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Repetitive mild traumatic brain injury 
in mice triggers a slowly developing cascade 
of long-term and persistent behavioral deficits 
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Abstract 

We have previously reported long-term changes in the brains of non-concussed varsity rugby players using magnetic 
resonance spectroscopy (MRS), diffusion tensor imaging (DTI) and functional magnetic imaging (fMRI). Others have 
reported cognitive deficits in contact sport athletes that have not met the diagnostic criteria for concussion. These 
results suggest that repetitive mild traumatic brain injuries (rmTBIs) that are not severe enough to meet the diagnostic 
threshold for concussion, produce long-term consequences. We sought to characterize the neuroimaging, cognitive, 
pathological and metabolomic changes in a mouse model of rmTBI. Using a closed-skull model of mTBI that when 
scaled to human leads to rotational and linear accelerations far below what has been reported for sports concussion 
athletes, we found that 5 daily mTBIs triggered two temporally distinct types of pathological changes. First, during 
the first days and weeks after injury, the rmTBI produced diffuse axonal injury, a transient inflammatory response and 
changes in diffusion tensor imaging (DTI) that resolved with time. Second, the rmTBI led to pathological changes that 
were evident months after the injury including: changes in magnetic resonance spectroscopy (MRS), altered levels of 
synaptic proteins, behavioural deficits in attention and spatial memory, accumulations of pathologically phosphoryl-
ated tau, altered blood metabolomic profiles and white matter ultrastructural abnormalities. These results indicate 
that exceedingly mild rmTBI, in mice, triggers processes with pathological consequences observable months after the 
initial injury.
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Introduction
Traumatic brain injury (TBI) was defined in a 2010 posi-
tion statement as an alteration in brain function, or other 
evidence of brain pathology caused by an external force 
[70]. Worldwide estimates suggest that there are 50–60 
million new TBIs each year [61] with approximately 
3.5 million in the United States alone [20]. TBI sever-
ity can be classified as either mild, moderate or severe 
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by applying the Glasgow Coma Scale (GCS) within 24 h 
of trauma [48]. A GCS score of 13–15 is considered a 
mild TBI (mTBI) while a GCS score of 9–12 is consid-
ered moderate and a GCS score of 8 or less is considered 
severe TBI. The overwhelming majority (75–90%) of 
TBIs are mild [27, 47, 61] with the acknowledgment that 
the incidence of mTBI is likely grossly underestimated 
because many patients with mTBI do not seek medical 
treatment [76]. Thus, understanding the pathophysiol-
ogy of mTBI is a critical medical issue. The importance of 
repetitive mTBIs (rmTBIs) is underscored by the finding 
that a history of rmTBIs is associated with an increased 
risk of developing chronic traumatic encephalopathy 
(CTE) [68, 69, 102] and of dementia [4, 28, 72, 81]. The 
association of a history of mTBI with the later develop-
ment of dementia and the recognition that many patients 
with mTBI have symptoms that persist for months or 
years [3] raises the question: just how mild are mTBIs?

Although we recognize that the term concussion is 
problematic [48, 94] we will use it to denote a constel-
lation of symptoms that may or may not be transient 
(headache, nausea, dizziness, etc.) after a mTBI. There is 
increasing evidence that patients may experience a mTBI 
in the absence of symptoms or signs that would lead to 
a diagnosis of concussion. In a study of women’s varsity 
rugby, we demonstrated that non-concussed rugby ath-
letes have elevated levels of glutamine and of glutamine/
creatine ratios by magnetic resonance spectroscopy 
(MRS) during in-season play compared to off-season 
[93]. In a fMRI and DTI study comparing concussion-free 
and concussed women varsity rugby players, we demon-
strated white matter and functional connectivity changes 
in asymptomatic contact sport athletes [63]. We have also 
reported differences in DTI, functional connectivity and 
in MRS in concussion-free athletes playing contact sports 
compared to concussion-free athletes involved in non-
contact sports (swimmers and rowers) [62, 92]. These 
results are consistent with other fMRI studies that like-
wise show changes in functional connectivity in contact 
sport athletes that have not been diagnosed with concus-
sion [100]. Studies have also shown cognitive impairment 
in athletes playing contact sports that are reported to be 
concussion-free [50, 66, 104]. Finally, cognitive and imag-
ing studies of non-concussed athletes playing contact 
sports demonstrate a correlation between the number of 
years of play and abnormalities observed [2, 104]. These 
studies, when considered together, suggest that signifi-
cant changes in brain metabolism, white matter integrity, 
functional connectivity and cognitive function may occur 
after rmTBIs that escape a symptomatic threshold for a 
diagnosis of concussion.

In order to understand the pathophysiology at the 
mild end of the spectrum of human rmTBIs, we carried 

out biochemical, pathological and behavioral analyses in 
a mouse model of rmTBI. In this model, mice receive 5 
mTBIs (one a day for 5 days) using a cortical impactor to 
produce head rotations that are approximately 40 times 
less than the angular accelerations experienced by ath-
letes subsequently diagnosed as concussed. We herein 
demonstrate that these mTBIs produce pathologies that 
are transient with apparent resolution as well as patholo-
gies that are late-developing and long-lived including 
behavioral impairments, pathological tau phosphoryla-
tion, metabolomic alterations and white matter ultras-
tructural abnormalities.

Material and methods
Animals
Male C57BL/6  J wildtype mice were purchased from 
Charles River (Quebec, Canada) at 8–10 w of age. All 
mice were housed in the same room under identical con-
ditions. They had free access to food and water, except 
the groups of mice evaluated by touchscreen testing, 
where food restriction was applied as described below.

Repetitive Mild TBI
Mice were anesthetized with 3% isoflurane and main-
tained on 2% isoflurane via a nose cone until immedi-
ately after impact. Mice were placed in a Kopf mouse 
anesthesia mask under a traumatic brain injury device 
(TBI 0310, Precision Systems and Instrumentation, 
LLC). Following a 10 mm midline incision, the skin and 
fascia were reflected. Then animals received a mild con-
trolled cortical impact directly onto the skull, centered 
on Bregma, with a custom-made, 4 mm-diameter pliant 
silicone tip. The device was programmed to impact at a 
depth of 1.0 mm at a velocity of 3.5 m/s with a 500 ms 
dwell time. These injury depths and speeds are similar to 
the injury parameters used by others studying mTBI in 
mice [33, 74]. Mice received 5 impacts (one impact a day 
for 5 days). Sham mice received 5 min of anesthesia and 
a scalp incision. Control mice used in the imaging stud-
ies and the subsequent immunohistochemistry and blood 
metabolomics analyses were naïve.

High‑speed videography and kinematic analysis
For kinematic analysis, an independent cohort of 4 mice 
was subjected to a mTBI and the impact events were 
recorded at 10,000 frames per second using a high-speed 
video camera (Fastcam SA6, Photron Limited, Tokyo, 
Japan). During video recording, we placed the camera 
on a stable table that is separated from the impact device 
to avoid vibrations induced by the impact [60]. Head 
motion was tracked using two markers tightly glued to 
the right side of the mouse’s shaved head. Velocities and 
accelerations were determined by discrete differentiation 
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of the position data using in-house developed MAT-
LAB codes. Resultant linear velocity and acceleration 
were calculated as the magnitude of their respective X 
and Y components. Linear kinematic parameters were 
calculated by tracking the markers. Angular rotation of 
the head during mTBI was determined by the angle of 
the line joining two marks. Energy transferred from the 
piston to the head was determined using the equation 
KE = 0.5 × Me × ΔV2, where Me is the effective mass and 
is approximated by head mass (3.4 g) and ΔV is a change 
in head velocity. A scaling factor λ [λ = (mass of human 
brain/mass of mouse brain)1/3 = 13.8] was used to esti-
mate the human head-equivalent kinematic parameters 
from the animal data [79].

Tissue preparation for light microscopy
Mice were anesthetized with ketamine/Xylazine (2:1) and 
then underwent trans-cardiac perfusion with ice-cold 
saline, followed by 4% paraformaldehyde in phosphate-
buffer saline (PBS). Brains were post-fixed overnight, 
infiltrated with sucrose, and embedded in optimal cutting 
temperature (OCT) medium. For silver staining, thirty 
floating 40 μm thick coronal cryostat sections were col-
lected at the level of the corpus callosum directly beneath 
the impact site, and stored in 8% sucrose with 0.1% NaN3 
in PBS at 4 °C. For immunohistochemistry, the rest of the 
brain was cryosectioned at 16 μm and collected serially 
onto Superfrost Plus slides and stored at − 80 °C.

Silver staining
Silver staining for diffuse axonal injury (DAI) was 
focused on the corpus callosum as other models of mTBI 
have shown intense silver staining in this white matter 
structure [75]. The 40 μm thick coronal sections from the 
corpus callosum described above were collected at 48 h, 
1 w, 4 w and 10 w post-injury and transferred from the 
8% sucrose solution to 4% paraformaldehyde and incu-
bated at 4 °C for at least 7 days. Then silver staining was 
performed using the FD NeuroSilver Kit II (FD Neuro-
Technologies, Ellicott City, MD) according to the manu-
facturer’s instructions.

Immunohistochemistry
Immunohistochemistry was focused on the prefrontal 
cortex (PFC) and hippocampus as our behavioral analy-
ses were specifically focused on tests of attentional con-
trol and spatial cognition, cognitive functions controlled 
by the PFC [51] and the hippocampus [77], respectively. 
Cryosections (16 μm thick) were rinsed in 0.1 M PBS and 
blocked in 5% goat serum with 0.1% Triton X-100 for 
2  h at room temperature. The sections were then incu-
bated with primary antibodies (diluted in 5% goat serum, 
Table 1) at 4  °C overnight. The Vectastain Elite ABC kit 

(Vector laboratories, Burlingame, CA) was used to detect 
APP immunostaining and visualized with the 3′ 3 diam-
inobenzidine (DAB, Vector laboratories) chromogen. For 
fluorescent immunohistochemistry, a donkey anti-mouse 
IgG, conjugated with Alexa Fluor 488 (1:1000; Invitrogen, 
Rockford IL, USA) or a goat anti-rabbit IgG, conjugated 
with Alexa Fluro 594 (1:1000; Invitrogen) were used. 
Digital images were captured using an Olympus BX41 
microscope.

Western blotting
Mice used for Western blotting were transcardially per-
fused with ice cold saline. The prefrontal cortex (PFC) 
and hippocampus of each mouse were dissected free 
from the rest of the brain guided by the Allen mouse 
Brain Atlas. We defined the PFC to include cortex from 
the oribital area to 1  mm caudal to the bregma, which 
included the secondary motor cortex; the anterior cingu-
lar area, the prelimbic area, the infralimbic area and the 
agranular insular area as defined by Carlen [14]. Brain tis-
sue was homogenized in RIPA lysis buffer with complete 
proteinase inhibitor cocktail (Invitrogen). Lysates were 
clarified by centrifugation at 6000 rpm for 20 min at 4 °C 
and the supernatants taken for analysis. Protein concen-
trations in each extract was determined using the BioRad 
DC protein assay and equal amounts of protein (20  μg/
lane) were resolved by SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) and electroblotted to Millipore 
Immobilon-FL PVDF membranes. Blots were incubated 
in Intercept (TBS) Blocking Buffer (Li-Cor Bioscience, 
Lincoln, NE) for 2  h at room temperature. Primary 
antibodies listed in Table  1 were diluted in blocking 
buffer with 0.1% Tween 20. The blots were incubated 
with primary antibodies overnight at 4  °C on a shaker. 
Blots were subsequently washed 3 times for 10  min in 
TBS/0.2% Tween 20 and incubated with corresponding 

Table 1 Primary antibodies

Primary 
antibody

Host IHC Western Blot Company

Dilution Size (KD) Dilution

GFAP Mouse 1:500 51 1:2000 MilliporeSigma

Iba1 Rabbit 1:200 18 1:1000 Abcam

IL-6 Rabbit / 24 1:1000 Cell Signaling

TNFα Goat / 25 1:1000 R&D systems

APP Rabbit 1:500 100 1:1000 Invitrogen

Synaptophysin Rabbit / 38 1:1000 Cell Signaling

PSD-95 Rabbit 1:100 95 1:1000 Invitrogen

Gephyrin Mouse 1:100 93 1:500 Santa Cruz

Beta-actin Mouse / 42 1:5000 Sigma

AT8 Mouse 1:100 / / Thermofisher
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fluorescent-conjugated secondary antibodies, either 
the IRDye 800CW Donkey anti-Goat IgG, or the IRDye 
800CW Doney anti-Mouse IgG or the IRDye 680CW 
Doney anti-rabbit IgG (Li-Cor Bioscience), diluted 
(1:15,000) in blocking buffer with 0.1% Tween 20 and 
0.01% SDS for 1 h at room temperature in the dark. The 
blots were washed 3 times for 10 min in TBS/0.2% Tween 
20, followed by a brief rinse in TBS to remove residual 
Tween 20. Membranes were imaged using the Odyssey 
Imaging System (LI-COR Biosciences). The relative opti-
cal densities of target protein bands within the same gel 
were quantified using the Image Studio and normalized 
to β-actin. The same control protein extracts were run on 
different gels to allow for quantification of protein levels 
across gels. The shams used for Western blot analyses 
were sacrificed at 48 h after the sham procedure.

