learn to associate an aversive
stimulus, in this case a mild foot shock, with a specific environment.
The passive avoidance apparatus (San Diego Instruments, San Diego,
CA, USA) was created from black Plexiglass (48 × 22 × 22 cm) and
consisted of two separate chambers, one dark (preferable to rodents)
the other light-illuminated (less preferable to rodents) of equal dimen-
sions. The chambers were joined by a door, which was closed at the
start of each trial that could be opened by the experimenter. The test in-
volved two sessions separated by a 24 hour interval. Animals were po-
sitioned within the illuminated chamber and after 30 s the connecting
door was opened. On crossing into the dark compartment, the door
was closed, and the animal received a mild electric foot shock (1 mA
for 3 s). After the mild electric shock the animals were kept in the
dark chamber for 5 seconds and were then returned to their home
cage. After a 24 hour interval, animals were evaluated for their ability
to remember the aversive foot shock in relation to the darkened cham-
ber, again by placing them in the illuminated compartment prior to
opening the door between chambers. The latency time to enter the
dark compartment within a 3 minute period was measured and used
to indicate learning deficits induced by TBI (Milman et al., 2005). No
shock was delivered during the second day; this paradigm was
conducted last due to its aversive nature.

Elevated plus maze paradigm

The EPM apparatus was used to assess the levels of fear or
anxiety-like behavior in rodents, this assessment is based upon the
natural tendency of rodents to fear to explore open, illuminated ele-
vated environments over a preferred exploration of an enclosed dark-
ened environment. The maze consisted of four arms in a ‘plus’ shape
formation. Two of the arms have low walls (30 × 5 × 1 cm) and the
other two arms have high walls (30 × 5 × 15 cm), with an open
top; the similar arms faced one another. The maze was elevated
50 cm above floor level. The high and low wall arms of the maze
were constructed of black and white acrylic glass, respectively. On
the test day each mouse was placed in the center of the elevated
plus maze, facing one of the open arms. During the 5 minute observa-
tion period the following variable was measured: the total time spent
in the two open and the two closed arms.

Mouse behavior data analysis

All results are given as mean ± SEM and were analyzed using
SPSS 17 software (Genius Systems, Petah Tikva, Israel). One way
ANOVA was used to analyze the behavioral data, for novel object rec-
ognition; p values of post hoc tests were adjusted using the Bonferoni
test and a nominal significance level of 0.05 was used. When a com-
parison was made between the familiar and novel objects within a
specific treatment group, to show the level of memory retention
within the group, a two tailed t-test was used (data not shown). In
some behavioral assessments mice failed to respond to a behavioral
test and were excluded from analysis; also where measurements
were found to be more than two standard deviations from the
group mean those animals were excluded from analysis. As such
there are differences in n numbers shown for the specific behavioral
assessments observed in Fig. 1B.

Hippocampus RNA extraction, cDNA microarray hybridizations and
bioinformatic array analysis

After the battery of behavioral assessments, animals were eutha-
nized and the right hippocampus was dissected and used to prepare
the total RNA. Due to the significance of the hippocampus in learning
and memory and its vulnerability to mTBI (Tweedie et al., 2007), we
chose to study hippocampal gene expressions over other brain
regions. Methods to extract total RNA for use with Illumina's
SentrixMouse Ref-8, v2 Expression BeadChips (Illumina, San Diego,
CA) have been previously described (Tweedie et al., 2012). Arrays
were scanned at a resolution of 0.8 um using the Beadstation 500×
from Illumina, and data were extracted from the image using Illumina
BeadStudio software, V3. Mouse tissues were randomly selected from
the larger library of samples generated from the behavioral experi-
ments and the numbers utilized in the gene expression study were
as follows: sham, n = 5: physical-TBI, n = 4; blast-TBI, n = 7. Bioin-
formatic methods used were as have been described previously
(Tweedie et al., 2012). In brief, raw array chip hybridization image
signals were filtered and processed to generate normalized data
that was then transformed to create Z-scores for each gene. The
Z-score transformed data was then utilized to generate a Z-ratio mea-
surement, which allowed for the statistical analysis of the gene ex-
pression data sets. We selected significant genes by the following
criteria: 1) gene expression changes had a z-test value of ≤0.05 vs.
sham; 2) the absolute value of Z-ratio was calculated to be ≥1.5 vs.
sham; 3) the False Discover Rate for the genes was ≤0.30; 4) the av-
erage Z-score over all sample comparisons were not negative and
lastly; 5) a one way independent ANOVA test p value cut off was
≤0.05. Thus only genes that displayed consistent significant expres-
sion changes in all samples from a given TBI group were considered
for further statistical analysis. Hippocampus gene expression profile
comparisons were made between the following mouse data sets:
physical-TBI vs. sham mice and blast-TBI vs. sham mice. Detailed
lists of significantly regulated genes are provided in the Supplemental
tables, the tables are composed of the following: Accession number,
gene symbol, Z-score and fold change; all data were sorted based on
descending fold change. Data sets underwent parametric analysis of
gene set enrichment analysis (PAGE) which enabled the identification
of injury effects on pathway and function mapping. We used a Z-test
for the pathway/functional group gene Z-ratio with a cut off p value
≤0.05, and more than three genes for each pathway/functional
group were required to be significantly regulated for the pathway to
be considered for analysis. The raw data file and the filtered, normal-
ized results are available online in the Gene Expression Omnibus, Acces-
sion Number GSE44625, (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE44625).

