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The lingering deﬁcits of mTBI may arise from damage to neural networks & ﬁbre tracts.
The directionality of injury impact and force alters the tracts and networks affected.
Rodents exposed to horizontal rotation/acceleration differed from the lateral group.
Differences were evident in behavioural testing and molecular biomarkers.
Rodents can be used to study functional deﬁcits associated with white matter damage.
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a b s t r a c t
Background: The translation of research to clinical application is only as good as the modelling platforms employed. This study sought to improve understanding of mild traumatic brain injury (mTBI), by
examining the importance of acceleration and rotational force directions on behavioural and molecular outcomes. It is believed that many symptoms associated with concussive forms of mTBI are related
to white matter and ﬁbre tract damage. Given that rodents have signiﬁcantly less white matter, could
changes in acceleration/rotational force directionality alter outcomes?
New method/comparison with existing methods: Comparison of mTBIs with two distinct injury platforms,
the lateral impact (LI) device, which produces horizontal acceleration/rotation; or the modiﬁed weight
drop (WD) device, which produces sagittal or vertical acceleration/rotation. Male and female rats underwent a behavioural test battery followed by analysis of 5 TBI-associated biomarkers (BDNF, Eno2, GFAP,
MAPT, TERT) from the prefrontal cortex and hippocampus.
Results: Acute behavioural impairments were similar for both injury models; animals exhibited increased
time-to-wake, and deﬁcits of balance and motor control. However, as the post-injury interval increased
LI animals displayed deﬁcits on tasks related to emotional functioning, whereas WD animals showed
impairment in cognitive measures. Biomarker expression varied as a function of injury platform, sex, and
brain region.
Conclusion: Just as with humans, the direction of the acceleration and rotational forces produced injuries
in different networks and connections, resulting in altered functional deﬁcits for rodents as well. These
ﬁndings suggest that rodents are a valuable resource for the study of mTBI, when appropriately modelled.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Adolescence is associated with the learning and development
of many skills and abilities that are intricately connected to rapid
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rates of brain growth and maturation (Nagy et al., 2004; Toga et al.,
2006). However, these typical trajectories can be jeopardized by the
unfortunate occurrence of a mild traumatic brain injury (mTBI); an
experience that is particularly common for this vulnerable population (e.g. Yeates et al., 2004, 2005; Ganesalingam et al., 2007).
Epidemiological studies demonstrate that very young children and
adolescents have the highest rates of TBI-related hospital visits, and
a large proportion of these groups go on to suffer from lingering

R. Mychasiuk et al. / Journal of Neuroscience Methods 257 (2016) 168–178

or persistent symptomology (Barlow et al., 2010; Centers for
Disease Control and Prevention, 2003). Although common, mTBI
can occur in a variety of ways, such as falls, automobile accidents,
or sports-related events (Faul et al., 2010); each of which subject
the brain to different biomechanical forces. Mild TBIs categorized
as concussions generally arise from two broad forces; contact and
inertial, with inertial (a.k.a. acceleration) being the primary cause
of injuries and concussive-related symptomologies (Meaney and
Smith, 2011).
There are two main components of acceleration that occur
in nearly all concussions, linear and rotational. Linear acceleration has been correlated with injury thresholds, peak pressure,
and stress waves, whereas rotational accelerations are believed
to generate tissue deformation and damage deep internal structures (Meaney and Smith, 2011). The strong biomechanical forces
observed in acceleration-based concussion signiﬁcantly affect the
integrity of blood vessels, neural/glial networks, and ﬁbre tracts.
The severity of post-concussion symptoms, especially in injuries
associated with rapid acceleration/deceleration of the head, have
been correlated with reductions in white matter integrity, in part
due to stretching and shearing of white matter tracts (Smits
et al., 2011). The direction of the head rotation and acceleration
affect the vulnerability of a ﬁbre tract (Eucker et al., 2011), as
axons lying in the plane of the shear force are most susceptible to tensile strain (Maxwell et al., 1993). It therefore stands to
reason, that variations in the direction of the head rotation and
acceleration would result is different functional deﬁcits, as the
damage would occur in distinct neural pathways. Although this
idea has been tested in porcine (Eucker et al., 2011; Sullivan et al.,
2013), primate (Maxwell et al., 1993), and human populations
(Pellman et al., 2003; Guskiewicz et al., 2007), there seems to be
a void in the literature with respect to manipulation of acceleration/rotational direction for rodent models of mTBI. As rodents
provide researchers with a rich behavioural repertoire to examine
(Whishaw and Kolb, 2005) and a relatively fast developmental trajectory, they are a valuable tool for the study of injury pathology and
treatment.
The purpose of this study was to examine whether or not the
axis of injury, rotational force, and the direction of head acceleration during a mTBI produced differential behavioural and molecular
outcomes in rodents. Adolescent rats were exposed to a single
closed head mTBI induced with one of two distinct injury platforms; the lateral impact (LI) device or the modiﬁed weight drop
(WD). The LI device produces a glancing impact to the temporal lobe that results in horizontal acceleration and rotation (Viano
et al., 2009) whereas, the WD device produces a glancing impact
to the top of the rat’s head that results in sagittal/vertical acceleration and rotation (Kane et al., 2012; Mychasiuk et al., 2014a).
Following injury, the rats underwent a comprehensive behavioural
test battery and tissue was extracted from the prefrontal cortex
(PFC) and hippocampus (HPC) to examine molecular markers commonly used in concussion literature. These brain regions were
selected for analysis because impairments in functions commonly
attributed to the PFC and HPC, such as executive function and
short-term memory, have been linked to mTBI and particularly
concussion.