Imaging
All imaging and spectroscopy were performed in the 
Centre for Functional and Metabolic Mapping at West-
ern University on a Bruker (Billerica, MA, USA) Avance 
III HD console interfaced to an Agilent (Santa Clara, 
CA, USA) 9.4  T small-bore MRI magnet using Agilent 
Millipede MP30 or MP40 quadrature transmit/receive 
radio frequency coils. Diffusion Tensor Imaging (DTI) 
was acquired using a spin-echo acquisition sequence 
(TE = 36  ms, TR = 1  s, max b-value = 1085  s/mm2, 12 
gradient directions, FOV = 18.75 mm, 128 × 128 matrix, 
31–0.5  mm thick slices). A 2D fast spin-echo anatomi-
cal image (TR/TE = 4000/10  ms; FOV = 19.2 × 19.2 
 mm2; matrix = 128 × 128; slice thickness = 0.5  mm) 
was acquired for tissue/CSF segmentation. Magnetic 
resonance spectra were acquired from a 2 × 6 × 3  mm3 
voxel encompassing both hippocampi using VAPOR 
water suppression [105] and the localization by adi-
abatic selective refocusing (LASER) pulse sequence (TR/
TE = 3250/18.9 ms; averages = 128/8; HS2 R15 adiabatic 
full passage pulses; bandwidth = 6000 Hz) [30]. Acquisi-
tion of a macromolecule only spectra was interleaved 
with the acquisition of the full spectrum using a single-
inversion recovery technique as previously described [46] 
to remove the contribution of macromolecules to the 
spectrum in post-processing.

DTI images were pre-processed using fMRI Software 
Library (FSL, v.5.0.10, Oxford, UK). Images were first 
registered to a C57BL/6J atlas using a linear transforma-
tion (FLIRT) [43] followed by a non-linear registration 
(FNIRT) in FSL. The resulting transformation matrices 
were then inverted and used to bring masks of the cor-
pus callosum and hippocampus back into the diffusion 
space of each subject, where mean diffusion parameter 
values for each region were then extracted. Mean region 
of interest (ROI) analysis was performed and focused on 

two relevant regions of interest: the corpus callosum and 
the hippocampus. Within each ROI the mean fractional 
anisotropy (FA), mean diffusivity (MD), axial diffusivity 
(AD), and radial diffusivity (RD) values were extracted.

All spectra were lineshape and eddy current corrected 
using combined QUALITY deconvolution (400 points) 
and eddy current correction [5]. Macromolecules were 
then fitted using a Hankel singular value decomposition 
(HSVD) [107] and subtracted from the metabolite spec-
trum. Using in-house analysis software, suppressed (post 
macromolecule subtraction) and unsuppressed spectra 
were fitted in the time domain using prior knowledge 
produced by density matrix simulations [111] incorpo-
rated into a Levenberg–Marquardt minimization routine 
[6]. Metabolite absolute concentrations and ratios rela-
tive to creatine (Cr) were calculated in this study. Abso-
lute concentrations incorporated a correction to account 
for tissue partial volume (Tissue and CSF) obtained from 
segmenting the 2D fast spin-echo anatomical image. 
Metabolite ratios relative to Cr were also calculated, to 
eliminate the uncertainty associated with partial volume 
and relaxation corrections from influencing the results.

Touchscreen behavioral testing
All tasks in the touchscreen battery are motivated by 
strawberry milkshake reward, and the majority of the 
tasks require instrumental responses to the touchscreen. 
Therefore, to provide sufficient motivation, animals are 
subject to mild food restriction before task training, i.e. 
≈ 2.5 g food pellets/day and free access to water. Touch-
screen training was performed as previously described 
[39].

Paired visual discrimination task with reversal (PVD‑R)
Touchscreen testing of behavioral flexibility was based 
on a visual discrimination and reversal task as previously 
described [39, 86]. We used a “marble-fan” pair in our 
testing, where marble was the S+, and fan was the S−. 
When the mouse touched the S+ (correct), the stimuli 
were removed, and a reward was delivered along with 
illumination of the magazine light and a tone. When 
the animal reached more than 80% correct choices for 
2 days in a row, acquisition criterion had been reached. 
Once all animals in a cohort had reached the acquisition 
criterion, they were put back on the task and received 
2 further task sessions that served as baseline perfor-
mance (B1 and B2). The animals were then randomized 
to either the sham or rmTBI group. After the fifth mTBI 
or sham procedure one-week of recovery was allowed 
with one maintenance session. The animals were then 
tested for 2 sessions with the same reward contingencies 
(B3 and B4). The following day, contingencies of S+ and 
S− were reversed. The animals were tested for 30 trials 
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per session, for 10 sessions. Following 10 task sessions, 
the animals then received one maintenance session once 
a week until the 6th week post-injury, when all the ani-
mals were put back again on the task and received 2 task 
sessions with the previous contingencies (S+: fan; S−: 
marble). The results were recorded as performance base-
line for the 6-week time point (B1 and B2). The follow-
ing day, contingencies of S+ and S− were reversed again, 
same as the settings at the acquisition stage. Because the 
mice needed a large number of correction trials after the 
reversal, they received 10 trials per session for the first 
3 days (R1–3), followed by the regular 30 trials per ses-
sion for 10 more sessions (R4–13). The percentage of 
accuracy was recorded and compared between the sham 
and injured animals.

5‑Choice serial reaction time task (5‑CSRTT)
The general procedure for the 5-CSRTT in a touch-
screen-based automated operant system for mice was 
described previously [87]. Mice were trained on this task 
until they reached a criterion of stable performance at 
80% accuracy with stimuli duration of 2  s. After reach-
ing this criterion they were randomized to receive either 
five mTBIs or five sham procedures. There was no differ-
ence in performance on the 5-CSRTT between groups 
prior to the experimental procedure (sham mice versus 
rmTBI mice). Probe trials at 2, 6 and 10 w post-injury 
were performed by increasing the attentional demand of 
the task by decreasing the stimulus duration using 1.5, 
1.0, 0.8 and 0.6 s stimuli lengths. The percentage of accu-
rate trials was recorded and compared between sham and 
injured mice.

Morris water maze
Sixteen weeks after the last mTBI, all the mice were 
trained in the standard Morris water maze with a hidden 
platform (Noldus, Wagneningen. the Netherlands). Thir-
teen sham and 15 rmTBI mice were tested over 4  days 
(4 trials/session). A transparent escape platform was 
placed 1 cm below the water surface in a fixed position 
(Q4, SW). In each trial, mice were placed at one of the 
starting locations in a random order and were allowed to 
swim until they located the platform. Mice failing to find 
the platform within 60 s were placed on it for 15 s. In the 
probe session, the platform was removed from the target 
quadrant, and mice were allowed to swim for 60  s. All 
the trials were recorded and traced with an image tracing 
system (ANYMAZE, Stoelting Co.), connected to a video 
camera placed above the pool. The time each mouse 
spent in the target quadrant was compared to the average 
time spent in the 3 non-target quadrants.

Metabolomics
For metabolomics analyses blood was collected from 
the right atria of mice just prior to cardiac perfusion. 
Approximately 400  μl of whole blood was withdrawn 
using an insulin syringe. Blood samples were then imme-
diately transferred into a vacutainer tube (BD #367820) 
and incubated at room temperature for 60 min to allow 
clotting. Blood samples were then centrifuged for 15 min 
at 2000  g at 4  °C. The supernatant (serum) was col-
lected and stored at − 80 °C. Serum samples from shams 
and injured mice at 48 h, 1, 4 and 10 w post-injury were 
analyzed for their levels of 144 different metabolites by 
direct flow injection and LC–MS/MS compound iden-
tification and quantification (DI/LC–MS/MS) carried 
out by the Metabolomics Innovation Center (TMIC) at 
the University of Alberta using the Biocrates kit. Reli-
able levels on 144 different metabolites were returned 
(36 of the 144 metabolites in the screen were undetect-
able in our samples). We applied a targeted quantitative 
metabolomics approach to analyze the serum samples 
using a combination of direct injection mass spectrom-
etry (AbsoluteIDQ™ Kit) with a reverse-phase LC–MS/
MS Kit. The Kit is a commercially available assay from 
BIOCRATES Life Sciences AG (Austria). This kit, in 
combination with an ABI 4000 Q-Trap (Applied Bio-
systems/MDS Sciex) mass spectrometer, can be used 
for the targeted identification and quantification of dif-
ferent endogenous metabolites including amino acids, 
acylcarnitines, biogenic amines, glycerophospholipids, 
sphingolipids and sugars. The method used combines the 
derivatization and extraction of analytes, and the selec-
tive mass-spectrometric detection using multiple reac-
tion monitoring (MRM) pairs. Isotope-labeled internal 
standards and other internal standards are integrated in 
Kit plate filter for metabolite quantification. The Abso-
luteIDQ kit contains a 96 deep-well plate with a filter 
plate attached with sealing tape, and reagents and sol-
vents used to prepare the plate assay. First 14 wells in the 
Kit were used for one blank, three zero samples, seven 
standards and three quality control samples provided 
with each Kit. All the serum samples were analyzed with 
the AbsoluteIDQ kit using the protocol described in the 
AbsoluteIDQ user manual. Briefly, serum samples were 
thawed on ice and were vortexed and centrifuged at 
13,000×g. 10 µL of each serum sample was loaded onto 
the center of the filter on the upper 96-well kit plate and 
dried in a stream of nitrogen. Subsequently, 20  µL of a 
5% solution of phenyl-isothiocyanate was added for deri-
vatization. After incubation, the filter spots were dried 
again using an evaporator. Extraction of the metabolites 
was then achieved by adding 300 µL methanol containing 
5 mM ammonium acetate. The extracts were obtained by 
centrifugation into the lower 96-deep well plate, followed 
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by a dilution step with kit MS running solvent. Mass 
spectrometric analysis was performed on an API4000 
 Qtrap® tandem mass spectrometry instrument (Applied 
Biosystems/MDS Analytical Technologies, Foster City, 
CA) equipped with a solvent delivery system. The sam-
ples were delivered to the mass spectrometer by a LC 
method followed by a direct injection (DI) method. The 
Biocrates MetIQ software was used to control the entire 
assay workflow, from sample registration to automated 
calculation of metabolite concentrations to the export of 
data into other data analysis programs. A targeted profil-
ing scheme was used to quantitatively screen for known 
small molecule metabolites using multiple reaction mon-
itoring, neutral loss and precursor ion scans.

Ultra high performance liquid chromatography (UHPLC) 
used for metabolomics analyses
An Agilent 1260 series UHPLC system (Palo Alto, CA, 
USA) and an Agilent reversed-phase Zorbax Eclipse 
XDB C18 col-umn (3.0  mm × 100  mm, 3.5  μm particle 
size, 80 Å pore size) with a Phenomenex (Torrance, CA, 
USA) SecurityGuard C18 pre-column (4.0 mm × 3.0 mm) 
were used for all online LC/DFI-MS/MS analyses with 
an AB Sciex  QTRAP® 4000 mass spectrometer (Con-
cord, ON, CA). The controlling soft-ware for the sam-
ple analysis was  Analyst® 1.6.2. The UHPLC parameters 
used to analyze amino acids and biogenic amines were 
as follows: solvent A 0.2% (v/v) formic acid in water, 
and solvent B 0.2% (v/v) formic acid in acetonitrile. The 
gradient profile for this UHPLC solvent run was as fol-
lows: t = 0 min, 0% B; t = 0.5 min, 0% B; t = 5.5 min, 95% 
B; t = 6.5 min, 95% B; t = 7.0 min, 0% B; and t = 9.5 min, 
0% B. The column oven was set at 50  °C. The flow rate 
was 500 μL/min, and the sample injection volume was 10 
μL. The mass spectrometer was set to a positive electro-
spray ionization mode with a scheduled multiple reac-
tion monitoring (MRM) scan. The IonSpray voltage was 
set at 5500  V and the tem-perature at 500  °C. The cur-
tain gas (CUR), ion source gas 1 (GAS1), ion source gas 
2 (GAS2) and collision gas (CAD) were set at 20, 40, 50 
and medium, respectively. The entrance potential (EP) 
was set to 15 V. Likewise, the declustering potential (DP), 
collision energy (CE), collision cell exit poten-tial (CXP), 
MRM precursor ion (Q1) and fragment ion (Q3) were set 
individually for each analyte and isotope-labelled ISTD. 
For DI-MS/MS analysis of acylcarnitines, lipids and glu-
cose, the UHPLC autosampler was connected directly to 
the MS ion source by red PEEK tubing. The FIA running 
buffer mentioned above was used as the mobile phase 
while the flow rate was programmed as follows: t = 0 min, 
30 μL/min; t = 1.6  min, 30 μL/min; t = 2.4  min; 200 μL/
min; t = 2.8  min, 200 μL/min; and t = 3.0  min, 30 μL/
min. The sample injection volume was 20 μL. The mass 

spectrometer was set to a positive electrospray ionization 
mode with MRM scanning to analyze lipids and acylcar-
nitines, and to a negative electrospray ionization mode 
to detect glucose/hexose. The IonSpray voltage was set at 
5500 V for the positive mode and − 4500 V for the nega-
tive mode, whereas the temperature was set at 200 °C for 
both polarities. The CUR, GAS1, GAS2 and CAD were 
set at 20, 40, 50 and medium, respectively. The EP and 
CXP were set at 10  V and 15  V separately for positive 
mode; and − 10  V and − 15  V respectively for negative 
mode. Likewise, the DP, CE, Q1 and Q3 were set individ-
ually for each analyte and ISTD.