Array validation by quantitative (Q)-RT-PCR

To validate our cDNA array, gene expression levels were character-
ized by Q-RT-PCR; gene expression comparisons were made between
the array and Q-RT-PCR methods described herein for the following
genes of interest (GOI): Acot1 (acyl-CoA thioesterase 1); Fgf10 (fibro-
blast growth factor 10) and Mag (myelin associated glycoprotein).
Total RNA from the same samples used for gene array studies was re-
verse transcribed into complementary deoxyribonucleic acid (cDNA)
using SuperScript II reverse transcriptase with random hexamers
(Invitrogen, Carlsbad, CA). Quantitative RT-PCR was performed on two
occasions once in duplicate and the other in single well format, using
the iTaq Sybr Green supermix with ROX (Bio-Rad, Hercules, CA). The
final reaction volume of 20 μl consisted of 10 μl of the premade reaction
mix, 1 μl primer pair and 9 μl cDNA (20 ng) in water. Reaction condi-
tions for Q-RT-PCR for the Step 1 plus qPCR System (Applied
Biosystems, Foster City, CA) were as follows: 95 °C for 10 min and
45 cycles of 95 °C for 30 s (denaturation step) and 60 °C for 45 s (com-
bined annealing and extension steps). A melting curve analysis was
performed by denaturation at 95 °C for 15 s, annealing at 60 °C for
1 min and at a melting rate of 0.3 °C/s to 95 °C. Primers for amplifica-
tion were as followed: Acot1 forward 5′-GCAGCGATGAGGCTTTGGA-3′
and reverse 5′-TGATGGATGTGTAAGGGTTCACT-3′ (Primer Bank
12331400a1, GenBank accession no. NM_022816.1, 104 bp). Fgf10
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forward 5′-CAATGGCAGGCAAATGTATG-3′ and reverse 5′-GGAGGA
AGTGAGCAGAGGTG-3′ (GenBank accession no. NM_008002.4, 94 bp).
Mag forward 5′-CTGCCGCTGTTTTGGATAATGA-3′ and reverse 5′-CAT
CGGGGAAGTCGAAACGG-3′ (GenBank accession no. NM_010758.2,
127 bp). Tuba1c forward 5′-TAGCAGAGATCACCAATGCC-3′ and reverse
5′-GGCAGCAAGCCATGTATTTA-3′ (GenBank accession no. NM_011654.
2, 86 bp). The relative levels of transcript were quantified using the
standard curve method. Levels of mRNA expression are reported as a
geometrical average of the expression of the GIO relative to α-tubulin
mRNA levels. The Q-RT-PCR gene expression data are expressed as
mean ± SEM. The calculated fold change in gene expression was
(1) utilized to represent the overall treatment-induced change and:
(2) used for statistical analysis between the appropriate groups
(unpaired two tailed students t-test).

Results

Behavioral measures 14 days after TBI

TBI inmice induced by either a physical or a blast injury, led to thede-
velopment of marked deficits in NOR compared to sham control mice
(Fig. 1B (i)). Observation ofmouse behavior during the Ymaze indicated
that there were no deficits detected in blast-TBI mice, however; there
was a trend towards a deficit observed in physical-TBI mice (Fig. 1B
(ii)). Interestingly in the PA assessment TBI animals displayed a slightly
shorter latency time to enter the dark shock chamber, but the difference
was not statistically significant to that of the sham animals (Fig. 1B (iii)).
All mice subjected to the EPM spent more time in the preferred,
darkened-closed arm(s) of the maze over the illuminated-open arm(s).
Comparing the time spent in each environment across groups indicated
that there was no effect of TBI on mouse EPM behavioral outcomes
(Fig. 1B (iv)).