2. Materials and methods
All experiments were approved by the University of Calgary
Conjoint Faculties Research Ethics Approval Board and carried out
in accordance with the Canadian Council of Animal Care. Thirty-six
in-house bred animals (18 males: 18 females) were maintained on
a 12:12 h light:dark cycle (lights on at 0700) in a temperature controlled (21 ◦ C) husbandry room. Animals were housed in groups of
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2 and had ad libitum access to food and water. At postnatal day 60
(P60) animals were randomly assigned to receive a mTBI with the
modiﬁed weight drop (WD) technique (6 males: 6 females), a mTBI
with the lateral impact (LI) device (6 males: 6 females), or a sham
injury (6 males: 6 females). Biomechanical analysis was conducted
to ensure that both mTBI techniques were inducing similar impact
force, acceleration/deceleration, and rotational forces to the rat’s
head. Following the mTBIs or sham injury, a topical administration
of lidocaine was provided to the rat’s head and it was placed on
its back in a clean, warm cage to recover. The time each rat took
to right itself in the recovery cage, (ﬂip from a supine position to a
prone or standing position) was recorded as the time-to-right. The
time-to-right is used as an indirect measure of loss of consciousness, as it helps ascertain the differences in waking time between
injured and sham animals. Following the induction of injury, animals were given 24 h to recover, at which point they underwent a
behavioural test battery that spanned 14 days and included 5 test
paradigms.

2.1. Brain injury techniques
2.1.1. Modiﬁed weight drop mTBI
The WD technique was carried out in similar fashion to that
described elsewhere (Kane et al., 2012; Mychasiuk et al., 2014a,b).
Animals were lightly anaesthetized with isoﬂuorane (until nonresponsive to a toe-pinch) and placed chest down on a scored
piece of tinfoil that was suspended 20 cm above a foam collection
sponge. The WD mTBI was produced by dropping a 150 g weight,
from 1meter height, through a guide tube. The weight produced a
glancing impact to the top of the rat’s head, which propelled the rat
through the scored tinfoil. The rat underwent a 180◦ vertical rotation before landing on the collection sponge on its back. This mTBI
technique involved acceleration/deceleration and rotational forces
in the dorsal to ventral plane, essentially involving extension and
ﬂexion in the vertical movement axis.

2.1.2. Lateral impact mTBI
The LI technique utilized a protocol similar to that described
by Viano et al. (2009). Animals were also lightly anaesthetized
with isoﬂuorane (until non-responsive to a toe-pinch) and placed
chest down on a Teﬂon® board with low friction, with the left
side of the head facing the impactor. The LI mTBI was produced
by propelling a 100 g weight toward the rat’s head through a
thrust barrel using pneumatic pressure. The weight impacted a
small ‘helmet’ which propelled the rat into a horizontal 180◦ rotation across the Teﬂon® board. A collection sponge was placed at
the right side of the Teﬂon board, but the animals came to rest
before impacting the sponge. The ‘helmet’ consisted of an aluminum plate (30 × 13 × 3 mm) with a 3 mm piece of hard urethane
(Shore A hardness of 90 A to 95 A) that rested against the rat’s
head. As helmets have been shown to reduce head injury (skull
fractures, bone damage) but have little, if any, effect on concussion risk (for review see Benson et al., 2009), the helmets were
used with the LI device to prevent damage to the head, skull, and
eye socket. As the LI induces a lateral acceleration and rotation by
impacting the side of the head, the helmets are used to prevent
structural damage but are not believed to signiﬁcantly inﬂuence the
injury-induced symptomology; which is believed to result from the
acceleration/rotational forces on the brain. The LI mTBI technique
involved acceleration/deceleration and rotational forces in the lateral plane, essentially rotational movement around the horizontal
axis.
See Fig. 1 for an illustrative representation of the two distinct
injury platforms.
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Fig. 1. Illustrative representation of the two distinct injury platforms. (A) Represents the lateral impact (LI) device whereby the rodent receives and glancing impact to the
left temporal lobe and undergoes acceleration and a 180◦ rotation in the horizontal plane. Conversely in (B), when exposed to the modiﬁed weight drop (WD), the rodent
experiences a glancing impact to the top of the head, followed by acceleration and a 180◦ rotation in the vertical plane.

2.2. Behavioural testing
2.2.1. Beam-walking
Twenty-four hours post mTBI, (post-injury day 1 (PID1)), animals were tested in the beam walking paradigm similar to that
described by Schallert et al. (2002). The beam-walking paradigm
was used as an acute measure of balance and motor coordination as
individuals that have experienced concussion often report impairments in coordination, orientation, and balance. Rats were required
to traverse a tapered beam (165 cm long), moving from wide to
narrow, which ended at the rat’s home-cage. The tapered beam
was suspended 1 meter in the air, but was equipped with ‘safety
ledges’ (2 cm wide) that caught the rat’s foot if it slipped while
walking. Rats were given a single trial to learn the task, and 4 additional videotaped trials that were scored. Between each trial, the rat
was permitted to remain in the home-cage for 1 min to reinforce
the location of the target destination. The beam was cleaned with
Virkon® between each testing session. A research associate blinded
to the experimental conditions scored the videos for the number
of hind-leg foot-slips (when a hind-leg uses the safety ledge while
traversing the beam).
2.2.2. Open ﬁeld
Forty-eight hours post-mTBI (PID2), animals were tested in the
open ﬁeld arena. The open ﬁeld paradigm is generally used as
a measure of overt locomotor activity an exploratory behaviour
(Whishaw and Kolb, 2005). Rats were placed in the centre of open
ﬁeld (diameter 135 cm) and were permitted to explore the environment for 5 min. An overhead camera was used to track the rat’s
overall movement (distance travelled and speed of travel). The open
ﬁeld was cleaned with Virkon® between each testing session.
2.2.3. Elevated plus maze (EPM)
Rats were tested in the EPM on PID3. The EPM is a wellestablished behavioural test for anxiety in rodents (Whishaw and
Kolb, 2005; Walf and Frye, 2007). As rats prefer to be in dark