Electron microscopy (EM)
Mice designated for EM studies were perfused with 0.1 M 
phosphate buffer, followed by 4% paraformaldehyde sup-
plemented with 2% glutaraldehyde. Brains from sham and 
rmTBI mice (N = 6 per group) were sectioned in the sag-
ittal plane at 100 μm using a vibratome (Leica VT1000S). 
Sections at the midline were collected in 24-well plates 
filled with 0.1 M phosphate buffer. In addition, two brains 
from each group were sectioned in the coronal plane at 
100  μm. Further processing was carried out as previ-
ously described [59]. Briefly, the specimens were post-
fixated with 1% Osmium Tetroxide in 0.1 M Cacodylate 
buffer for 1 h followed by overnight en-bloc staining with 
1% Uranyl Acetate (at T = 4  °C). Brain tissues were first 
rinsed with double-distilled water and then dehydrated 
in an ascending series of ethanol solutions and embed-
ded in Spurr’s resin between two Aclar films at 60 °C for 
2–3  days for polymerization. After polymerization, the 
Genu of the corpus callosum was isolated using a stere-
omicroscope [59]. Semi-thin sections (0.5 μm thick) were 
generated using an ultramicrotome (Ultramicrotome 
Reichert-Jung Ultracut E; Leica Microsystems, Wetzlar, 
Germany). The sections were transferred to a SuperFrost 
slide and stained with 1% toluidine blue for evaluation of 
area of interest within corpus callosum by light micros-
copy. Ultrastructural myelin abnormalities were observed 
using the Philips CM10 TEM (Philips Electronics, Eind-
hoven, The Netherlands) at the Biotron facility at West-
ern University.

Electron microscopy measurements of myelin thickness 
and axonal counts
Photomicrographs of sections through the corpus cal-
losum were taken at 5800 × magnification. Eight to 
twelve images per animal were quantified. To measure 
the myelin thickness, we used Image Pro Premium soft-
ware (Media Cybernetics, Rockville MD). A binary mask 
was first created using the minimum variance “auto 
dark” algorithm to select areas of positive myelin stain-
ing. Then, using the line profile function, two horizontal 
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lines and two vertical lines were created and applied 
onto the same locations of each image mask. Only axons 
that fell on one of the four lines were evaluated. A total 
of 824 ± 136 axons were counted per animal. With the 
edge function, the rising length and falling length were 
recorded separately and sequentially. Here, we created 
a macro to standardize and automate the measurement 
of each image. The thickness of a myelin sheath was 
then calculated as  Tmyelin =  Lfalling −  Lrising. The numbers 
myelinated axons and demyelinated axons were counted 
manually. Demyelinated axons were identified as hav-
ing a diameter larger than 0.3  μm with no detectable 
compact myelin [71, 103]. Axons smaller than 0.3  μm 
were excluded from analysis as potentially being normal 
unmyelinated fibers.

Experimental timeline
154 male mice in total were used in these experiments, 4 
naïve, 34 shams, 16 controls, and 100 rmTBI mice. Two types 
of control mice were used in these experiments: Shams, 
generated by subjecting mice to 5 min of anesthesia and a 
scalp incision once a day for 5 days in a row, and naïve con-
trols, hereafter referred as controls. As outlined in Table 2, 
the experimental plan consisted of 5 experimental groups 
of mice. Group 1 mice were used for head kinematics of 
the mTBI. Group 2 mice were used for Western blot analy-
ses and was comprised of sham mice (sacrificed 48 h after 
the last sham procedure) and rmTBI mice sacrificed at the 
times indicated. Group 3 mice were used for imaging (MRS 
and DTI) at the times indicated and then were sacrificed for 
blood metabolomic and immunohistochemistry analyses. 
The Group 3 control mice were naïve until they were imaged 
(requiring ~ 3  h of isoflurane exposure) and then 1  week 
later underwent blood collection for metabolomic analyses 
before being sacrificed and processed for immunohisto-
chemistry. We reasoned that the short isoflurane exposures 
(~ 5 min) that occurred during the sham procedures would 
have minimal effects compared to the hours long isoflurane 

exposure incurred by the control and rmTBI mice at the 
time of imaging. Supporting this contention, Western blot 
analyses comparing PFC protein extracts between controls 
and sham mice 48 h after the last of the 5 sham procedures 
revealed no differences between these animals. The group 3 
mice were approximately 4–5 months old when imaged and 
sacrificed for metabolomics analyses. Group 4 mice consist-
ing of shams and rmTBI mice were evaluated for attention 
(5-CSRTT) and provided the biological samples for the EM 
analyses. Group 5 mice consisting of shams and rmTBI mice 
underwent testing for behavioral flexibility (PVD-R) and for 
spatial cognition (Morris water maze). Within group 5 seven 
sham and 3 rmTBI mice were excluded from analyses due to 
health concerns that arose during the touchscreen testing.

Statistics
Graphpad Prism 8.0 was used for statistical analyses 
and graphing of quantitative data. Data is expressed as 
mean ± SEM. The sample size was predetermined from 
prior experiments as n of 6 mice per condition for quan-
tification with western blotting analysis, and myelin 
changes of corpus callosum in EM pictures. A one-way 
ANOVA was performed to determine significant differ-
ences across multiple post-injury time points. For the 
touchscreen behavioral tests, we pre-determined the 
sample size using power analysis (Gpower 3.1). The spe-
cific sample size and statistical tests used for each dataset 
are noted in the figure legends. Unpaired student t-test 
was used to compare rmTBI and sham results collected 
in the water maze probe test. Two-way ANOVA was used 
to analyze the data from touchscreen tests, where two 
animal groups were tested with multiple conditions; as 
well as the latency studies, where rmTBI mice were com-
pared to sham at multiple time points. Tukey’s multiple 
comparison test was performed as post hoc test for both 
one-way and two-way ANOVA. Statistical significance 
was determined as p ≤ 0.05.

Table 2 Experimental timeline

Group # Tests Sample size (n) for shams and rmTBI mice at each time point Time points

I mTBI kinematics 4 control

II Western Blot 6 sham (48 h after the last sham procedure) and 6 rmTBI 8 h, 48 h, 1 w and 20 w

IIa Western blot (Naïves and Shams) 4 naïve, 5 sham (8 h after the last sham procedure) and 5 shams (48 h after the 
last sham procedure) 

8 h, 48 h

III DTI and MRS/ IHC/ Metabolomics 12 control and 12 rmTBI for MRS, DTI and metabolomics; 6 control and 6 rmTBI 
for IHC;

48 h, 1 w, 4 w and 10 w

IV 5-CSRTT 8 sham, 10 rmTBI 2 w, 6 w and 10 w

EM 6 sham, 6 rmTBI 20 w

V PVD 14 sham, 15 rmTBI 2 w, 6 w and 10 w

MWM 13 sham, 15 rmTBI 16 w
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Results
Head kinematics of mTBI
Changes in head kinematics during an impact were 
assessed using high speed videography (Fig.  1a) as we 
have previously described [60]. The average peak linear 
displacement was 1.3  mm ± 0.4  mm (Fig.  1c). The aver-
age peak linear velocity and linear acceleration were 
0.35 ± 0.07 m/s and 14.0 ± 2.2 g, respectively (Fig. 1d, e). 
The average peak angular velocity and angular accelera-
tion were approximately 50.6 ± 24.6 rad/s and 36.6 ± 24.5 
krad/s2 (Fig.  1f ). These linear and angular accelerations 

were far lower than the linear and angular accelerations 
measured by others studying TBI using the CHIMERA 
model in mice [75] or the weight drop model of mTBI 
in rats [41]. Furthermore, when using a scaling factor of 
λ = (mass of human brain/mass of mouse brain)1/3 = 13.8 
[79], the mTBI used in the present study is estimated to 
produce forces in the mouse brain that are 40-fold less 
than or those produced in the brains of athletes experi-
encing concussion [88]. All subsequent experiments used 
these parameters to repeat the injury once a day for 5 
consecutive days.

Fig. 1 Head kinematic during mTBI. a Head motion was tracked by high-speed videography using two markers. b The pictures indicate the head 
position during impact filmed at frames F1, F2 and F3. F0 is a frame of the mouse’s head before impact. The mouse head shows flexion right after 
impact (frame F1 in a and mark 1 in graph f ), and then shows slight extension (frame F2 in a and mark 2 in graph f ), followed by a slight flexion 
(frame F3 in a and mark 3 in c-e and f–h, respectively. Data were presented as mean ± standard deviation. Standard deviation was presented as 
shadow. Bar = 10 μm
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rmTBI induces diffuse axonal injury
Diffuse axonal injury (DAI) is a common neuropatho-
logical consequence of mTBI [45]. A primary outcome 
of DAI is the disruption of axonal transport that results 
in the accumulation of degenerating cellular materials 
into swellings that are detectable by silver staining [45]. 
To evaluate whether our rmTBI injury caused DAI, we 
carried out silver staining of histological sections of the 
brains of rmTBI mice at 48 h, 1, 4 and 10 w post-injury. 
Examination of the silver-stained sections revealed 
strong silver staining in the corpus callosum at all time 
points analyzed (Fig. 2e–h). High power magnification 
revealed that the silver-stained axons had the typical 
beaded appearance associated with DAI [45]. Brain 
sections from control mice failed to show any silver-
stained axons while mice one week after a single mTBI 
revealed the occasional axon with positive silver stain-
ing (Fig. 2b–d).

Immunohistochemistry to detect axonal accumula-
tions of amyloid precursor protein (APP) has also been 
used as a measure of DAI [35, 85, 95]. APP accumu-
lates in damaged axons within hours of an injury and 
when compared to silver staining, APP immunoreac-
tivity reveals greater degrees of axonal pathology [32]. 
Thus we evaluated APP immunoreactivity in brain 
sections of the rmTBI mice. While sections from con-
trols (Fig. 3a, b) failed to show significant levels of APP 
immunoreactivity, APP accumulations were easily vis-
ible in the PFC and corpus callosum of rmTBI mice at 
48 h and 1 w post-injury (Fig. 3c, f ). Studies have shown 

that APP not only accumulates at sites of axonal injury, 
but that its expression levels also increase after TBI 
[84]. Western blot analyses of protein extracts from 
mTBI mice demonstrated significantly increased levels 
of APP protein in the PFC of injured mice at 8 h, 48 h 
and 1 w post-injury compared to shams (Fig. 3k, l).

rmTBI induces transient gliosis and inflammation
The astrocytic and inflammatory responses to rmTBI 
were assessed by a combination of immunohistochem-
istry and Western blot analyses. We previously demon-
strated that a protracted astrogliosis and microgliosis 
ensues following repeated mild lateral fluid percussion 
injury that persists for months as measured by immu-
nohistochemistry and Western blot analyses [97]. The 
repeated mTBI injury used here produced a twofold 
transient increase in GFAP expression at 8 h after injury 
compared to shams that returned to baseline levels by 
48  h (Fig.  4a). Iba1 levels, a marker of microglial cells 
[22], was also elevated at 8 h after the last of the 5 mTBIs 
as assessed by Western blot analyses and returned to 
baseline levels by 48 h (Fig. 4b). Immunohistochemistry 
using Iba1 antibodies demonstrates that while microglia 
in sham controls have the typical ramified appearance of 
resting microglia, at 48 h after the last of the five mTBIs, 
the microglia in injured mice have taken on a more 
rounded and “bushy” appearance that returns to a base-
line resting appearance by 1 week post-injury (Fig. 4E-H). 
The levels of pro-inflammatory cytokines TNFα (tumor 
necrosis factor α) and IL-6 (interleukin-6) in the PFC 

1wf

d Single mTBI at 1w

10wh

C. C.

Controla c

4wg48he

C. C.

Controlb Control

Fig. 2 Diffuse axonal injury in corpus callosum (CC) after rmTBI. a H&E staining indicated the corpus callosum area. While background silver-staining 
of nuclei was visible in all sections, silver-stained fibers were not observed in the sections from control mice (b, c). Mice after a single mTBI (d) 
showed very few, if any, silver-stained fibers. In sections from rmTBI mice silver-stained fibers with the punctate beading typical of DAI were easily 
detected at 48 h, 1w, 4w and 10w after injury (e–h). Scale bar = 50 μm. Insets are high magnifications of the red-boxed areas of the panel. Inset 
image shows prominent silver-stained “cork-screw” shaped axons (arrows). Scale bar in insets in c-f = 20 μm
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were similarly found to be elevated only acutely (at 48 h 
and 8  h) after the last of the 5 mTBIs as evaluated by 
Western blots (Fig. 4c, d). The increases in the levels of 
GFAP, Iba1, TNFα and Il-6 in the protein samples taken 
from rmTBI mice were identified by comparing them to 
the levels of GFAP, Iba1, TNFα and Il-6 in the protein 
samples from shams 48 h after their last sham procedure. 
Western blot analyses of protein samples from the brains 
of naïve mice, shams at 8 h after their last sham proce-
dure and shams at 48  h after their last sham procedure 
demonstrated no difference in the levels of these inflam-
matory markers between any of these groups (Additional 
file  1: Fig.  S1) attesting to the negligible effects of the 
sham procedures.

rmTBI induces MRS and DTI changes
The silver staining of brain sections from the rmTBI mice 
suggested DAI was present from 48  h through to 10 w 
after the last of the 5 mTBIs. To determine whether the 
axonal injury might be accompanied by white matter 
changes we employed DTI which is sensitive to changes 
in tissue microstructure and structural connectivity in 
the brain [1]. Fractional anisotropy (FA) is a DTI meas-
urement considered to be an indication of white matter 
integrity [1]. The injured mice showed increased FA com-
pared to controls in the corpus callosum and hippocam-
pus at 48  h post-injury and in the hippocampus at 1 w 
post-injury. Within the rmTBI mice, FA was increased 
at 48 h post-injury compared to rmTBI mice 4 w and 10 
w post-injury in the corpus callosum and hippocampus. 
These changes in FA were driven by reductions in radial 
diffusivity (Table 3).