Hippocampal tissue gene expression measures 14 days after TBI

Gene expression levels were examined in right hemisphere hippo-
campal tissues dissected from sham and both forms of TBI treated
mouse brains. As the RNA was generated from intact tissue, the
extracted RNA will originate from all cell types present in the hippo-
campus at the time of dissection. Accordingly, observations of gene
transcript regulations and pathway mapping will not necessarily be
exclusive to hippocampal-neuronal RNAs, but a mixture of neuronal
and non-neuronal tissues. Employing stringent bioinformatical analy-
sis we were able to identify significantly regulated genes in hippo-
campal tissues obtained from TBI animals. To assess for any possible
Fig. 2. Presented is a Venn diagram illustration of the number of up and down regulat-
ed genes observed in hippocampal tissue from physical-TBI vs. sham and blast-TBI vs.
sham mice 14 days after injury. For physical-TBI mice, 122 and 156 unique genes were
significantly up and down regulated, respectively. Similarly for blast-TBI mice, 215 and
127 unique genes were significantly up and down regulated, respectively. Comparing
the two different forms of injury indicated that there were 33 and 72 commonly regu-
lated genes that were significantly changed compared to the common sham animal
samples. The gene symbols, Z-ratio and fold changes of these genes are provided in
Supplemental Tables 1, 2 and 3. The criteria used to determine significantly regulated
genes are described in detail in the Methods section.
overlaps in significant genes identified in the two forms of injury a
Venn diagram was constructed comparing the two data sets (Fig. 2).
As indicated in Fig. 2, there were both unique and common regulated
genes observed in the hippocampal tissues from the two forms of
head injury. In physical-TBI vs. sham, 122 and 156 genes were exclu-
sively up and down regulated, respectively. In blast-TBI, 215 and 127
genes were exclusively up and down regulated, respectively. Interest-
ingly, 33 and 72 genes were commonly up and down regulated, re-
spectively. As the numbers of significantly regulated genes are too
large to describe here, the gene identities are listed in Supplemental
tables: exclusively regulated genes are presented in Supplemental
Table 1 (physical-TBI vs. sham) and Supplemental 2 (blast-TBI vs.
sham). Supplemental Table 3 lists the regulated genes common to
both forms of injury. The fold changes in gene expressions observed
14 days after both forms of trauma were small; the maximum up reg-
ulated, exclusive gene observed in physical-TBI was Hist1h2bm
(+1.59 fold) and the maximum down regulated gene was Ccdc53
(−2.42 fold), Supplemental Table 1. The maximum up regulated ex-
clusive gene observed in blast-TBI was Stmn1 (+2.27 fold) and the
maximum down regulated gene was Tigd2 (−1.50 fold), Supplemen-
tal Table 2. Of the commonly regulated genes, the gene presenting
with the largest up regulation for physical-TBI was 2610524H06Rik
(+1.53 fold), and for the blast-TBI injury the gene was Ndufb9
(+1.96 fold). The gene Megf9 was the maximally down regulated
gene for both forms of injury, −1.62 and −1.52 fold for physical-
and blast-TBI, respectively Supplemental Table 3.
Hippocampal tissue functional pathway measures 14 days after TBI

The significantly altered genes were then organized into functional
pathways and are described in Tables 1 and 2 and Fig. 3. The present
study is aimed at elucidating relationships between mouse behavior
and gene expressions, thus we have focused our data description
upon CNS relevant pathway data sets observed 14 days after injury. In
order illustrate the wider picture of trauma regulated pathways we
have included data relevant to CNS and non-CNS pathways in Tables 1
and 2 and Fig. 3. Physical-TBI regulated pathways are described in
Table 1 and Fig. 3; 29 and 19 pathways were exclusively up and down
regulated, respectively. Several pathways were related to the CNS;
such up regulated pathways are ‘Chesler Brain Neural High Genes’,
which had a Z-score of +2.34. ‘Hippocampus Developmental Postnatal’
and the ‘NOS1 Pathway’ were regulated with Z-scores of +3.29 and
+2.88, respectively. Interestingly, ‘Stem Cell Neural Up’; ‘Stemcell
Embryonic Up’ and ‘Stemcell Common Up’ were found to be down regu-
lated with Z-scores of −11.36, −10.98 and −3.89, respectively. Glio-
mas are tumors of CNS glial cell types, and several pathways related to
Gliomas were significantly regulated by physical-TBI 14 days post inju-
ry; ‘IFN Beta Glioma Dn’, the Z-score was+3.82; for ‘BCNU GliomaMgmt
48 h Dn’, and ‘BCNU Glioma Nomgmt 48 h Dn’, the Z-scores were +3.05
and +2.73, respectively.