enclosed areas that remind them of their burrows or dens, the open
arms of the EPM are regions associated with increased anxiety. Rats
are curious by nature and will therefore usually explore the open
arms for brief periods of time, but will typically spend most of their
time in closed arms. The EPM was constructed of black Plexiglas® ;
elevated 55 cm above ground and contained 2 open arms and 2
closed arms. Rats were tested for 5 min sessions in a brightly lit
room. A video camera was placed at the end of an open arm in a
slightly elevated position that permitted visualization of both open
arms and the centre of the maze. Rats were placed in the centre of
the platform with their paws facing one of the closed arms. The EPM
was cleaned with Virkon® between each testing session. A research
associate blinded to the experimental conditions scored the videos
for the amount of time spent in the centre of the platform and the
amount of time in the open arms.

2.2.4. Novel context mismatch (NCM)
Using a protocol similar to that described by Spanswick and
Sutherland (2010), rats were tested in the NCM paradigm from
PID5-8. The NCM task is a measure of short-term working memory that relies on processing of the prefrontal cortex. Rats were
exposed to two distinct contexts (Context A and Context B) for
5 min each day (PID5-7), with context B exposure occurring immediately after Context A exposure. Context A was a clear rectangular
box (70 × 40 × 33 cm) with 2 identical plastic cubes; Context B was
dark blue circular bin (diameter 47 cm, 36 cm high), with 2 identical
aluminum cans. On PID8 rats were exposed to a probe trial; Context A (5 min) → Context B (5 min) → home-cage (5 min) → Novel
Context (5 min). The novel context consisted of a modiﬁed Context
A (Context Amodiﬁed contained one object from context A and one
object from context B) or a modiﬁed Context B (Context Bmodiﬁed
which contained one object from context B and one object from
context A). Exploration of the novel context was videotaped, and a
research associate blinded to the experimental conditions recorded
the amount of time each rat spent investigating the novel object
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and the old object. All of the objects and context containers were
cleaned with Virkon® between each testing session.
2.2.5. Forced swim paradigm (FS)
On PID12, rats were tested in a modiﬁed FS task similar to that
described by Yadid et al. (2001). The forced swim paradigm has
been used extensively to measure depressive-like behaviours in
rodents. Similar to scenarios of forced helplessness, rats that spend
more time immobile in the tank are characterized as ‘depressed’.
These behaviours have been reversed with antidepressant medications. A cylindrical tank (diameter 30 cm, 60 cm high) was ﬁlled
with warm water (∼25 ◦ C) to a level that did not allow the rat’s tail
to touch the bottom of the tank. Each testing session lasted 7 min.
Once the test was completed the rat was dried with a warm towel
and returned to its home-cage. The swim tank was emptied and
re-ﬁlled between each session. A research analyst blinded to the
experimental conditions scored the amount of time each rat spent
immobile (no swimming movements are detected).
2.3. Molecular analysis
Following the completion of the behavioural test battery
(∼postnatal day 74 or 14 days post-injury), all of the rats were sacriﬁced (n = 36) and brain tissue from the prefrontal cortex (PFC) and
hippocampus (HPC) was removed for molecular analysis. Rats were
subjected to isoﬂuorane inhalation, quickly weighed, and decapitated. The PFC and HPC were extracted using the Zilles (1985) rat
brain atlas and immediately ﬂash frozen on dry ice. The tissue was
stored at -80 ◦ C until RNA could be extracted.
2.3.1. RNA extraction and quality determination
RNA was extracted from the brain tissue using the Allprep
RNA/DNA Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer protocol. Total RNA concentration was determined
with the Nanodrop2000 (Thermo Fisher Scientiﬁc, Waltham, MA),
and this was followed by resolving 1 g of each sample on 1%
agarose gel electrophoresis to determine the integrity of the RNA.
Two micrograms of puriﬁed RNA was then reverse transcribed to
cDNA using oligo(dT)20 of the Superscript III First-Strand Synthesis
Supermix kit (Invitrogen, Carlsbad, CA), as per the manufacturer’s
protocols.
2.3.2. Primer design and qRT-PCR
All primers for the target genes and reference genes were purchased from IDT (Coralville, IA). Although the search for a reliable
and predicative biomarker for concussion diagnosis and prognosis
is still ongoing (Jeter et al., 2013), this study sought to determine
if the direction of the rotational force and acceleration differentially altered the levels of commonly used biomarkers (BDNF, Eno2,
GFAP, MAPT (tau), and TERT). As these molecular markers have been
commonly examined in relation to brain injury and neurodegeneration they may provide additional information into the differential
damage that is caused when the direction of the impact force is
varied. For the 5 genes investigated, primers were designed inhouse by the research technician using Primer3 (http://bioinfo.ut.
ee/primer3) to span exon–exon junctions. See Table 1 for primer
information including primer sequences and expected amplicon
size. Expected amplicon size was conﬁrmed via gel electrophoresis
for all genes. This was followed by melt curve analysis using SYBR
Green FastMix with Rox (Quanta BioSciences, Gaithersburg, MD)
to ensure primer speciﬁcity. Gradient PCR was also performed for
each primer to determine the optimal annealing temperature for
each primer pair.
For the qRT-PCR, 10ng of cDNA was combined with 0.5 M of the
forward and reverse primers and 1x SYBR Green FastMix with Rox
and analysed with CFX Connect Real-Time PCR Detection System
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(Bio-Rad, Hercules, CA). A standard curve was generated to determine the PCR efﬁciency using a serial dilution (95.24–1.57 ng) of
cDNA from pooled control samples. Duplicate wells of no-template
control (NTC) were also subjected to the qRT-PCR procedure for
each gene analysed. The thermocycling conditions were speciﬁc
to each gene and can also be found in Table 1. Each sample was
tested in duplicate, and qRT-PCR for each gene was run by two
separate analysts (RM & IM). Relative target gene expression was
determined by normalizing to two housekeeping genes (CycA and
Ywhaz) (Bonefeld et al., 2008) using the 2−Ct method as originally described elsewhere (Pfafﬂ, 2001).
2.4. Statistical analysis
As described above, a research analyst blinded to the experimental conditions scored each of the behavioural tests and two separate
research analysts performed the qRT-PCR for each of the genes of
interest. Two-way ANOVAs with Sex (male vs female), and Injury
(WD vs LI vs Sham) as factors were run for each of the measures
examined. Post-hoc analysis was computed for the injury induction
technique where applicable. All analyses were carried out with SPSS
20.0 for Mac, with a p < .05 considered statistically signiﬁcant. For
all graphical representations error bars are indicative of standard
error of the mean.
3. Results
3.1. Comparison of the biomechanical forces impacting the head
from the WD and LI
Calculations were carried out to ensure that both devices were
imparting the same forces onto the animals. The force transmitted
to the head of the animal as a result of the kinetic energy transfer
from the weight was determined. For a falling object, as is the case
in the WD; Kinetic Energy (KE) was determined with respect to the
mass of the weight, the gravitational acceleration, and the height
from which the weight was dropped, KE = mg h, and Impact Force
was based upon the distance in which weight came to a stop during
the transfer of kinetic energy, F = KE/D. For the vertical projectile, as
in the case of the LI; KE results from the mass of the projectile and
the velocity in which it was travelling (5.18 m/s ± .18), and again the
transfer of kinetic energy was based upon the distance in which the
projectile came to a stop during the transfer of kinetic energy (the
presence of the ‘helmet’ increases the stopping distance in the LI
compared to the WD).
3.1.1. Impact force WD
KE = mg h → KE = (0.150 kg)·(9.81 m/s2 )·(0.50 m) →
KE = 0.7348 kg/m2 /s2
F = KE/D → F = (0.7348 kg/m2 /s2 )·(0.001 m) →
F = 734.78 N
3.1.2. Impact force LI
KE = 1/2 mV2 → KE = (0.5)·(0.100 kg)·(5.18 m/s)2 →
KE = 1.3416 kg/m2 /s2
F = KE/D → F = (1.3416 kg/m2 /s2 )·(0.0017 m) → F = 789.18 N
3.2. Behavioural testing
3.2.1. Time-to-right
All animals that received an injury experienced an increased
time-to-right when compared to sham animals. The two-way
ANOVA demonstrated a main effect of injury, F(2, 34) = 16.53,
p < .01, but not of sex, F(1, 35) = 3.97, p = .07, nor a signiﬁcant interaction, F(2, 34) = 1.50, p = .24. The post-hoc analysis between injury
induction methods showed a signiﬁcant difference between LI and
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Table 1
Primer information for relative qRT-PCR.
Gene symbol