As we have previously found alterations in MRS derived 
metabolite levels in concussed and non-concussed female 
contact athletes [93], we used MRS to evaluate NAA, lac-
tate, glutamate, glutamine, glutathione, creatine, taurine, 
choline, myo-inositol, as well as ratios relative to creatine 
(X/Cr), using a 36  mm3 voxel centered on the midline 
of the corpus callosum (Table 4). N-Acetyl aspartic acid 
(NAA) was found to be reduced at 1-week post rmTBI 
from 48 h post rmTBI (Tukey’s multiple comparisons test 
p = 0.0185), coinciding with the elevated FA measured 
by DTI. Additionally, altered levels of creatine, taurine, 
Glu/Cr and Gln/Cr were found at 10 w. Creatine was 
decreased from controls (Tukey’s multiple comparisons 

test p = 0.0106), while taurine was decreased from con-
trols, 48  h, and 1 w (Tukey’s p = 0.0266, p = 0.0007, 
p = 0.0128, respectively). Among the ratios at 10 w, Glu/
Cr was elevated from controls (Tukey’s p = 0.0346) and 1 
w (Tukey’s p = 0.0495), while Gln/Cr was elevated from 
48 h (Tukey’s p = 0.0451) (Table 4).

rmTBI leads to evidence of synaptic remodeling
The presence of DAI in the injured mice suggested the 
possibility that a percentage of injured axons may have 
been sufficiently damaged as to cause axonal discon-
nection and synaptic loss. To investigate rmTBI mice 
for possible changes in synaptic proteins Western blot 
analyses were carried out to evaluate synaptophysin lev-
els in protein extracts from the PFC in sham and rmTBI 
mice [108]. This analysis showed a significant reduction 
in synaptophysin levels in brain extracts from injured 
mice at 48  h, and at 20 w after the last of the 5 mTBIs 
(Fig. 5A). Since TBI is known to lead to an imbalance in 
cortical excitation and inhibition [7, 11, 15, 19, 110] we 
predicted that the changes in synapse number suggested 
by the reduction in synaptophysin levels might be due 
to changes in the levels and ratios of excitatory gluta-
matergic and inhibitory GABAergic synapses. To inves-
tigate this possibility we evaluated the levels of PSD95, 
a marker of glutamatergic terminals [24], and of Gephy-
rin, a marker of GABAergic terminals [91] in the PFC of 
sham and injured mice. The western blot analyses showed 
that PSD95 levels were significantly increased in injured 
mice compared to shams at 8 h and 48 h after the last of 
the 5 injuries and that Gephyrin levels were significantly 
decreased compared to shams at 48 h after the last mTBI 
(Fig. 5b, c). Thus the ratio of PSD95 levels: Gephyrin lev-
els were significantly elevated in the injured mice at 8 and 
48  h after the last injury compared to shams (Fig.  5d). 
This suggests that at least up to 48 h after the last of the 5 
mTBIs an imbalance in the excitatory and inhibitory syn-
apses exists in the PFC of rmTBI mice.

rmTBI leads to reduced attentional control but does 
not affect cognitive flexibility
The prominent pathological changes observed suggested 
the possibility that rmTBI may cause behavioral deficits. 
Many studies report that mTBI patients demonstrate 
decreased concentration and slowed reaction times [38, 

Fig. 3 Amyloid precursor protein (APP) is upregulated following rmTBI. a–j Representative immunohistochemical photomicrographs demonstrate 
APP expression (arrows) in the corpus callosum and prefrontal cortex, in control sections (a, b) and at 48 h (c, d), 1 w (e, f), 4 w (g, h) and 10 w (i, j) 
post-rmTBI, respectively. Scale bar = 50 μm. (k, l) Western blot and densitometric analyses of full-length APP in the cortex of sham mice, 48 h after 
the last sham procedure, and in rmTBI mice at 8 h, 48 h, 1 w and 20 w post-rmTBI, demonstrate a significant increase in APP levels at 8 h, 48 h and 1 
w, post injury that resolves to baseline levels at 20 w post injury. β-actin levels were used as a protein loading control. Asterisk indicates statistically 
different from shams, p < 0.05; one-way ANOVA

(See figure on next page.)
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Fig. 4 Repetitive mTBI leads to a mild inflammatory response. Western blot and subsequent densitometric analyses show time-course of GFAP (a), Iba1 
(b), TNFα (c) and IL-6 (d) levels in the prefrontal cortex from mice 48 h after the last sham procedure and from mice 8 h, 48 h and 1 week post-injury. β-actin 
levels were used as a loading control. (Asterisk indicates statistically different from shams, and # indicates statistically different from rmTBI 48 h, p < 0.05; 
one-way ANOVA). Representative immuno-fluorescent stained photomicrographs showing GFAP and Iba1 expression in the corpus callosum in controls (e), 
and in mice at 48 h (f), 1 week (g) and 10 w (h) post-rmTBI. Scale bar = 50 μm. Higher magnification images of Iba1 immunostaining to better demonstrate 
microglial morphology at the corresponding time points are shown in the insets (e′–h′). Scale bar in e’–h’ = 20 μm
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40, 53] as well as reduced cognitive flexibility [25, 55, 
78], high-level cognitive functions that have not been 
routinely evaluated in mouse models of TBI. Thus, we 
evaluated rmTBI mice on the PVD-R task that measures 
behavioural flexibility [13] (dependent on cortical-striatal 
function) and on the 5-CSRTT that measures attentional 
control [10] (a cognitive domain dependent on PFC 
function).

Behavioral flexibility, the capacity to change a behav-
ior based on changes of rules and contingencies, was 

investigated in injured mice using the PVD-R task. At 
2  weeks post-rmTBI or sham procedure the mice were 
baselined (B3 in Fig.  6b) and then the stimulus-reward 
contingencies were reversed and performance tested one 
session a day for 10 days (Fig. 6a–c). At 6 w post-injury the 
mice were baselined again and then the stimulus rewards 
switched back to the original reward profile and the mice 
tested again. As shown in Fig. 6 the rmTBI mice performed 
as well as the shams on the post-rmTBI baselining (B3) 
suggesting that rmTBI did not affect the ability to perform 

Table 3 DTI region of interest analysis

Bold indicates statistically different according to the following key

SEM = standard error of the mean; * = significance from controls; # = significance from 48 h; † = significance from 10 weeks; FA = fractional anisotropy; MD = mean 
diffusivity; RD = radial diffusivity; AD = axial diffusivity

Region of interest Imaging metric Control 48 h 1 Week 4 Weeks 10 Weeks ANOVA (F) or

(Mean ± SEM) Kruskal–Wallis (K)

Hippocampus FA ×  10–1 3.17 ± 0.108 3.74 ± 0.144* 3.76 ± 0.174* 3.04 ± 0.109# 3.13 ± 0.0844# F = 7.54; p < 0.0001

MD ×  10–3 1.04 ± 0.0227 1.02 ± 0.0261 1.02 ± 0.0340 0.984 ± 0.0277 1.11 ± 0.0422 F = 2.16; p = 0.087

RD ×  10–3 0.892 ± 0.0163 0.797 ± 0.0204 0.789 ± 0.0228† 0.830 ± 0.0245† 0.936 ± 0.0384# F = 6.11; p = 0.0004

AD ×  10–3 1.42 ± 0.0490 1.43 ± 0.0354 1.42 ± 0.0466 1.29 ± 0.0387 1.45 ± 0.0509 F = 1.92; p = 0.12

Corpus Callosum FA ×  10–1 3.49 ± 0.0667 3.95 ± 0.0980* 3.66 ± 0.147 3.43 ± 0.139# 3.36 ± 0.0869# F = 4.56; p = 0.003

MD ×  10–3 0.939 ± 0.0203 0.904 ± 0.0189 0.918 ± 0.0162 0.914 ± 0.0189 0.883 ± 0.0137 F = 1.29; p = 0.28

RD ×  10–3 0.762 ± 0.0169 0.689 ± 0.0763* 0.739 ± 0.0125 0.746 ± 0.0158# 0.726 ± 0.0135 F = 4.24; p = 0.0048

AD ×  10–3 1.29 ± 0.0302 1.30 ± 0.0322 1.26 ± 0.0353 1.25 ± 0.0325 1.22 ± 0.0288 F = 1.07; p = 0.38

Table 4 MRS absolute concentration and ratios

Bold indicates statistically different according to the following key

SEM = standard error of the mean; * = significance from controls; # = significance from 48 h; ¥ = significance from 1 week; † = significance from 10 weeks; 
NAA = N-acetyl aspartate, Cr = creatine

Imaging metric Control 48 h 1 week 4 weeks 10 weeks ANOVA (F) or

(Hippocampus) (Mean ± SEM) Kruskal–Wallis (K)

NAA 4.1 ± 0.22 4.5 ± 0.31 3.5 ± 0.17 # 3.8 ± 0.14 3.7 ± 0.16 F = 3.27; p = 0.018

Lactate 2.4 ± 0.17 2.9 ± 0.20 2.4 ± 0.11 2.2 ± 0.12 2.1 ± 0.21# F = 3.39; p = 0.016

Glutamate 4.1 ± 0.30 3.5 ± 0.29 3.2 ± 0.13 3.5 ± 0.32 4.2 ± 0.28 F = 2.65; p = 0.044

Glutamine 0.39 ± 0.13 0.35 ± 0.15 0.88 ± 0.17 1.0 ± 0.32 1.1 ± 0.15 F = 3.08; p = 0.025

Glutathione 1.7 ± 0.20 1.4 ± 0.22 1.5 ± 0.23 1.0 ± 0.17 0.97 ± 0.18 F = 2.2; p = 0.082

Creatine 7.4 ± 0.37 7.0 ± 0.47 6.6 ± 0.39 6.1 ± 0.10 5.7 ± 0.30* F = 3.55; p = 0.013

Taurine 9.7 ± 0.83 11 ± 0.61 9.9 ± 0.68 8.7 ± 0.72 6.8 ± 0.49*,#,† F = 5.3; p = 0.0011

Choline 1.6 ± 0.11 1.6 ± 0.13 1.8 ± 0.15 1.7 ± 0.17 1.4 ± 0.11 F = 1.13; p = 0.35

Myo-inositol 1.9 ± 0.45 3.1 ± 0.38 2.5 ± 0.36 3.1 ± 0.51 1.7 ± 0.28 F = 2.66; p = 0.043

NAA/Cr 0.61 ± 0.020 0.74 ± 0.049 0.62 ± 0.037 0.70 ± 0.022 0.75 ± 0.047 K = 9.79; p = 0.044

Lactate/Cr 0.88 ± 0.13 0.90 ± 0.090 0.84 ± 0.074 0.82 ± 0.076 0.59 ± 0.093 F = 1.69; p = 0.17

Glutamate/Cr 0.81 ± 0.11 0.83 ± 0.099 0.83 ± 0.056 0.91 ± 0.083 1.2 ± 0.10*,¥ F = 3.02; p = 0.026

Glutamine/Cr 0.12 ± 0.047 0.086 ± 0.037 0.20 ± 0.042 0.25 ± 0.078 0.28 ± 0.045# F = 2.86; p = 0.033

Glutathione/Cr 0.89 ± 0.076 0.75 ± 0.11 0.82 ± 0.11 0.59 ± 0.10 0.60 ± 0.082 F = 1.82; p = 0.14

Taurine/Cr 1.8 ± 0.14 2.0 ± 0.12 1.9 ± 0.095 1.8 ± 0.14 1.5 ± 0.11 F = 2.36; p = 0.065

Choline/Cr 1.4 ± 0.075 1.4 ± 0.098 1.8 ± 0.15 1.7 ± 0.14 1.7 ± 0.15 F = 2.85; p = 0.033

Myo-inositol/Cr 0.64 ± 0.13 1.1 ± 0.18 0.76 ± 0.077 1.1 ± 0.15 0.58 ± 0.080 F = 3.17; p = 0.021
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a previously learned PVD task. The reversal PVD perfor-
mance at 2 weeks and 6 weeks also did not differ between 
rmTBI mice and shams, suggesting that rmTBI does not 
affect behavioral flexibility.