The identities of pathways regulated in blast-TBI at 14 days after in-
jury are provided in Table 2 and Fig. 3; 19 and 28 pathways were exclu-
sively up and down regulated, respectively. ‘AgedMouse Hypoth Up’, was
themost up regulatedwith a Z-score of+5.05 (Table 2). At 14 days post
blast-TBI, the pathway ‘Aston Oligodendroglia Myelination Subset’ was
found to be up regulated, the Z-score was +4.07, while the ‘Parkin
Pathway’, was down regulated, the Z-score was −1.61 (both Table 2).
Changeswere observed for the pathway ‘MatrixMetalloproteinases’, sub-
strates of this family of proteins play important roles in synaptogenesis,
synaptic plasticity, and long-term potentiation (LTP) and regulation of
the blood–brain barrier (BBB). In the present study, 14 days post injury
the Z-score for this pathway was −1.68 (Table 2). The following path-
ways were up regulated in blast-TBI in common with physical-TBI:
‘Hippocampus Developmental Postnatal’ and the ‘NOS1 Pathway’ with
Z-scores of +4.01 and +1.96, respectively; and Stem Cell Neural Up’;
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Table 1
Exclusive pathway regulation observed for physical-TBI animals vs. sham.

Pathway name Z-score

Tarte mature PC 5.272910
IFN beta glioma DN 3.827570
Falt BCLL up 3.784676
Reovirus HEK293 DN 3.617474
DAC panc up 3.498043
Sansom APC 5 DN 3.387190
Moreaux TACI hi vs low up 3.285589
Prostaglandin and leukotriene metabolism 3.268012
BCNU glioma MGMT 48 h DN 3.052330
Shepard genes common bw CB MO 2.912913
Stress ionizing specific up 2.912775
Ucalpain pathway 2.909392
Nadler obesity up 2.852387
Atria up 2.844928
INOS all DN 2.837245
ICHIBA GVHD 2.827359
Breast cancer estrogen signaling 2.764218
BCNU glioma NOMGMT 48 h DN 2.736289
GUO HEX DN 2.725759
Akapcentrosome pathway 2.720747
Aguirre pancreas CHR19 2.684420
HPV31 DN 2.619904
IL6 fibro up 2.544787
Fetal liver vs adult liver GNF2 2.503900
TGFBETA C4 up 2.460696
MPR pathway 2.370174
ST GAQ pathway 2.344003
Chesler brain neural high Genes 2.343172
Lian myeloid DIFF TF 2.322706
UVB SCC up −2.302706
STOSSI ER up −2.374485
UVC TTD-XPCS common DN −2.558764
IGF vs PDGF DN −2.588686
Cromer hypopharyngeal met vs non up −2.603047
UVB NHEK3 all −2.643358
GH GHRHR KO 24 h up −2.664048
UVC TTD all DN −2.788376
Valine leucine and isoleucine biosynthesis −2.818138
Chen HOXA5 targets up −2.867378
DIAB NEPH DN −2.877445
BLEO mouse lymph low 24 h DN −2.920743
YAGI AML PROG FAB −3.055590
BRCA BRCA1 POS −3.084896
ET743 sarcoma 24 h DN −3.108203
VHL normal up −3.112808
Sana TNFA endothelial DN −3.115437
Lee tcells1 up −3.337326
Lee Tcells10 up −3.337326
Lee Tcells8 up −3.337326
Zhan MM CD1 vs CD2 up −3.340927
UVC TTD 4 h DN −3.352074
BRCA1KO MEF DN −3.418057
Reovirus HEK293 up −3.450305
Tarte plasma blastic −3.494061
BRCA prognosis neg −3.728247
UVC high all DN −3.810951
RCC NL up −3.822973
ET743 sarcoma 72 h DN −3.845168
Stemcell common up −3.892492
Lee Tcells2 up −3.954467
GH GHRHR KO 24 h DN −4.025383
Krebs TCA cycle −4.129869
Flechner kidney transplant rejection DN −4.155822
ET743 sarcoma 48 h DN −4.160649
UVC XPCS 8 hDN −4.477127
ET743 sarcoma DN −4.968812
UVC XPCS all DN −5.401954
Flechner kidney transplant well up −6.678798

Table 2
Exclusive pathway regulation observed for blast-TBI animals vs. sham.