Gene name

Primer
sequence

Amplicon
size (bp)

Tm (◦ C)

Cycling
parameters

BDNF

Brain-derived
neurotrophic factor

(+)ccataaggacgcggacttgt
(−)gaggctccaaaggcacttga

N/A

60.0

1 cycle 95 ◦ C—3 min 40
Cycles
95 ◦ C—15 s + Tm◦ C—30 s
melt curve

Eno2

Enolase 2, gamma,
neuronal
Glial ﬁbrillary acidic
protein
Microtubuleassociated protein
tau
Telomerase reverse
transcriptase
Cyclophilin A

(+)tccattgaagacccattcgacc
(−)agagcgatgactcaccataacc
(+)cttgtttgctaggcccaattcc
(−)atttgttaagtctccctgcccc
(+)agaggtgaggaagacaggttgg
(−)taccttccttctgcccaatacc

249

60.0

229

60.0

201

60.0

164

60.0

248

58.0

136

56.1

GFAP
MAPT

TERT
CycA
Ywhaz

Tyrosine 3monooxygenase/tryptophan,
5-monooxygenase
activation protein

(+)tctagacttgcaggtgaacagc
(−)atgctaggttggagatgatgcc
(+)agcactggggagaaaggatt
(−)agccactcagtcttggcagt
(+)ttgagcagaagacggaaggt
(−)gaagcattggggatcaagaa

Fig. 2. Average time-to-right (a measure of loss of consciousness above that of
the anaesthetic) recorded immediately after the injury induction for animals that
experienced a WD or a LI injury at P60, (* p < .01, as compared to control animals,
±SEM).