In contrast, we found pronounced deficits in atten-
tion. At 2 w post-injury there were no differences in 
performance of the 5-CSRTT between rmTBI and 
sham mice (Fig.  6d). However, at 6 w post-injury the 
rmTBI mice show reduced accuracy in performance 
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of this task compared to shams at stimulus durations 
of 0.8 and 0.6  s (Fig.  6e). This reduction in perfor-
mance accuracy in the rmTBI mice was not significant 
at 10 w (albeit rmTBI mice tended to perform slightly 
worse than controls) (Fig.  6f ). There was no differ-
ence between shams and rmTBI mice in their prema-
ture response rates (total number of responses during 
the 5  s inter-trial interval per trial; F(93,45) = 0.508, 
p = 0.68) a measure of impulsivity or in their rates of 
preservative responses (total number of nose pokes 
before reward collection per trial; F(3,48) = 1.586, 
p = 0.205). The percent of omissions, reward collec-
tion latencies and correct touch latencies were also 

not significantly different between shams and rmTBI 
mice (all F < 1, p > 0.1). Thus, after five mTBIs at one 
day intervals mice demonstrate attentional deficits 
at 6 w post-injury that improved somewhat by 10 w 
post-injury.

Repeated mTBI leads to deficits in spatial memory
We and others have shown defects in spatial cognition 
and memory in mice in various models of mTBI [12, 17, 
64, 96, 97]. We tested spatial cognition in the rmTBI mice 
at 16 w post-injury using the Morris Water Maze. Both 
sham and rmTBI mice showed decreased latencies for 
finding the hidden platform over the 4 days of training, 
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indicating that spatial learning was not significantly 
impaired by the rmTBI (Fig. 7a). On the probe trial held 
on day 5, whereas sham mice spent significantly more 
time in the target quadrant than any of the other quad-
rants, mice in the mTBI group spent the same amount 
of time in the target quadrant as the average time spent 
in the other 3 quadrants (Fig.  7b, c). This was reflected 
in rmTBI mice traveling significantly further before 
their first entry into the target quadrant during the 
probe trial (Fig.  7d). The mean swim speeds of shams 
(0.23 ± 0.028  m/s) and rmTBI mice (0.21 ± 0.027  m/s) 
were not significantly different from each other. This sug-
gests that the rmTBI mice had deficits in spatial memory.

rmTBI leads to increased levels of pathological 
phospho‑tau
Tau is a microtubule associated protein that is impor-
tant for stabilizing tubulin polymers that are essential for 
neuronal structure, axonal transport and plasticity [52]. 
Tau becomes pathologically phosphorylated after TBI 
[42] and is considered a neuropathological hallmark, if 
not the cause, in a range of neurodegenerative diseases 
[89]. Given the diffuse axonal injury revealed by sil-
ver staining and APP immunoreactivity in the brains of 
the rmTBI mice, we sought to determine whether Tau 
was hyperphosphorylated in the brains of the rmTBI 
mice by immunohistochemistry using the AT8 antibody 
that recognizes hyperphosphorylated Tau [29, 82]. AT8 
immunoreactivity was undetectable in sections from 
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distance than sham mice until their first entry into the target quadrant during the probe trial (Student t-test). Asterisk denotes statistically significant 
difference compared to shams p < 0.05
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control brains (12–14 week old mice) and sections from 
rmTBI mice at 1 week post-injury (Fig. 8a, b). However 
AT8 immunoreactivity was clearly evident in sections of 
rmTBI cortex and hippocampus at 4 and 10 w post-injury 
(Fig. 8c, d). Brain sections from control 24 week old mice 
(the age of the rmTBI mice 10 w after their injury was 
22–24  weeks old) failed to show AT8 immunoreactivity 
(Fig. 8e) suggesting that the AT8 immunoreactivity in the 
rmTBI mice was not due to aging but to the rmTBIs they 
experienced.

rmTBI leads to significant changes in blood metabolites
It has previously been shown that plasma metabolomics 
analyses coupled with machine learning can be used to 
classify boys playing Bantam hockey into concussed and 
non-concussed groups with an accuracy of 92% [21]. To 
determine whether applying supervised machine learn-
ing to the mouse metabolomics data could similarly be 
used to classify mice into one of the 5 possible catego-
ries (control, 48  h, 1, 4, or 10 w post-concussion), we 
collected blood samples from all groups of mice and 
subjected them to a metabolomics screen using the Bio-
crates kit. Blood metabolite levels were scaled using the 
StandardScaler package from Sklearn. A random forest 
classifier using the scaled blood levels of all 144 metab-
olites, 30 trees and a depth of 150 was used to classify 
the metabolomic signatures from each mouse sample as 
either control, 48  h, 1, 4, or 10 w post-injury. The data 
was randomly shuffled and split into training and test-
ing data using 8 samples per time point as training data 
and the remaining 4 were used for the testing (n = 12 per 
group). This cross-validation (shuffling, splitting, train-
ing, and testing) was done 20 times using 20 random 
states for the data. The results were compiled into a con-
fusion matrix (Fig. 9a). The accuracy for classifying blood 
samples from mice into the proper category ranged from 
49% for samples taken from mice 1  week post-injury to 
89% for blood samples from mice 10 w post-injury which 
are considerably better than the accuracy level of 20% 
expected when randomly guessing classifications across 
5 groups. To determine which metabolites might show 
statistically significant differences between groups we 
performed a Mann–Whitney U Test on the levels of all 

144 metabolites. After a Bonferroni correction for mul-
tiple comparisons 32 points of statistical significance 
were found for 26 of the metabolites. A heat map depict-
ing the changes in expression levels of these metabolites 
(Fig. 9b) demonstrates that almost all of the metabolites 
that were found to be statistically different at one time 
point between groups were either phosphatidylcholines 
or lyso-phosphatidylcholines (23/26). These are the same 
class of phosphoglycerolipids that we previously found to 
differentiate between concussed and non-concussed Ban-
tam hockey players [21]. These metabolites all showed 
a remarkably similar pattern of change after injury with 
levels initially being somewhat reduced and then being 
significantly elevated at 10 w post-injury.

rmTBI leads to long‑term white matter pathology
Acutely after rmTBI our analyses demonstrated acute 
DAI accompanied by a short-lived inflammatory 
response. Behavioral testing, on the other hand showed 
deficits at 6 w (5-CSRTT) and at 16 w (spatial memory) 
post-injury. To investigate possible long-term pathologi-
cal changes in the mTBI mice at 20 w post-injury we car-
ried out ultrastructural analyses on a subset of the sham 
and rmTBI mice that had undergone the 5-CSRTT. Using 
Image Pro software average myelin thickness of axons 
that fell on the lines of a grid superimposed on each elec-
tron micrograph were measured (Fig. 10a, b, d, e) taken 
from the corpora callosa of shams and rmTBI (n = 6 per 
group) mice. The rmTBI mice had a significant reduction 
in their average myelin thickness (Fig.  10c). Inspection 
of the electron micrographs suggested that there was an 
increase in the number of demyelinated fibers in the cor-
pora callosa of rmTBI mice. We therefore did a manual 
count of demyelinated and myelinated fibers in the elec-
tron micrographs and found that while the number of 
axons per unit area in the corpora callosa did not differ 
between shams and rmTBI mice, the number and per-
centage of demyelinated axons was significantly greater 
in rmTBI mice (Fig.  10f–h). Other white matter ultras-
tructural abnormalities were also frequently found in sec-
tions from rmTBI mice including myelin decompaction, 
increases in adaxonal spaces and axonal degeneration 
(Fig. 10i–l).

(See figure on next page.)
Fig. 8 Pathological phospho-tau at 4 and 10 w post-rmTBI. Representative photomicrographs of AT8 immunostaining for pathologically 
phosphorylated tau (red) showed that while brain sections from controls (a–c) and rmTBI mice 1 week post-injury (d–f) did not demonstrate any 
detectable AT8 immunostaining, the cortex, CA1 (outlined by dashed lines in b, e, h, k and n) and CA2/CA3 regions (outlined by dashed lines in 
c, f, i, l, and o) from mice 4 w and 10 w post-rmTBI showed positive AT8 immunostaining (g–l). To better analyze the morphology of the stained 
stuctures select slides from the PFC were also stained using a DAB reaction. High magnification of these stained slides (inset in g) show positive 
perinuclear (white arrowhead) and fiber (black arrows) AT8 immunostaining. Sections from the cortex and hippocampus of control mice at 24 w of 
age (age-matched to the 10 week post-injury group) were negative for AT8 immunostaining suggesting that the AT8 immunostaining in the 4 and 
10 w post-rmTBI groups was not due to their increased age (m–o). Scale bar panels A-E = 50 μm, scale bar for all insets = 25 μm
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Discussion
We set out to characterize short term and long term 
pathological and behavioural consequences of rmTBI in 
mice using a severity of injury predicted to be analogous 
to subconcussive injuries in humans. The mTBI used in 
this study produced modest linear and angular accel-
erations of 14.0 ± 2.2  g and 36.6 ± 24.5 krad/s2, respec-
tively. By comparison, the CHIMERA model of mouse 
TBI produces linear accelerations of 524  g and angular 
accelerations of 149 krad/s2 [75]. Following an equal-
stress equal-velocity relationship with a scaling factor of 
λ = (mass of human brain/mass of mouse brain)1/3 = 13.8 
[79], we estimate that the equivalent human injuries 
would have peak linear accelerations of 1.0 ± 0.2  g, and 
peak angular accelerations of 0.2 ± 0.1 krad/s2. These lin-
ear and angular accelerations are approximately 40-fold 
less than the average linear acceleration (greater than 
40  g) and peak angular accelerations (5.022 krad/s2) 
reported in human sports-related concussion [88]. In 
a pilot study using this model of mTBI, we found that a 

single mTBI failed to show any diffuse axonal injury in 
the corpus callosum of injured mice by silver staining 
1  week after the mTBI. Thus, we judged our model of 
rmTBI to be exceedingly mild and perhaps representative 
of subconcussive injuries in people. Thus, with the inten-
tion of studying a mouse model of repetitive subconcus-
sive head injuries, we subjected mice to 5 mTBIs (one 
a day for 5 days), predicting that it would produce only 
acute and subtle pathological and behavioral defects.

In keeping with that prediction many acute pathologi-
cal changes were observed to be transient in our rmTBI 
mice. Silver staining and APP immunoreactivity of sec-
tions from the rmTBI mice showed that the injured mice 
had indeed the signs of DAI but that those signs of DAI 
tended to improve with time. Thus, the silver staining in 
the corpus callosum of injured mice was most intense at 
1 week post-injury but declined by 10 w post-injury. Like-
wise APP immuno-staining was most obvious at 48 h and 
1 w post-injury but largely absent by 4 w post-injury. The 
observation of intense silver staining after rmTBI but not 

Fig. 9 Long-term metabolomic abnormalities after rmTBI. a Confusion matrix using a random forest classifier demonstrates the accuracy with 
which metabolomics can be used to classify mice as either control, 48 h, 1 week, 4 w or 10 w post-rmTBI. The greatest accuracy was achieved for 
metabolomic profiles from animals 10 post-rmTBI (89%). A Mann–Whitney U Test was performed looking for statistically significant differences 
between every pair of time points for each metabolite. A Bonferroni correction was then used to correct the family-wise error rate. After the 
correction, there were 32 points of statistical significance spread across 26 metabolites. b A heat map displaying the levels of these metabolites 
relative to control levels (black) are shown. Almost all of the metabolites (23/26) are phosphatidylcholines or lyso-phosphatidylcholines and show 
similar patterns of expression: low (blue hues) early after rm-TBI and significantly higher (reddish hues) at 10 w after rmTBI

(See figure on next page.)
Fig. 10 Long-term white matter pathology shown in EM. Saggital sections through corpus callosum were examined by electron microscopy 
at 20 w post-injury. a In sham animals, axons were tightly compact, most of which were myelinated. b In rmTBI mice axons were less compact, 
with dispersed degenerating axons and demyelinated axons. c The average myelin thickness was significantly reduced in the rmTBI mice. d, e 
Demyelinated axons (diameter > 0.3 mm with no detectable compact myelin) were identified in sham and rmTBI sections (light yellow). f The 
total axon density in sham and rmTBI mice were not different from each other. However, the density and percentage of demyelinated axons was 
significantly higher in the rmTBI samples (g, h). Asterisk denotes statistically signficant different from shams, Student t-test; p < 0.05. Representative 
electron micrographs of corpus callosum exhibited various abnormalities in i, decompaction (arrowhead); dystrophic axon (asterisk); demyelinated 
axon (light yellow) and separation of myelin from axon (arrow). Coronal sections through corpus callosum demonstrated uniform cytoskeletal 
structure in sham axons (j); accumulation of vesicles in degenerating axons (k, red arrows) and myelin decompaction (l, yellow arrow heads) were 
found after rmTBI. Scale bar = 1 μm in a, b; scale bar = 300 nm in d, e, i 
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after a single mTBI, suggests that, at least when spaced 
at one day intervals, multiple mTBIs have an accumula-
tive effect. The DTI studies validate the transient nature 
of the DAI showing increased FA in the hippocampus 

and the corpus callosum acutely after injury, that return 
to baseline levels by 4 w post-injury.