Pathway name Z-score

Aged mouse hypoth up 5.058069
Mitochondria 4.887640
Human MITODB 6 2002 4.767919
Aston oligodendroglia myelination subset 4.073755
Rome insulin 2F up 3.561892
PGC 3.541123
Smooth muscle contraction 3.367659
PGC1A pathway 2.049962
CSK pathway 1.648778
AMI pathway 1.648778
GATA3 pathway 1.591920
T cytotoxic pathway 1.479758
T helper pathway 1.479758
Adipogenesis HMSC class1 up 1.323011
Croonquist IL6 ras DN 1.181635
Flumazenil pathway 1.106139
UV ESR WS unreg 0.961717
Gamma hexachlorocyclohexane degradation 0.765936
Brentani_Hormonal_Function 0.7011706
Sulfur metabolism −0.8954174
IFN all up −1.100068
PTC1 pathway −1.172143
Cell cycle checkpoint −1.391008
IL1R pathway −1.499458
CDC25 pathway −1.522204
VEGF MMMEC 6 h up −1.610168
Parkin pathway −1.616718
RELA pathway −1.665030
Matrix metalloproteinases −1.689397
RECK pathway −1.697159
Cheok HDMTX DN −1.832808
Hdaci colon TSA 48 h DN −2.100699
Bennett SLE up −2.237192
Nouzova CPG Methltd −2.280571
Biosynthesis of steroids −2.381442
Human tissue testis −2.421096
POD1 KO up −2.444630
JNK DN −2.469562
Cheok HDMTX up −2.513970
BAF57 BT549 up −2.629853
SLRP pathway −2.769880
CPR null liver up −2.823547
POD1 KO most up −2.851374
CPR low liver up −2.921130
Pantothenate and COA biosynthesis −3.483098
Iritani adprox lymph −3.678670
Boquest CD31plus vs CD31minus DN −3.691753
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‘Stemcell Embryonic Up’, were down regulated with Z-scores of −2.95
and−2.92, respectively (Figs. 3A and B).

Only two significantly altered pathways presentedwith amore com-
plicated form of injury dependent regulation; they were the ‘Alzheimer's
Disease Up’ and ‘Alzheimer's Disease Dn’ pathways. ‘Alzheimer's Disease
Up’ was up regulated by physical-TBI and down regulated by blast-TBI;
the corresponding Z-scores were +2.89 and −2.42, respectively.
‘Alzheimer's Disease Dn’was down regulated in physical-TBI and up reg-
ulated by blast-TBI; the corresponding Z-scores are −5.25 and +5.03,
respectively Fig. 3 C.

Gene array validation by Q-RT-PCR

Aliquots of the same mRNA used in the gene array study were
used to validate a small number of genes by Q-RT-PCR methods; the
genes were Acot1; Fgf10 and Mag. The validated genes belong to the
following Gene Ontology classes: metabolic process — Acot1 (acyl-CoA
thioesterase 1, an enzyme involved in lipid metabolism, Hunt et al.,
2012). Developmental, multicellular organismal and cellular process —
Fgf10 (fibroblast growth factor 10, amember of the FGF familywith neu-
ron restricted expression in brain,Hattori et al., 1997). Cellular process—
Mag (myelin associated glycoprotein, an adhesionmolecule in postnatal
neural development that has a role in interactions between neuronal
and myelinating cells) Fig. 4. Trauma-induced changes in the mRNA
transcript levels of the selected goi were determined to bewell matched
between the array data and the Q-RT-PCR data in terms of direction and
magnitude of changes (Fig. 4).



Fig. 3. Based on significantly regulated genes observed 14 days after TBI, the identities of co-regulated and oppositely regulated functional pathways for both forms of TBI compared
to the same sham animals are illustrated. For A, B, C the functional pathway name is indicated on the x-abscissa and the Z-score value for the pathway is indicated on the y-abscissa.
A: 17 pathways were co-up regulated by physical- and blast-TBI. B: 13 pathways were co-down regulated. For several pathways there appeared to be an injury dependent difference
in Z-scores values; this was most notable for ‘Stemcell Embryonic up’ and ‘Stemcell Neural up’. C: there was a marked injury dependent difference in the regulation of the ‘Alzheimer’s
Disease Up/Dn’ pathways observed for physical- and blast-TBI. The regulations of these pathways shifted in an opposite direction depending on the mode of injury.
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Discussion

The closed head model of mild physical-TBI has been extensively
used by our laboratories and long lasting ensuing behavioral deficits
have been found to occur from 7 days up to at least 90 days after injury
(Baratz et al., 2011; Milman et al., 2005; Tweedie et al., 2007; Zohar et
al., 2003, 2011). Assessments of cellular histological and anatomical
changes in the physical-TBI closed head model described in this study
have been undertaken at time points earlier than 14 days post injury,
as used here. Measures of BBB integrity; Magnetic Resonance Imaging
(MRI); silver impregnation staining; TUNEL; triphenyltetrazolium chlo-
ride (TTC) and hematoxylin and eosin staining have been performed on
whole brain sections from control and injured mice. Mice were subject
to varying degrees of TBI by the utilization of weights ranging from 5 g
up to and including 50 g. Assessments were performed from 1 h up to
5 days post injury. Zohar et al., 2003 provide evidence that illustrates
no changes in BBB integrity, no trauma induced edema and no gross
changes in neuroanatomy assessed by MRI (1 h to 5 days post injury).
Tweedie et al., 2007 illustrate by use of TTC staining (an indicator for
metabolically active mitochondria) that there are, likewise, no gross