Sham, p < .01, WD and Sham, p < .01, but no signiﬁcant difference
between WD and LI, p = .56. See Fig. 2.
3.2.2. Beam walking
When examining the number of hind-leg foot-slips, it was
demonstrated that both injury induction models increased the
number of errors compared to sham animals. The two-way ANOVA
demonstrated a main effect of injury, F(2, 34) = 11.69, p < .01, but
not of sex, F(1, 35) = 0.21, p = .66, nor a signiﬁcant interaction, F(2,
34) = 0.52, p = .60. The post-hoc analysis between injury induction
methods for beam walking also showed a signiﬁcant difference
between LI and Sham, p < .01, WD and Sham, p < .01, but no signiﬁcant difference between WD and LI, p = .14. See Fig. 3.
3.2.3. Open ﬁeld
The open ﬁeld testing demonstrated that mTBI animals were
signiﬁcantly less active than sham animals, and the difference in
activity was also dependent on the sex of the animal, with larger
effects demonstrated in males. The two-way ANOVA showed a
main effect of injury, F(2, 34) = 9.47, p < .01, and a main effect
of sex, F(1, 35) = 7.10, p < .01, but not a signiﬁcant interaction,
F(2, 34) = 1.34, p = .28. The post-hoc analysis demonstrated a signiﬁcant difference between LI and Sham, p < .01, WD and Sham,
p < .01, but not between LI and WD, p = .59. In addition, analysis the
speed of travel in the open ﬁeld found that animals were differentially affected by exposure to the injury induction platforms. The

Fig. 3. Illustrative representation of the average number of hind-leg foot-slips for
animals that experienced a LI or WD injury when measured on the beam walking
task at 24 h post-injury, (* p < .01, as compared to control animals, ±SEM).

two-way ANOVA demonstrated a main effect of sex, F(1, 35) = 13.07,
p < .01, a main effect of injury, F(2, 34) = 3.36, p = .01, and a trend
toward a signiﬁcant interaction, F(2, 34) = 3.00, p = .06. See Fig. 4.
3.2.4. Elevated plus maze (EPM)
The amount of time that animals spent in the open arms of the
EPM was signiﬁcantly affected as a function of the injury induction
method and the sex of the animal. The two-way ANOVA demonstrated a signiﬁcant main effect of injury, F(2, 34) = 16.36, p < .01,
and of sex, F(1, 35) = 16.37, p < .01, but no signiﬁcant interactions,
F(2, 34) = 2.17, p = .13. The post-hoc analysis however demonstrated
no signiﬁcant differences between LI and Sham, p = .27, but a signiﬁcant difference between LI and WD, p < .01, and WD and Sham,
p < .01. The time spent in the centre of the maze was examined,
but there were no signiﬁcant differences found between any of the
groups. See Fig. 5.
3.2.5. Novel context mismatch (NCM)
Animals were tested on the total amount of time that they
spent exploring the two objects, and the percentage of exploration time they spent with the novel object. The two-way ANOVA
demonstrated a main effect of injury, F(2, 34) = 8.79, p < .01, but no
sex effect, F(1, 35) = 1.65, p = .21, nor a signiﬁcant interaction, F(2,
34) = 1.22, p = .32. The post hoc analysis demonstrated a signiﬁcant
difference between the WD and LI, p < .01, and WD and Sham, p = .02,
but not between LI and Sham, p = .09. See Fig. 6A. With respect to
the percentage of time spent with the novel object, there was a signiﬁcant difference between male and female animals at baseline,
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Fig. 4. Graphical representation of the (A) average distance travelled, and the (B) average speed of travel, when rats were tested in the open ﬁeld paradigm on PID2 for the
LI or WD, (* p < .01, as compared to control animals, ±SEM).

and Eno2 were differentially expressed in male and female animals
with a LI injury in both brain regions. MAPT was signiﬁcantly upregulated following a WD injury in the PFC of female rats and the
HPC of both sexes. BDNF levels were signiﬁcantly inﬂuenced by both
injury mechanisms but these effects were dependent on the brain
region examined and the sex of the animal. TERT exhibited signiﬁcant change in the PFC that differed for males and females, but no
change in the HPC. See Figs. 8 and 9 for graphical representation.
4. Discussion

Fig. 5. Illustrative representation of the average amount of time that rats with an
LI or WD injury spent in the open arms of the elevated plus maze 3 days after
experiencing an injury, (* p < .01, as compared to control animals, ±SEM).

as well as in animals with a WD injury compared to shams. WD
animals were signiﬁcantly impaired, but animals with a LI injury
were not. The two-way ANOVA showed a main effect of injury, F(2,
34) = 3.78, p = .03, and of sex, F(1, 35) = 4.15, p = .05, but not an interaction, F (2, 34) = 1.00, p = .38. The post-hoc analysis demonstrated
that the only signiﬁcant difference was between WD and Sham animals, p < .01, but not between WD and LI or LI and Sham, p = .18, and
p = .19, respectively. See Fig. 6 B.
3.2.6. Forced swim paradigm (FS)
Animals were tested for the percentage of time in the FS
paradigm that they spent immobile or not swimming. Findings
indicate that animals with a LI mTBI were signiﬁcantly impaired,
while those with a WD injury were not. The two-way ANOVA for
percentage of time spent immobile demonstrated a main effect of
injury, F(2, 34) = 5.36, p < .01, but not of sex, F(1, 35) = 1.82, p = .19,
nor an interaction, F(2, 34) = 0.64, p = .54. The post-hoc analysis of
injury induction model showed a signiﬁcant difference between
LI and Shams, p < .01, and LI and WD, p = .05, but not for WD and
Shams, p = .39. See Fig. 7.
3.3. Molecular testing
Owing to the large amount of data generated for the 5 genes,
the information was collapsed into a Table (Table 2) that contains
all of the F and p values for the two-way ANOVAs with information regarding post-hoc testing where applicable. Brieﬂy, ﬁve genes
often used as biomarkers for the presence and severity of brain
injury were analysed from PFC and HPC tissue extracted at the
time of sacriﬁce; BDNF, Eno2, GFAP, MAPT (tau), and TERT. GFAP