Much like the evidence of DAI, the inflammatory 
response in the rmTBI mice was transient. Western blot 
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analyses showed that GFAP and Iba1 expression, reflec-
tive of astrocyte and microglial activation respectively, 
were elevated twofold above sham levels at 8 h after the 
last of the 5 mTBIs but returned to baseline levels by 48 h 
post-injury. Proinflammatory cytokine expression (TNFα 
and IL-6) likewise only showed acute elevations return-
ing to baseline levels by 1 w post-injury. The transient 
nature of this inflammatory response contrasts with the 
more persistent inflammatory response observed in more 
severe single [75] and repetitive mTBI models [17, 18] 
and further attests to the mildness of the present injury 
model.

The DAI evident by the silver staining and in particu-
lar the observation of silver-stained “corkscrew” axons 
in some of the corpus callosum sections led us to predict 
that the injury may have caused a disconnection between 
axon terminals and their synaptic targets. In support of 
this prediction, synaptophysin levels decreased acutely 
after rmTBI and this change was still apparent at 20 w 
post-injury. The acute elevation in PSD95 levels and 
reduction in Gephyrin levels may be taken to indicate 
alterations in the ratio of excitatory and inhibitory syn-
apses as has also been suggested to occur after TBI [7, 
11, 15, 19, 110]. We cannot rule out that these changes 
in synaptophysin, PSD95 and Gephyrin levels are due 
to changes in protein expression levels and not in syn-
apse number however, others have shown that nerve 
terminals can be quantified by the levels of these nerve 
terminal markers [108], and these results certainly sug-
gest an injury-induced increase in synaptic plasticity and 
remodeling. In particular, these data suggest that after 
rmTBI there is a temporary preferential loss of inhibitory 
synapses and a more robust regeneration of excitatory 
synapses, resulting in a temporary increase in the ratio 
of excitatory:inhibitory activity. A change in the balance 
of cortical excitatory and inhibitory activity after injury 
has been described by others [19] with many showing a 
specific loss of inhibitory synaptic activity [7, 11, 15, 110]. 
The PSD95 and Gephyrin levels return to baseline by 1 
w after rmTBI and might thereby restore the balance of 
excitatory and inhibitory synaptic activity. However it 
would also seem possible that the injury-induced remod-
eling may not have returned individual circuits to their 
pre-injury states. Furthermore, the long-term reductions 
in synaptophysin levels suggest an overall loss of synapses 
due to rmTBI that are not fully compensated for even by 
20 w post-injury. Alterations and/or deficiencies in the 
remodeling of individual circuits could explain the long-
lived changes in cognition and behavior observed in this 
experimental paradigm.

In the current study, region of interest analyses fol-
lowing in-vivo DTI revealed transient increases in 
FA and decreases in RD in a volume encompassing 

hippocampus and the white matter of the corpus cal-
losum. Increased FA in the corpus callosum and the 
hippocampus of rats following a weight drop TBI has 
similarly been reported [49]. Moreover, increased FA in 
the corpus callosum has also been reported in human 
mTBI [8, 37, 65, 80]. These changes have generally 
been associated with neuroinflammation or remyeli-
nation [57, 90]. In the present study the increased FA 
may be attributed to the transient neuroinflammation 
identified by the Western blot and immunohistochemi-
cal analyses. The increased FA that we observed in 
the rmTBI mice might also be attributed, to the acute 
astrogliosis evident by increased GFAP levels at 8  h 
post-injury as others have suggested that astrocyte pro-
liferation is the main cause of increased FA after TBI 
[56].

While the DAI and inflammation induced by the 
rmTBI injury were either resolved or greatly improved 
by 4 w after injury, behavioral testing and MRS suggested 
prolonged consequences of the injury. The 5-CSRTT 
demonstrated attention deficits in the rmTBI mice at 6 
w post-injury that improved by 10 w post-injury. While 
we did not observe any differences between shams and 
rmTBI mice on the PVD-R, others have reported a defect 
in rmTBI mice on this task [83]. In their study Pinkowski 
et al. first exposed the mice to rmTBI (4 mTBIs, one a day 
for 4 days) and then two days later began the PVD train-
ing. The rmTBI mice had significant difficulties learning 
this task using this paradigm [83]. In the present study we 
first trained the mice on the PVD task until they reached 
a criterion of 80% correct choices for 2  days in a row 
before being randomized to either the sham or rmTBI 
groups. Thus, while the work of Pinkowski et  al. tested 
whether learning a PVD task was impaired by rmTBI, 
our paradigm tested whether rmTBI affected the ability 
to perform a PVD task already learnt and whether rmTBI 
affected cognitive flexibility when the rules were changed 
in an already learnt PVD task. Our findings clearly show 
that rmTBI does not interfere with performance on an 
already learnt PVD task nor does it interfere with cog-
nitive flexibility. The finding of attention deficits in the 
rmTBI mice but not of behavioral flexibility suggests 
that, as in the case of human concussion, the rmTBI have 
rather subtle, high-level cognitive deficits that may exist 
in one cognitive domain but not in others. The specificity 
of the cognitive deficits in the rmTBI mice might be due 
to the location of the injury or its severity but will likely 
be better understood in the context of the pathology in 
the specific circuits that underlie these different cogni-
tive functions. As the PFC has been shown to be criti-
cal to performance on tasks of attention [23, 58] and our 
analyses demonstrates that the rmTBI triggered synaptic 
remodeling specifically in the PFC, we suggest that some 
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of this remodeling may have impaired attention in these 
mice.

Late-developing cognitive defects in the rmTBI mice 
was also revealed by the testing in the Morris water maze 
at 16 w post-injury. In this test of spatial memory, experi-
ments in rmTBI mice revealed that they were able to 
learn the location of the hidden platform as well as the 
sham control mice during training but that they were 
deficient in remembering the task the next day during the 
probe trial. Others have also shown long-term deficits in 
spatial cognition using the Morris water maze in a more 
severe model of mTBI [17].

Prolonged changes were also observed in the in-
vivo MRS measures. For example, reduced lactate was 
observed at 10 w compared to 48 h post-injury. Lactate 
levels have been shown to increase in TBI [54, 99], due to 
the presence of hypoxic/ischemic conditions. It has also 
been shown that inhibition of lactate production in the 
brain of mice can lead to impaired spatial learning and 
memory using the Morris Water Maze [36]. Thus, the 
lower lactate levels in the hippocampus of rmTBI mice 
observed by MRS at 10 w post-injury may explain their 
poor spatial memory performance. Increased Glu/Cr and 
Gln/Cr ratios were also observed over the 10-week period 
post-injury. Metabolite ratios may be highly sensitive to 
subtle changes when metabolite levels move in opposite 
directions, however interpretation of these changes can 
be challenging. The significant increase in Gln/Cr is likely 
due to a small increase in glutamine, and a concomitant 
reduction in creatine. Moreover, this change in Gln/Cr 
level is consistent with that observed in a previous study 
of varsity rugby athletes in comparison to non-contact 
athletes [92]. We speculate that the five mTBIs paradigm 
used in the present study may simulate the impact con-
ditions that contact athletes experience over a season of 
play, eventually causing elevated glutamine levels.

The observation that rmTBI mice showed cognitive 
defects at a time after injury when markers of DAI and 
inflammation were declining or already at baseline levels 
suggested that the initial injury may have triggered path-
ological processes that worsen with time. The levels of 
pathological phospho-tau increased with time in rmTBI; 
AT8-immunostaining for phosphor-tau was not detect-
able in controls or in rmTBI mice at 1 week post-injury 
but increased in rmTBI brain sections taken at 4 and 10 
w post-injury. Importantly, AT8 phospho-tau immu-
nostaining was not detectable in mice age-matched to 
the 10 week post-rmTBI mice. This persistent increase in 
pathological phospho-tau has been seen in other models 
of rmTBI in mice [89]. The finding that tau phosphoryla-
tion increased with time in the present model of rmTBI 
is reminiscent of human concussion in which phospho-
tau is considered the hallmark of chronic traumatic 

encephalopathy (CTE), a form of dementia associated 
with a history of repetitive mild TBI [34, 68, 69].

In addition to the pathological phospho-tau found at 
chronic time points after injury, we also found evidence 
of white matter damage at 20 w post-rmTBI. The ultras-
tructural changes in the white matter included a decrease 
in myelin thickness and a decrease in the percentage of 
axons that were myelinated despite the fact that axon 
number were not different from shams. In addition, we 
observed that in the corpus callosum of rmTBI mice the 
myelin was decompacted, frayed and had, in many cases, 
pulled away from the axon creating an increased adax-
onal space. There were also many instances of axonal 
degeneration as evidenced by accumulations of vesicles. 
These types of white matter and axonal pathologies at 
the ultrastructural levels have been shown in concussed 
mice at earlier time points post-injury [71] and demon-
strates that repeated mTBI in mice can result in white 
matter pathologies that have not resolved even by 20 w 
post-injury.

The cognitive testing, MRS, Western blot analyses for 
synaptic markers, ultrastructural analyses and phospho-
tau immunohistochemistry collectively suggest that even 
exceptionally mild repeated TBIs can result in long-term 
changes in the brain that worsen with time. The metab-
olomics data supports this view. Using a random forest 
classifier we were able to show that metabolic signatures 
in the blood could be used to classify mice as either con-
trols or 48 h or 1 or 4 or 10 w post-injury with accura-
cies that ranged from 49 to 89%. These classification 
accuracies are considerably better than chance (20%). 
Furthermore we found that phosphatidylcholines and 
lyso-phosphatidylcholines made up 23 of the 26 metab-
olites that were statistically different at at least one time 
point studied. Phosphatidylcholines have been shown to 
be important in the classification of human concussion 
[21, 26] and their co-ordinate patterns of expression in 
the rmTBI mice suggests that this family of metabolites 
are co-regulated after injury. The fact that all of these 
metabolites were statistically significantly up-regulated at 
10 w post-injury reinforces the idea that repeated mTBI 
leads to long-term changes that do not resolve to base-
line but perhaps either continue to evolve over time or 
evolve until establishing a new post-mTBI baseline that is 
beyond the time points studied here.

There are many parallels between the cognitive and 
pathological changes reported in human concussion and 
the cognitive and pathological changes we have described 
in the present mouse model of rmTBI. For example, 
attention and memory deficits are well-known challenges 
for concussed patients [40, 73, 98] and are deficient in the 
rmTBI mice. DTI in the rmTBI mice shows increases in 
fractional anisotropy (FA), an indication of white matter 
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pathology, at 48 h (in the corpus callosum and hippocam-
pus) and at 1 w post-concussion (in the hippocampus). 
These results mirror those in the majority of DTI stud-
ies in concussed athletes that also show early increases 
in FA [16, 67, 109]. The increased FA and reduced RD in 
the current study are also consistent with our own pre-
vious findings in non-concussed contact sport athletes 
[92]. Specifically, we observed increased FA and reduced 
RD within the white matter of the MRS voxel in female 
rugby players after a season of contact play. Interestingly, 
a correlation was observed between the change in Gln/
Cr and the change in FA and RD over the sports season. 
We observed a similar correlation in the current study 
between glutamine and RD at 10 w. The neuropathologi-
cal studies in the rmTBI mice also suggest parallels with 
the neuropathology of human concussion. For exam-
ple silver and anti-APP staining of rmTBI brain sections 
shows that DAI can be detected as early as 48  h post-
rmTBI (the earliest time point analyzed) and persists 
for weeks. APP accumulations after TBI is a well-known 
diagnostic feature in human DAI [101, 106]. Finally the 
pathological phospho-tau accumulations in the rmTBI 
mice is mirrored in humans by the observation that after 
an acute TBI in humans there is an increase in tau levels 
and tau phosphorylation [42]. In long-term survivors of 
TBI, 34% of people examined demonstrated tau pathol-
ogy compared to 9% in age-matched controls [44]. Fur-
thermore, aggregations of phospho-tau is considered the 
hallmark of chronic traumatic encephalopathy (CTE), a 
form of dementia associated with a history of repetitive 
mild TBI (including those caused by blast injury) [34, 68, 
69].