image of Fig.�3


Fig. 4. Q-RT-PCR data obtained for hippocampus genes measured in the same RNA
samples used in the gene array studies are presented; the relative levels of gene tran-
scripts are expressed as a fold change normalized to the house keeping gene
alpha-tubulin. For the selected genes, although the fold changes in expression were
small, less than a 2 fold change, for the three genes examined there was a strong agree-
ment between the gene array and Q-RT-PCR fold change in gene expression. Data are
expressed as mean ± SEM, of n, observations; sham, n = 5; blast-TBI, n = 7. The ap-
propriate statistical p values are presented.
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differences between control and TBI mouse brain tissues up to 5 days
after injury, even when a 50 g weight was used to induce the injury.
However, in contrast to these studies Tashlykov et al. (2007, 2009)
illustrate significant changes in neurodegeneration and apoptosis in in-
jured cortical (anterior cingulate, frontal, senso-motor and temporal cor-
tex) and hippocampal tissues (hippocampus and dentate gyrus) by
3 days post injury. These studies carefully illustrate that weights of
20 g and above are required to allow the detection of neurodegeneration
by silver staining; TUNEL positive staining cells and cells with nuclear
chromatin condensation. In light of the above published work, the
observed changes in behavior and hippocampal genes observed in our
current study, at 14 days post injurywith a 30 gweightwill be as a direct
consequence of time-dependent pathological changes occurring in the
mouse medial temporal lobe brain regions.

The behavioral disturbances observed with our closed head model
compare favorably with other models of mild to moderate open head
trauma, namely fluid percussion injury (FPI) and controlled cortical
impact (CCI) injury models. These models employ stereotaxic instru-
ments to induce a highly reproducible damage to a defined region of
the brain dura (Abdel Baki et al., 2009; Li et al., 2006; McNamara et al.,
2010; Sanders et al., 2001; Washington et al., 2012; Yu et al., 2009).
While our model may lack injury reproducibility, compared to the
FPI and CCI injury models, a main advantage of our model is that it
is mild in nature and similar to the greatest injury prevalence clinical-
ly (De Kruijk et al., 2001). Our explosive detonation driven blast-TBI
model has, likewise, been characterized (Rubovitch et al., 2011). Be-
havioral deficits and changes in diffusion tensor MRI imaging oc-
curred at 7 and 30 days post injury, alterations in BBB integrity
were noted 30 days after injury. Behavioral deficits from blast-TBI
were in line with other small animal models of blast injury, as has
been discussed in detail elsewhere (Rubovitch et al., 2011). Based
upon basic acute neurological and histological measures, this model
was similarly determined to be mild in nature.

Our described behavioral deficits resemble those previously de-
scribed for blast-TBI (2.5 PSI; Rubovitch et al., 2011) and the
physical-TBI animals (Baratz et al., 2011; Milman et al., 2005;
Rachmany et al., 2012; Tashlykov et al., 2007, 2009; Tweedie et al.,
2007; Zohar et al., 2003, 2011). The most striking alterations were
seen in the NOR assessment (Fig. 1B (i)). The involvement of the hip-
pocampus in the NOR test appears to depend on the species utilized
(Baxter and Murray, 2001; Beason-Held et al., 1999; Cave and Squire,
1991; Gilbert and Kesner, 2003; Murray et al., 2000; Reed and Squire,
1997; Squire and Zola, 1996; Zola and Squire., 2001), and the time in-
terval between object memory acquisition and object memory reten-
tion in a given experiment (Clark et al., 2000; Hammond et al., 2004;
Mumby, 2001; Mumby et al., 1999). In our NOR study there was a
24 hour interval between memory acquisition and memory recall,
and we observed significant deficits that complement the studies of
Clark et al. (2000) and Hammond et al. (2004). This would suggest
that the neural circuitry involved in object memory recall after a
24 hour interval was impaired by both forms of TBI. The Y maze and
passive avoidance tests, both hippocampal dependent assessments
of short term spatial and non-spatial memory (Ambrogi Lorenzini et
al., 1997; Conrad et al., 1996; Deacon et al., 2002; Pittenger et al.,
2002) and elevated plus maze, a test of anxiety-like behavior in
rodents (Cole and Rodgers, 1993, 1995; Pellow et al., 1985) failed to
display any significant injury dependent behavioral differences, indi-
cating that both models were mild in nature, as are most human TBIs
(De Kruijk et al., 2001).