This study is novel and exciting because it demonstrated that
similar to human and primate studies, altering the direction of
acceleration and rotation in mTBI induction differentially modiﬁed
behavioural impairments and molecular biomarkers in rodents.
Although both injury platforms produced symptoms typically associated with concussion and post-concussive syndrome, symptom
severity was task- and model dependent. Animals that had experienced a LI injury exhibited greater dysfunction in the forced swim
paradigm and the EPM, whereas animals with a WD injury showed
greater impairment in the short-term working memory task. The
directionality-dependent variation in behavioural response is not
unprecedented. Studies with newborn piglets have demonstrated
that injuries within the sagittal plane are much more severe and
prolonged than injuries associated with axial rotations (Eucker
et al., 2011; Sullivan et al., 2013), and non-human primate studies
have found that rotations in the coronal plane produce the greatest
impairment (Gennarelli et al., 1982, 1987). In addition, the number of target genes affected was greater following the LI, but the
magnitude of change was substantially higher after a WD injury.
Interestingly the PFC of females exhibited the greatest response,
with all 5 of the biomarkers affected in LI animals and 3 of the
biomarkers in the WD group.
4.1. Behavioural impairments and the direction of acceleration
Owing to the seemingly large disparity between white matter patterning in the brain of rodents and humans, researchers
have been hesitant to utilize potentially relevant data from animal modelling of concussion. These differences however, are not
insurmountable. First, despite the fact that in rodents only 13%
of total brain volume is derived from white matter, contrasted
with ∼50% in humans (Zhang and Sejnowski, 2000), evidence suggests that a larger fraction of neurons in the rat cortex are actually
connected through white matter tracts, as compared to primates
(Ventura-Antunes et al., 2013). This would suggest that functional
impairments associated with disruptions to ﬁbre tracts and neural
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Fig. 6. Graphical representation of performance on the novel context mismatch task 8 days after induction of LI or WD injury. The upper panel (A) illustrates the amount of
time animals spent exploring the two objects in the probe trial, with male WD animals exploring signiﬁcantly more than any other group, (* p < .01, as compared to control
animals, ±SEM). The lower panel (B) exhibits the percentage of exploration time animals spent with the novel object for the particular context, (* p < .05, as compared to
control animals, ±SEM).

connectivity can still be adequately addressed in rodent models.
Second, the orientation of the neuroanatomical axis of rodents and
humans is signiﬁcantly different and cannot be altered. In humans,
the ﬂexure of the brain positions the neocortex perpendicular to
the axis of the spinal cord, brainstem, and midbrain, whereas in
rodents the orientation of the brain is in the same plane as the spinal
cord. For this reason, the properties of biomechanical forces of head
impacts are inherently different between rodents and humans.
However, this does not mean that rodent models cannot be used
for the study of mTBI that resemble concussion, it only necessitates
that results from these injury models be interpreted with these limitations in mind. In order to study these types of brain injury, the
acceleration and rotational forces need to be applied to the rodent
in a manner that is consistent with those thought to be involved
in human mTBI. As demonstrated in this study with the LI and WD
devices, it is possible to alter the direction of the head acceleration and rotation with respect to the body axis, and in turn produce
different outcomes that may shed light into the heterogeneity of
clinical mTBI.
Importantly, when the direction of the acceleration and rotation
was altered using the distinct platforms, the acute symptomology remained the same. Adolescent animals in both the LI and
WD group experienced substantial increases in their time to wake
following injury (time-to-right), and exhibited impairments in balance, motor coordination, and locomotor activity, as demonstrated
by the beam walking and open ﬁeld paradigms. These symptoms
are consistently reported in the acute phase and are often required
for diagnosis of concussion or mTBI in human populations (McCrea

et al., 2003; McCrory et al., 2003, 2013; Ryan and Warden, 2003).
This acute response, in conjunction with the lack of observable
damage to the brain, provides support that the models are producing mTBIs that could be classiﬁed as concussion. However, as the
post-injury interval increased, the symptomology began to diverge
as a result of injury mechanism. Animals exposed to the LI device
and a horizontal acceleration/rotation, were more likely to experience emotional deﬁcits as identiﬁed in the EPM and FS paradigm.
The animals with LI injuries exhibited higher levels of ‘depressive’
symptomology as evidenced by increased immobility in the forced
swim paradigm that was not present in control animals or animals
that experienced a WD injury. In addition, female rats also experienced a change in anxiety following the LI injury that suggests
deﬁcits of inhibition, whereby these rats spent signiﬁcantly more
time in the open arms of the EPM, which is believed to represent a
dangerous environment.
Conversely, animals that experienced the WD injury and thus
a dorsal-to-ventral, vertical acceleration/rotation were more likely
to show deﬁcits in the cognitive short-term working memory task.
Both male and female rats with a WD injury spent signiﬁcantly less
time with the novel object, despite the fact that adolescent males in
this group spent substantially more time exploring the two objects.
Male animals with a LI injury also showed deﬁcits in the NCM task
and were less likely to identify the novel object, but this may have
been because they also spent signiﬁcantly less time interested in
the two objects. These rodent ﬁndings are in line with what has
been consistently shown in human populations; mTBI outcomes
are highly variable and span a range of impairment from executive
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Fig. 7. Illustration of the percentage of time rats spent immobile in the force swim
paradigm that was carried out13 days post-injury, following a LI or WD injury, (*
p < .01, as compared to control animals, ±SEM).