Conclusions
The mouse model of rmTBI described in this paper is 
exceedingly mild as judged by the kinematic measure-
ments made at the time of injury and by the transient 
nature of the inflammation that the injury triggered. At 
the same time our rmTBI model led to cognitive defi-
cits, pathological changes in the white matter, increased 
pathological phospho-tau levels and changes in metabo-
lite levels that lasted for months after the injury. It is 
possible that rmTBI as used here was not as mild as the 
kinematic measurements suggest and that differences in 
the ratios of white matter to gray matter or in the geom-
etries of the brain and skull or in the presence of corti-
cal gyri between mice and humans confound our ability 
to scale TBIs appropriately between humans and mice 
[31, 79]. This argument would suggest that we exercise 
great caution in scaling human TBI down to the mouse 
based on kinematic measurements alone and that other 
biomarkers of neuropathology such as cognitive function, 
and measurements of white and gray injury need to be 

further refined and more heavily weighted. However, the 
modest and short-lived inflammatory response triggered 
by the rmTBI model described here favors the explana-
tion that the rmTBIs were indeed mild but that none-
theless they triggered pathophysiological changes that 
evolved with time and lasted months. When extrapolated 
to the human case, these findings suggest that should a 
person experience rmTBIs, whether or not they be diag-
nosed with concussion, that the repetitive nature of the 
injury may trigger pathological processes with long-term 
pathological and cognitive consequences. This predic-
tion is supported by our own studies showing long-term 
changes in fMRI, DTI and MRS in non-concussed women 
rugby players [62, 63, 92]. It is also supported by the find-
ings of cognitive impairments in athletes that are suppos-
edly concussion-free [50, 66, 104]. This work brings into 
focus that exceedingly mTBIs may escape diagnosis but 
still trigger pathological consequences that may not be 
manifest until a much later time. Thus, the mouse model 
described may be useful in studying the effects of rmT-
BIs that may occur most commonly—the undiagnosed 
mTBIs that accompany regular contact sport play.

Abbreviations
5-CSRTT : 5-Choice serial reaction time test; APP: Amyloid precursor protein; 
Cr: Creatine; CTE: Chronic traumatic encephalopathy; DAI: Diffuse axonal 
injury; DTI: Diffusion tensor imaging; FA: Fractional anisotropy; fMRI: Functional 
magnetic imaging; GCS: Glasgow coma scale; Gln: Glutamine; Glu: Glutamate; 
h: Hours; IL-6: Interleukin-6; mTBI: Mild traumatic brain injury; MRS: Magnetic 
resonance spectroscopy; NAA: N-acetyl aspartic acid; PFC: Prefrontal cortex; 
PVD-R: Paired visual discrimination task with reversal; RD: Radial diffusivity; 
rmTBI: Repetitive mild traumatic brain injury; ROI: Region of interest; TBI: Trau-
matic brain injury; TNFα: Tumor necrosis factor alpha; w: Weeks.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40478- 021- 01161-2.

Additional file 1. Fig. S1: Evaluating the inflammatory markers in brain 
samples from Naïve mice and shams sacrificed at 8 and 48 h after the last 
sham procedure. Western blot and subsequent densitometric analyses 
show the levels of GFAP (a), Iba1 (b), TNFα (c) and IL-6 (d) levels in brain 
samples from the prefrontal cortex of naïve mice and mice sacrificed 8 h 
and 48 h after their last sham procedure. β-actin levels were used as a 
loading control. None of the protein levels were found to be statistically 
different between any of the groups, n = 4–5 per group, p < 0.05; one-way 
ANOVA).

Acknowledgements
Not applicable.

Authors’ contributions
XX was responsible for carrying out the concussion injuries, histopathology, 
biochemical and water maze analyses. MC, FB, VP, MAMP, LS and TB were 
responsible for carrying out and analyzing the touchscreen tasks. AS, PM, and 
RB were responsible for the imaging analyses. NG carried out the immuno-
histochemical analyses. ZB, MP and MD were responsible for the machine 
learning analysis of the blood metabolites. KLN, and RK were responsible for 
the electron microscopy. LL, XL and HM were responsible for the kinemetics 

https://doi.org/10.1186/s40478-021-01161-2
https://doi.org/10.1186/s40478-021-01161-2


Page 24 of 27Xu et al. acta neuropathol commun            (2021) 9:60 

analyses. AB, GAD, MAMP, VP, LS, MS, MD, RM, RB, TB planned the experiments, 
analyzed the data and secured the funding for the experiments. All authors 
read and approved the final manuscript.

Funding
This research was supported in part by BrainsCAN at Western University 
through the Canada First Research Excellence Fund (CFREF) and by the NHL 
PA Challenge Fund. LMS is a CIFAR Fellow in the Brain, Mind and Conscious-
ness program.

Availability of data and materials
The touchscreen datasets generated and analyzed during the current study 
will be available in the MouseBytes repository (https:// mouse bytes. ca/ home) 
[9]. The other datasets generated and analyzed during the current study will 
be deposited in Figshare (https:// figsh are. com/ accou nt/ home).

Declarations

Ethics approval and consent to participate
All experiments were approved by the Western University Animal Care Com-
mittee and were planned in accordance with the ARRIVE guidelines.

Consent for publication
Not applicable.

Competing interests
The authors have no conflicts of interest to declare that are relevant to the 
content of this article.

Author details
1 Translational Neuroscience Group, Robarts Research Institute, Schulich 
School of Medicine and Dentistry, Western University, 1151 Richmond Street 
North, London, ON N6A 5B7, Canada. 2 Department of Medical Biophysics, 
Schulich School of Medicine and Dentistry, The University of Western Ontario, 
1151 Richmond Street North, London, ON N6A 5B7, Canada. 3 Depart-
ment of Computer Science, Schulich School of Medicine and Dentistry, The 
University of Western Ontario, 1151 Richmond Street North, London, ON N6A 
5B7, Canada. 4 The Biotron Experimental Climate Change Research Centre, 
The University of Western Ontario, 1151 Richmond Street North, London, ON 
N6A 5B7, Canada. 5 Department of Mechanical and Materials Engineering, 
Schulich School of Medicine and Dentistry, The University of Western Ontario, 
1151 Richmond Street North, London, ON N6A 5B7, Canada. 6 Department 
of Clinical Neurological Sciences, Schulich School of Medicine and Dentistry, 
The University of Western Ontario, London, ON N6A 5B7, Canada. 7 Molecu-
lar Medicine Research Laboratories, Robarts Research Institute, Schulich 
School of Medicine and Dentistry, Western University, London, ON, Canada. 
8 Department of Microbiology and Immunology, Schulich School of Medicine 
and Dentistry, The University of Western Ontario, 1151 Richmond Street North, 
London, ON N6A 5B7, Canada. 9 Centre for Functional and Metabolic Mapping, 
Robarts Research Institute, The University of Western Ontario, 1151 Richmond 
Street North, London, ON N6A 5B7, Canada. 10 Department of Physiology 
and Pharmacology, Schulich School of Medicine and Dentistry, The University 
of Western Ontario, 1151 Richmond Street North, London, ON N6A 5B7, 
Canada. 11 The Vector Institute for Artificial Intelligence, 661 University Ave 
Suite 710, Toronto, Canada. 12 Department of Anatomy and Cell Biology, The 
University of Western Ontario, 1151 Richmond Street North, London, ON N6A 
5B7, Canada. 

Received: 3 November 2020   Accepted: 17 March 2021

References
 1. Alexander AL, Lee JE, Lazar M, Field AS (2007) Diffusion tensor imaging 

of the brain. Neurotherapeutics 4:316–329. https:// doi. org/ 10. 1016/j. 
nurt. 2007. 05. 011

 2. Alosco ML, Kasimis AB, Stamm JM, Chua AS, Baugh CM, Daneshvar DH, 
Robbins CA, Mariani M, Hayden J, Conneely S, Au R, Torres A, McClean 
MD, McKee AC, Cantu RC, Mez J, Nowinski CJ, Martin BM, Chaisson CE, 

Tripodis Y, Stern RA (2017) Age of first exposure to American football 
and long-term neuropsychiatric and cognitive outcomes. Transl Psy-
chiatry 7:e1236. https:// doi. org/ 10. 1038/ tp. 2017. 197

 3. Barlow KM (2016) Postconcussion syndrome: a review. J Child Neurol 
31:57–67. https:// doi. org/ 10. 1177/ 08830 73814 543305

 4. Barnes DE, Byers AL, Gardner RC, Seal KH, Boscardin WJ, Yaffe K (2018) 
Association of mild traumatic brain injury with and without loss of 
consciousness with dementia in US military veterans. JAMA Neurol 
75:1055–1061. https:// doi. org/ 10. 1001/ jaman eurol. 2018. 0815

 5. Bartha R, Drost DJ, Menon RS, Williamson PC (2000) Comparison of the 
quantification precision of human short echo time (1)H spectroscopy at 
1.5 and 4.0 Tesla. Magn Reson Med 44:185–192

 6. Bartha R, Drost DJ, Williamson PC (1999) Factors affecting the quan-
tification of short echo in-vivo 1H MR spectra: prior knowledge, peak 
elimination, and filtering. NMR Biomed 12:205–216

 7. Bashir S, Vernet M, Yoo WK, Mizrahi I, Theoret H, Pascual-Leone A (2012) 
Changes in cortical plasticity after mild traumatic brain injury. Restor 
Neurol Neurosci 30:277–282. https:// doi. org/ 10. 3233/ RNN- 2012- 110207

 8. Bazarian JJ, Zhong J, Blyth B, Zhu T, Kavcic V, Peterson D (2007) Diffusion 
tensor imaging detects clinically important axonal damage after mild 
traumatic brain injury: a pilot study. J Neurotrauma 24:1447–1459. 
https:// doi. org/ 10. 1089/ neu. 2007. 0241

 9. Beraldo FH, Palmer D, Memar S, Wasserman DI, Lee WV, Liang S, 
Creighton SD, Kolisnyk B, Cowan MF, Mels J, Masood TS, Fodor C, 
Al-Onaizi MA, Bartha R, Gee T, Saksida LM, Bussey TJ, Strother SS, 
Prado VF, Winters BD, Prado MA (2019) MouseBytes, an open-access 
high-throughput pipeline and database for rodent touchscreen-based 
cognitive assessment. Elife.https:// doi. org/ 10. 7554/ eLife. 49630

 10. Beraldo FH, Thomas A, Kolisnyk B, Hirata PH, De Jaeger X, Martyn AC, 
Fan J, Goncalves DF, Cowan MF, Masood T, Martins VR, Gros R, Prado 
VF, Prado MA (2015) Hyperactivity and attention deficits in mice with 
decreased levels of stress-inducible phosphoprotein 1 (STIP1). Dis 
Model Mech 8:1457–1466. https:// doi. org/ 10. 1242/ dmm. 022525

 11. Brizuela M, Blizzard CA, Chuckowree JA, Pitman KA, Young KM, Dickson 
T (2017) Mild traumatic brain injury leads to decreased inhibition and 
a differential response of calretinin positive interneurons in the injured 
cortex. J Neurotrauma 34:2504–2517. https:// doi. org/ 10. 1089/ neu. 2017. 
4977

 12. Broussard JI, Acion L, De Jesus-Cortes H, Yin T, Britt JK, Salas R, Costa-
Mattioli M, Robertson C, Pieper AA, Arciniegas DB, Jorge R (2018) 
Repeated mild traumatic brain injury produces neuroinflammation, 
anxiety-like behaviour and impaired spatial memory in mice. Brain Inj 
32:113–122. https:// doi. org/ 10. 1080/ 02699 052. 2017. 13802 28

 13. Bussey TJ, Holmes A, Lyon L, Mar AC, McAllister KA, Nithianantharajah J, 
Oomen CA, Saksida LM (2012) New translational assays for preclini-
cal modelling of cognition in schizophrenia: the touchscreen testing 
method for mice and rats. Neuropharmacology 62:1191–1203. https:// 
doi. org/ 10. 1016/j. neuro pharm. 2011. 04. 011

 14. Carlen M (2017) What constitutes the prefrontal cortex? Science 
358:478–482. https:// doi. org/ 10. 1126/ scien ce. aan88 68

 15. Carron SF, Alwis DS, Rajan R (2016) Traumatic brain injury and neuronal 
functionality changes in sensory cortex. Front Syst Neurosci 10:47. 
https:// doi. org/ 10. 3389/ fnsys. 2016. 00047

 16. Chamard E, Lichtenstein JD (2018) A systematic review of neuroimag-
ing findings in children and adolescents with sports-related concus-
sion. Brain Inj 32:816–831. https:// doi. org/ 10. 1080/ 02699 052. 2018. 
14631 06