A potential caveat of our gene array study may be related to the
random selection of a smaller subset of animal tissues from the larger
set of tissues obtained from the behavioral assessments. However,
based upon the small level of variability observed in our animal be-
havioral measures in a given treatment group and between the treat-
ment groups, and the strict inclusion criteria for the bioinformatic
analysis of the array data, we believe it unlikely that any confounding
bias was thereby introduced into the identification of significantly
altered TBI relevant gene expressions and pathways. Thus we have
confidence that our observations of changes in gene expressions

image of Fig.�4
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and animal behaviors are well matched. Despite the mildness of the
TBI models, as illustrated by the behavioral studies, large numbers
of gene expressions and molecular pathways were altered in whole
hippocampus RNA samples. Unique CNS related pathways observed
in physical-TBI, included the ‘BCNU Glioma MGMT 48 h Down’, ‘BCNU
Glioma NOMGMT 48 h Down’ and ‘IFN Beta Glioma Dn’ pathways,
that were up regulated 14 days after injury, likely as a consequence
of the activation of highly abundant glial cells within the injured
brain region (Azevedo et al., 2009; Bandres et al., 2005; Israelsson et
al., 2009; Saijo and Glass, 2011). Genes with strong expression in
brain occurring in the pathway ‘Chesler Brain Neural High Genes’
were also up regulated (Chesler et al., 2005), while there is sparse lit-
erature relating to the functional role of this pathway in CNS disease,
its regulation observed here will be due to the source of the hippo-
campal RNA used for array studies.

CNS Pathways of note regulated in blast-TBI tissue include the
‘Aston Oligodendroglia Myelination Subset’ pathway and ‘Parkin
Pathway’. ‘Aston Oligodendroglia Myelination Subset’ genes are asso-
ciated with oligodendroglia and myelination. Genes in this data set
have been found to be reduced in major depressive disorders and
schizophrenia, (Aston et al., 2005; Takahashi et al., 2011). In our
study where the animals were euthanized at 14 days post injury,
the majority of genes were up regulated, as was verified by the
Q-RT-PCR data for the myelin structural encoding component; myelin
associated glycoprotein (Mag, Fig. 4). The ‘Parkin Pathway’ involves
genes associated with Parkinson's Disease (PD), which in the present
study were all slightly down regulated 14 days after injury. To deter-
mine a possible role of the alterations of these pathways on mouse
CNS function, longer term experiments with normal and mice
predisposed to PD and depressive like disease will be required. Only
then will one be able to make any reasonable hypothesis relating to
the effects of blast-TBI on the susceptibility to develop PD and depres-
sive disorders in humans. Other pathways of note are, ‘Aged Mouse
Hypothalamus Up’, sets of genes that are up regulated in the hypothal-
amus of aged (22 months) BALB/c mice, compared to young
(2 months) controls (Jiang et al., 2001). This may suggest that the
hippocampus of mice exposed to blast-TBI more closely resembled
that of an aged mouse. The pathway ‘Matrix Metalloproteinases’ was
found to be modestly down regulated in blast-TBI animals 14 days post
injury. Gene products of this pathway encompass a family of proteinases,
and their inhibitors, with roles in neuronal developmental and acute and
chronic disease states, andmaintenance of the BBB, (Fernández-López et
al., 2012; Gong et al., 2012; Lee et al., 2012; Lin et al., 2012; Seo et al.,
2012; Van Hove et al., 2012). In a more severe open head FPI model in
rat, Lin et al. (2012) describe a time-dependent increase of the gelatin
zymographic activity of MMP-9 measured in brain extracts, the activity
peaked by 12 h and declined by 24 h post injury. In agreement with
this time-dependent finding, Lee et al. (2012) describe an irradiation
based rodentmodelwhere themRNA levels of the gelatinase,MMP-2, in-
creased and then declined over a 24 hour period. Furthermore, in human
plasma MMP-9 protein levels were shown to increase and dissipate in a
time-dependent manner following a 21 day period after a severe TBI
(Gong et al., 2012). Presently, there are no published data examining
the effects of blast-TBI on MMP regulation. Whereas Rubovitch et al.,
2011 provide evidence of a leaky BBB observed at 30 days after blast in-
jury in the same model used herein, we have no data relating to MMP
levels at this time point. If both forms of TBI-induced MMP regulations
are time-dependent, at 14 days post blast injury our data may illustrate
an intermediate time point where MMPs involved in the regulation of
the BBB may be more active at later times. Subsequent studies would
need to be performed on tissues from 30 days post injury to address
this question.