dysfunction, to increased anxiety and impulsivity, to no overt manifestation (Brooks et al., 1999; Collins et al., 1999; Malojcic et al.,
2008). However, this study also suggests that the differences in persistent symptoms and the variability in outcomes may be related
to the directionality of the acceleration in the original injury.
4.2. Changes in mRNA expression as they relate to LI and WD
injuries
The purpose of this paper was not to identify a predictive and
reliable biomarker of mTBI, but to demonstrate that the LI and
WD rodent models do in fact induce detectable changes in mRNA
expression of genes that have previously been associated with brain
injury. Interestingly, the direction of the acceleration and rotation
did inﬂuence expression of the 5 biomarkers examined, providing further evidence that the rodent brain, like the human brain, is
responsive to the directionality of force. This is an important ﬁnding
as it indicates that the pathophysiological response of the brain is at
least in part responsive to the directionality of the inductive forces.
Neuron speciﬁc enolases (such as Eno2) have been used as biomarkers for TBI, as they have a high degree of speciﬁcity and serum levels
have been shown to increase 24 h after brain injury (Ingebrigtsen
and Romner, 2003; Chiaretti et al., 2009). Eno2 (a.k.a. NSE) is passively released by the cell following damage and is directly related
to injury severity (Giacoppo et al., 2012). This study found that
mRNA levels of Eno2 were increased in the PFC and HPC of both
males and females following an LI injury, but in animals that experienced a WD injury, levels were lower in males and not different
from controls in females. The differences between our study and
previous ﬁndings could result from the timing of mRNA collection;
however this does not explain why the two injury platforms produced different responses despite tissue collection at the same time
frame post-injury. Glial ﬁbrillary acidic protein (GFAP) is an intermediate ﬁlament protein expressed primarily by astrocytes that is
believed to help maintain astrocyte mechanical strength. Previous
research has shown that GFAP increases after TBI, and has been used
a reliable biomarker that is capable of discriminating between TBI
patients and uninjured controls (Papa et al., 2012). Interestingly,
this study identiﬁed elevated levels of GFAP mRNA in the PFC of
females and the HPC of males that experienced an LI injury. In contrast, tissue from the PFC of WD males and HPC of LI females actually
exhibited signiﬁcant decreases in expression of GFAP. As the samples were collected 15 days post-injury, it is possible that the two
brain regions undergo healing and reconstruction at different rates
which are dependent on the injury mechanism and direction of
accelerative forces.
Brain derived neurotrophic factor (BDNF) is the most widely distributed neurotrophic factor in the brain and is known to play a
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signiﬁcant role in neuronal growth, differentiation, and proliferation (Horch and Katz, 2002). The correlation between peripheral
BDNF and traumatic brain injury is still up for debate as some
groups have found signiﬁcant relationships between injury severity and BDNF levels (Sotgui et al., 2006) whereas others have failed
to demonstrate that BDNF is a consistent and reliable biomarker
of mTBI (Chiaretti et al., 2009). Unlike this study, the majority
of research related to BDNF and TBI outcomes has examined the
time-period immediately following the injury (within 24 h) and has
looked at peripheral protein levels. Our results demonstrated that
mRNA expression of BDNF exhibited a different pattern of change
for different injury mechanisms, region of interest, and sex of the
animal, indicating that it was a non-speciﬁc indicator of mTBI, at
least, when sampled 15 days post-injury in brain tissue. In comparison, microtubule associated protein-tau (MAPT) is localized to
the axonal compartment of neurons and plays a primary role in
the formation of microtubule bundles (Iqbal et al., 1986). A speciﬁc cleaved form of MAPT known as c-tau has been shown to be
an efﬁcacious biomarker of TBI in the acute phase, when examined
within hours to days of the initial injury (Gabbita et al., 2005). This
study found that MAPT was a better biomarker for females, showing signiﬁcant increases in the PFC after WD and LI, and following
WD in the HPC. In contrast, a signiﬁcant increase was only identiﬁed in MAPT expression in the HPC of WD males, with LI males
demonstrating a signiﬁcant decrease in MAPT expression.
The last gene examined for this experiment was telomerase
reverse transcriptase (TERT). TERT is an enzyme involved in promoting cellular survival during conditions of cellular stress by
maintaining genomic stability, decreasing oxidative stress, and preserving telomere length (Liu et al., 2004). Previous studies in this
laboratory have demonstrated that mild brain injuries signiﬁcantly
reduce telomere length (Mychasiuk et al., 2015a,b), suggesting that
changes in activity of TERT may be indicative of injury pathophysiology. Expression of TERT was altered in the PFC of males
and females in animals in both mTBI platform groups with a
sex-dependent response; signiﬁcantly increased in females, and
decreased in males. Conversely, only females that had experienced
a LI injury showed a signiﬁcant change in the HPC, with TERT levels being lower. Similar to many of the other genes presented
above, the injury, brain region, and sex of the animal, inﬂuenced
the change in mRNA expression.
There are many reasons why the changes in gene expression in
this study could differ from previous literature, including (1) timing of sample collection. This study examined changes in mRNA
expression levels 15 days after the injury, whereas many studies are interested in immediate and acute responses; (2) the type
of sample collected varies across studies. We sampled brain tissue while many research groups collect blood, cerebral spinal ﬂuid
(CSF), or other tissues. As we were often unable to demonstrate similar responses across brain regions, it would be difﬁcult to compare
results from serum to blood or brain. (3) The age and sex of the individual. Studies of brain injury have tended to focus on adult males,
often neglecting females and pediatric populations. As this study
has clearly demonstrated, the injury response is not the same across
sexes. These sex differences may arise from variations in white matter volumes (Gur et al., 1999), ﬁbre tract organization (Kanaan et al.,
2012), or molecular response (McCarthy et al., 2009). Regardless of
the mechanistic underpinnings, the high degree of sex-dependent
behavioural variability may be responsible for the differential rates
of concussion prevalence and symptomology reported by males
and females (Broshek et al., 2005; Covassin et al., 2007). Similar
to our study, females are more likely to report lingering emotional
symptomologies such as depression and anxiety, whereas males
more often report deﬁcits in attention, impulsivity, and motor
behaviours (Collins et al., 1999; Broshek et al., 2005; Covassin et al.,
2007; Howell et al., 2013). Given the substantial change that occurs
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Table 2
Statistical results obtained from the two-way ANOVAs for changes in expression of the 5 genes of interest for the two brain regions at the time of sacriﬁce (∼P75; 15 days
post-mTBI) (values in red represent signiﬁcant differences, p < .05).
Effect of injury

Signiﬁcant interaction

Post-hoc

F

p

Effect of sex
F

p

F

p

WD:LI

WD:Sham

LI:Sham

PFC

BDNF
Eno2
GFAP
MAPT
TERT

4.30
4.12
3.59
4.28
0.95

.02
.03
.04
.03
.40

0.00
0.11
0.61
5.43
4.66

.97
.75
.44
.03
.04

0.97
1.21
1.83
4.52
5.78

.39
.32
.18
.02
.01

.75
.03
.03
.20
–

.04
.89
.73
.01
–

.01
.01
.03
.12
–

HPC

BDNF
Eno2
GFAP
MAPT
TERT

3.44
8.76
0.14
5.47
0.94

.05
<.01
.87
.01
.41

2.11
6.89
1.33
1.99
1.48

.16
.01
.26
.17
.24

4.94
2.75
4.48
2.14
0.25

.02
.08
.02
.15
.45

.02
<.01
–
<.01
–

.04
.54
–
.01
–

.71
<.01
–
.65
–

Fig. 8. Graphical representation of changes in expression for the 5 biomarkers examined in the prefrontal cortex, at the time of sacriﬁce (∼P75), from animals that experienced
at LI or WD injury at P60 as compared to controls (* p < .05, ±SEM).

Fig. 9. Graphical representation of the changes in expression for the 5 biomarkers in the hippocampus as compared to controls, at the time of sacriﬁce (∼P75), for animals
that received an LI or WD injury at P60 (* p < .05, ±SEM).

across the lifespan, the pediatric, adolescent, and adult brain would
also be predicted to respond differently to an injury. Finally, (4)
the injury mechanism/biomechanical forces imparted on the brain.
By using two different inertial mTBI models, this study illustrates

that even when controlling for the amount of force imposed upon
the brain, the directionality of the acceleration and rotation inﬂuence the presentation of mRNA levels in distinct brain regions. The
vast majority of rodent mTBI models currently utilized for research
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purposes do not permit any movement of the head or body, resulting in very different injury pathophysiology and gene expression
changes. This variability exempliﬁes the difﬁculty that previous
research had with identifying a consistent and reliable marker for
mTBI prognosis and diagnosis.
5. Conclusion
In conclusion, ﬁndings from this study are signiﬁcant
because they highlight the importance of mitigating factors in
mTBI/concussion and provide insight into the heterogeneity of clinical outcomes; suggesting that unless treatment strategies for mTBI
are personalized to each individual and their injury mechanism,
interventions will need to become broader rather than more specialized. The differential pathophysiological response of the brain
to a LI vs WD injury demonstrates that secondary injury networks
are not indiscriminate and are actually contingent upon the characteristics of the biomechanical forces and the sex of the rat. Just as
with humans, the direction of the acceleration and rotational forces
produces injuries in different neural networks and ﬁbre tracts,
which results in altered functional deﬁcits for rodents. One limitation to the study is the use of different modelling platforms to
obtain the different acceleration and rotational angles. However,
implementation of additional controls would likely not solve this
problem, but could introduce new variables. For example with the
LI the animal is “hit” in the side of the head resulting in an initial
head deﬂection followed by rotation of the body away from the
impact. This is similar to what is seen in human concussions with
similar directionality. Although we considered turning the animal
onto its side, allowing for a “hit” to the dorsum of the skull, (similar
to the WD), the resulting movement of the animal would not have
been consistent with the WD (rotation in the dorsal-ventral plane),
but would have rather resulted in an angular ﬂexion of the head and
a rolling of the body; a very different accelerational force. Similarly,
placing the animal on its side in the WD (to produce a ‘hit’ to the
side of the head) posed two major problems; (1) differences angular
displacement vectors of the head and body resulting in a different
force from either the WD or LI and (2) potential injury/fracture to
the globe of the eye and subsequent complications. A second limitation of the study could be deemed the sample size (n = 6/group),
as validation studies tend to use larger cohorts. As the study’s primary objective; comparison of the two injury platforms to establish
whether or not pathological impairments were dependent upon
the direction of acceleration, was accomplished, and our laboratory
has produced similar ﬁndings with respect to each of the models in
independent studies (Mychasiuk et al., 2014a, 2015a,b), we are conﬁdent the ﬁndings are reliable. Understanding these limitations and
demonstrating through this study that variations in the direction
of the acceleration and rotation that more closely represent human
experiences, will allow researchers to advance basic experimental
properties, in an effort to produce ﬁndings that have greater clinical
relevance and translational success.
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