The pathway ‘Hippocampus Development Postnatal’ was up regu-
lated in both types of TBI that we evaluated. Genes involved in
these pathways are related to neuronal proliferation, differentiation
and synapse formation (Mody et al., 2001). Studies describing the
up regulations of neuronal NOS (NOS1) after TBI have been docu-
mented, while the precise role of NOS1 is under debate, some have
attributed increased nitric oxide reactive species with a role in
TBI-induced neurodegeneration (Rao et al., 1999; Wada et al.,
1999), while others suggest more of a protective role (Khaldi et al.,
2002). The identification of up regulations of the ‘NOS1 Pathway’ in
both forms of TBI here, may have contributed to the observed NOR
deficit. Trauma-induced activation of brain glial cells is a common
finding in rodent models of TBI (Acosta et al., 2013; Saijo and Glass,
2011). The induction of inflammation in brain is likely due to the high
abundance of glial cells in brain tissues (Azevedo et al., 2009). Unfortu-
nately, without detailed immunohistochemical analysis it is difficult to
be definitive regarding the cellular source of the changes in observed
genes related to non-CNS specific pathways such as cellular metabo-
lism. With this caveat in mind the following metabolic pathways were
found to be significantly up regulated: ‘Mootha Voxphos’; ‘Electron
Transport Chain’; ‘Oxidative Phosphorylation’; ‘Ubiquinone Biosynthesis’.
These pathways are involved in cellular energy generation, suggesting
that both injuries induce changes in the regulation of energy metabo-
lism (Mootha et al., 2003). As injury-induced dysregulation in energy
metabolism is commonly seen in TBI (Marino et al., 2007; Scafidi et
al., 2009; Verweij et al., 2007), data observed here from pathways
measured at 14 days after induction of injury may represent changes
in the metabolic states of glial cells. Detailed immunohistochemical
analysis of physical- and blast-TBI brain tissues over an expanded
time course would be required to provide a clearer understanding
of any changes in glial and neuronal inflammatory and metabolic
states.

The pathways ‘Stemcell Neural Up’, ‘Stemcell Embryonic Up’,
‘Stemcell Common Up’, ‘HSC Late progenitors Shared, Adult and Fetal’
and ‘IDX TSA Down Clusters’ are related to genes associated with the
differentiation of various cell types and stem cells (Burton et al.,
2004; Ivanova et al., 2002; Ramalho-Santos et al., 2002). CNS insults
such as TBI have been documented to activate neural progenitor
cells to differentiate into immature neurons (Bye et al., 2011 and
Thau-Zuchman et al., 2010). However, there is also a significant
body of evidence that indicates a low level of survival of newly gener-
ated neurons following stroke and TBI (Acosta et al., 2013; Arvidsson
et al., 2002; Ng et al., 2012; Parent et al., 2002). While the precise
mechanisms responsible for the low survival rate of neurons are
under investigation, inroads have been made that point to a detri-
mental role of inflammatory factors on newly generated neuron cell
survival (Acosta et al., 2013; Das and Basu, 2008; Ekdahl et al.,
2003; Monje et al., 2003; Russo et al., 2012). Israelsson et al. (2009)
illustrated marked time-dependent changes in neocortex and hippo-
campal gene expressions of proteins involved in inflammation in this
model of physical-TBI. Similarly, work by Baratz et al. (2011) de-
scribed beneficial effects of a small molecule synthesis inhibitor of
TNF-α protein, a potent pro-inflammatory protein, on behavioral
measures evaluated in the same weight drop model used herein.
These studies, together, provide strong supporting evidence of a
time-dependent development of inflammation in this closed head
weight drop model that, importantly, is confirmed by the significant
detection of the ‘Inflammation Pathway’ shown in Fig. 3. The observed
down regulation of genes associatedwith stem cell pathways presented
here represent TBI-induced changes in the cellular microenvironment
that are detrimental towards the survival of neurogenesis derived neu-
rons in the setting of TBI observed at this later time point.

The implications of the changes in regulation of ‘Alzheimer's Disease
Up’ and ‘Alzheimer's Disease Down’ likely will only be understood after
studying behavioral and pathological changes in mice predisposed to
dementia like disease states after TBI over longer time periods than
that used herein. From these studies, novel targets for pharmacological
treatments with relevance to human disease may be identified. Due to
the evidence that points towards a relationship between TBI and the
subsequent development of dementias exemplified by Alzheimer's
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disease (Campdelacreu, 2012; Shively and Perl, 2012; Wang et al.,
2012), such studies warrant immediate attention.

In summary we describe a body of work where cognitive and emo-
tional behavioral outcomes induced by two distinctly different forms
of TBI appear, on the surface, to be identical. To a certain extent this
also has been seen in human TBI, Belanger et al. (2009) describe find-
ings in which they assessed and compared human neuropsychological
measures in patients exposed to blast- and non blast-TBI. Our behavior-
al data are in line with these findings. However, based upon ourmolec-
ular screening of gene transcripts regulated by the two forms of TBI,
there are many common and unique changes in gene expression. Likely
themost significant findings and advancements presented lie in the ob-
servations of reductions in a series of stem cell pathways (e.g. ‘Stemcell
Neural Up’), and the identification of altered ‘Aston Oligodendroglia
Myelination Subset’ and the ‘Alzheimer's Disease Up/Dn’ pathways. The
array data was in part validated by Q-RT-PCR, and the identification of
these pathways provides a foundation to allow for more focused explo-
ration of genes and families of genes activated by TBI that should be
investigated and pursued for drug discovery.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.nbd.2013.02.006.
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