 17. Chen H, Desai A, Kim HY (2017) Repetitive closed-head impact model 
of engineered rotational acceleration induces long-term cognitive 
impairments with persistent astrogliosis and microgliosis in mice. J 
Neurotrauma 34:2291–2302. https:// doi. org/ 10. 1089/ neu. 2016. 4870

 18. Chen K, Gu H, Zhu L, Feng DF (2019) A new model of repetitive trau-
matic brain injury in mice. Front Neurosci 13:1417. https:// doi. org/ 10. 
3389/ fnins. 2019. 01417

 19. Cohen AS, Pfister BJ, Schwarzbach E, Grady MS, Goforth PB, Satin LS 
(2007) Injury-induced alterations in CNS electrophysiology. Prog Brain 
Res 161:143–169. https:// doi. org/ 10. 1016/ S0079- 6123(06) 61010-8

 20. Coronado VG, McGuire LC, Sarmiento K, Bell J, Lionbarger MR, Jones CD, 
Geller AI, Khoury N, Xu L (2012) Trends in traumatic brain injury in the 
US and the public health response: 1995–2009. J Saf Res 43:299–307. 
https:// doi. org/ 10. 1016/j. jsr. 2012. 08. 011

https://mousebytes.ca/home
https://figshare.com/account/home
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1038/tp.2017.197
https://doi.org/10.1177/0883073814543305
https://doi.org/10.1001/jamaneurol.2018.0815
https://doi.org/10.3233/RNN-2012-110207
https://doi.org/10.1089/neu.2007.0241
https://doi.org/10.7554/eLife.49630
https://doi.org/10.1242/dmm.022525
https://doi.org/10.1089/neu.2017.4977
https://doi.org/10.1089/neu.2017.4977
https://doi.org/10.1080/02699052.2017.1380228
https://doi.org/10.1016/j.neuropharm.2011.04.011
https://doi.org/10.1016/j.neuropharm.2011.04.011
https://doi.org/10.1126/science.aan8868
https://doi.org/10.3389/fnsys.2016.00047
https://doi.org/10.1080/02699052.2018.1463106
https://doi.org/10.1080/02699052.2018.1463106
https://doi.org/10.1089/neu.2016.4870
https://doi.org/10.3389/fnins.2019.01417
https://doi.org/10.3389/fnins.2019.01417
https://doi.org/10.1016/S0079-6123(06)61010-8
https://doi.org/10.1016/j.jsr.2012.08.011


Page 25 of 27Xu et al. acta neuropathol commun            (2021) 9:60  

 21. Daley M, Dekaban GA, Bartha R, Brown A, Charyk Stewart T, Doherty T, 
Fischer L, Holmes J, Menon R, Rupar CA, Shoemaker K, Fraser D (2016) 
Metabolomics profiling of concussion in adolescent male hockey play-
ers: a novel diagnostic method. Metabolomics 12:185–183

 22. Donat CK, Scott G, Gentleman SM, Sastre M (2017) Microglial activation 
in traumatic brain injury. Front Aging Neurosci 9:208. https:// doi. org/ 10. 
3389/ fnagi. 2017. 00208

 23. Donnelly NA, Holtzman T, Rich PD, Nevado-Holgado AJ, Fernando AB, 
Van Dijck G, Holzhammer T, Paul O, Ruther P, Paulsen O, Robbins TW, 
Dalley JW (2014) Oscillatory activity in the medial prefrontal cortex and 
nucleus accumbens correlates with impulsivity and reward outcome. 
PLoS ONE 9:e111300. https:// doi. org/ 10. 1371/ journ al. pone. 01113 00

 24. Dzyubenko E, Rozenberg A, Hermann DM, Faissner A (2016) Colocaliza-
tion of synapse marker proteins evaluated by STED-microscopy reveals 
patterns of neuronal synapse distribution in vitro. J Neurosci Methods 
273:149–159. https:// doi. org/ 10. 1016/j. jneum eth. 2016. 09. 001

 25. Ellemberg D, Leclerc S, Couture S, Daigle C (2007) Prolonged neuropsy-
chological impairments following a first concussion in female university 
soccer athletes. Clin J Sport Med 17:369–374. https:// doi. org/ 10. 1097/ 
JSM. 0b013 e3181 4c3e3e

 26. Emmerich T, Abdullah L, Crynen G, Dretsch M, Evans J, Ait-Ghezala G, 
Reed J, Montague H, Chaytow H, Mathura V, Martin J, Pelot R, Ferguson 
S, Bishop A, Phillips J, Mullan M, Crawford F (2016) Plasma lipidomic 
profiling in a military population of mild traumatic brain injury and 
post-traumatic stress disorder with apolipoprotein E varepsilon4-
dependent effect. J Neurotrauma 33:1331–1348. https:// doi. org/ 10. 
1089/ neu. 2015. 4061

 27. Faul M, Coronado V (2015) Epidemiology of traumatic brain injury. 
Handb Clin Neurol 127:3–13. https:// doi. org/ 10. 1016/ B978-0- 444- 
52892-6. 00001-5

 28. Fleminger S, Oliver DL, Lovestone S, Rabe-Hesketh S, Giora A (2003) 
Head injury as a risk factor for Alzheimer’s disease: the evidence 10 
years on; a partial replication. J Neurol Neurosurg Psychiatry 74:857–
862. https:// doi. org/ 10. 1136/ jnnp. 74.7. 857

 29. Furcila D, DeFelipe J, Alonso-Nanclares L (2018) A study of amyloid-
beta and phosphotau in plaques and neurons in the hippocampus of 
Alzheimer’s disease patients. J Alzheimers Dis 64:417–435. https:// doi. 
org/ 10. 3233/ JAD- 180173

 30. Garwood M, DelaBarre L (2001) The return of the frequency sweep: 
designing adiabatic pulses for contemporary NMR. J Magn Reson 
153:155–177. https:// doi. org/ 10. 1006/ jmre. 2001. 2340

 31. Gennarelli TA (1994) Animate models of human head injury. J Neuro-
trauma 11:357–368. https:// doi. org/ 10. 1089/ neu. 1994. 11. 357

 32. Gentleman SM, Nash MJ, Sweeting CJ, Graham DI, Roberts GW (1993) 
Beta-amyloid precursor protein (beta APP) as a marker for axonal injury 
after head injury. Neurosci Lett 160:139–144

 33. Gold EM, Vasilevko V, Hasselmann J, Tiefenthaler C, Hoa D, Ranawaka 
K, Cribbs DH, Cummings BJ (2018) Repeated mild closed head injuries 
induce long-term white matter pathology and neuronal loss that are 
correlated with behavioral deficits. ASN Neuro 10:1759091418781921. 
https:// doi. org/ 10. 1177/ 17590 91418 781921

 34. Goldstein LE, Fisher AM, Tagge CA, Zhang XL, Velisek L, Sullivan 
JA, Upreti C, Kracht JM, Ericsson M, Wojnarowicz MW, Goletiani CJ, 
Maglakelidze GM, Casey N, Moncaster JA, Minaeva O, Moir RD, Nowinski 
CJ, Stern RA, Cantu RC, Geiling J, Blusztajn JK, Wolozin BL, Ikezu T, Stein 
TD, Budson AE, Kowall NW, Chargin D, Sharon A, Saman S, Hall GF, Moss 
WC, Cleveland RO, Tanzi RE, Stanton PK, McKee AC (2012) Chronic trau-
matic encephalopathy in blast-exposed military veterans and a blast 
neurotrauma mouse model. Sci Transl Med 4:134ra160. https:// doi. org/ 
10. 1126/ scitr anslm ed. 30037 16

 35. Hamberger A, Huang YL, Zhu H, Bao F, Ding M, Blennow K, Olsson A, 
Hansson HA, Viano D, Haglid KG (2003) Redistribution of neurofila-
ments and accumulation of beta-amyloid protein after brain injury by 
rotational acceleration of the head. J Neurotrauma 20:169–178. https:// 
doi. org/ 10. 1089/ 08977 15036 05470 80

 36. Harris RA, Lone A, Lim H, Martinez F, Frame AK, Scholl TJ, Cumming RC 
(2019) Aerobic glycolysis is required for spatial memory acquisition but 
not memory retrieval in mice. eNeuro. https:// doi. org/ 10. 1523/ ENEURO. 
0389- 18. 2019

 37. Hartikainen KM, Waljas M, Isoviita T, Dastidar P, Liimatainen S, Solbakk 
AK, Ogawa KH, Soimakallio S, Ylinen A, Ohman J (2010) Persistent 

symptoms in mild to moderate traumatic brain injury associated with 
executive dysfunction. J Clin Exp Neuropsychol 32:767–774. https:// doi. 
org/ 10. 1080/ 13803 39090 35210 00

 38. Hooper SR, Alexander J, Moore D, Sasser HC, Laurent S, King J, Bartel S, 
Callahan B (2004) Caregiver reports of common symptoms in children 
following a traumatic brain injury. NeuroRehabilitation 19:175–189

 39. Horner AE, Heath CJ, Hvoslef-Eide M, Kent BA, Kim CH, Nilsson SR, Alsio 
J, Oomen CA, Holmes A, Saksida LM, Bussey TJ (2013) The touchscreen 
operant platform for testing learning and memory in rats and mice. Nat 
Protoc 8:1961–1984. https:// doi. org/ 10. 1038/ nprot. 2013. 122

 40. Howell D, Osternig L, Van Donkelaar P, Mayr U, Chou LS (2013) Effects of 
concussion on attention and executive function in adolescents. Med 
Sci Sports Exerc 45:1030–1037. https:// doi. org/ 10. 1249/ MSS. 0b013 
e3182 814595

 41. Hsieh TH, Kang JW, Lai JH, Huang YZ, Rotenberg A, Chen KY, Wang JY, 
Chan SY, Chen SC, Chiang YH, Peng CW (2017) Relationship of mechani-
cal impact magnitude to neurologic dysfunction severity in a rat 
traumatic brain injury model. PLoS ONE 12:e0178186. https:// doi. org/ 
10. 1371/ journ al. pone. 01781 86

 42. Ikonomovic MD, Uryu K, Abrahamson EE, Ciallella JR, Trojanowski JQ, 
Lee VM, Clark RS, Marion DW, Wisniewski SR, DeKosky ST (2004) Alz-
heimer’s pathology in human temporal cortex surgically excised after 
severe brain injury. Exp Neurol 190:192–203. https:// doi. org/ 10. 1016/j. 
expne urol. 2004. 06. 011

 43. Jenkinson M, Bannister P, Brady M, Smith S (2002) Improved optimiza-
tion for the robust and accurate linear registration and motion correc-
tion of brain images. Neuroimage 17:825–841. https:// doi. org/ 10. 1016/ 
s1053- 8119(02) 91132-8

 44. Johnson VE, Stewart W, Smith DH (2012) Widespread tau and amyloid-
beta pathology many years after a single traumatic brain injury in 
humans. Brain Pathol 22:142–149. https:// doi. org/ 10. 1111/j. 1750- 3639. 
2011. 00513.x

 45. Johnson VE, Stewart W, Smith DH (2013) Axonal pathology in traumatic 
brain injury. Exp Neurol 246:35–43. https:// doi. org/ 10. 1016/j. expne urol. 
2012. 01. 013

 46. Kassem MN, Bartha R (2003) Quantitative proton short-echo-time 
LASER spectroscopy of normal human white matter and hippocampus 
at 4 Tesla incorporating macromolecule subtraction. Magn Reson Med 
49:918–927. https:// doi. org/ 10. 1002/ mrm. 10443

 47. Kay A, Teasdale G (2001) Head injury in the United Kingdom. World J 
Surg 25:1210–1220. https:// doi. org/ 10. 1007/ s00268- 001- 0084-6

 48. Kazl C, Torres A (2019) Definition, classification, and epidemiology of 
concussion. Semin Pediatr Neurol 30:9–13. https:// doi. org/ 10. 1016/j. 
spen. 2019. 03. 003

 49. Kikinis Z, Muehlmann M, Pasternak O, Peled S, Kulkarni P, Ferris C, Bouix 
S, Rathi Y, Koerte IK, Pieper S, Yarmarkovich A, Porter CL, Kristal BS, Shen-
ton ME (2017) Diffusion imaging of mild traumatic brain injury in the 
impact accelerated rodent model: a pilot study. Brain Inj 31:1376–1381. 
https:// doi. org/ 10. 1080/ 02699 052. 2017. 13184 50

 50. Killam C, Cautin RL, Santucci AC (2005) Assessing the enduring residual 
neuropsychological effects of head trauma in college athletes who par-
ticipate in contact sports. Arch Clin Neuropsychol 20:599–611. https:// 
doi. org/ 10. 1016/j. acn. 2005. 02. 001

 51. Kim H, Ahrlund-Richter S, Wang X, Deisseroth K, Carlen M (2016) Pre-
frontal parvalbumin neurons in control of attention. Cell 164:208–218. 
https:// doi. org/ 10. 1016/j. cell. 2015. 11. 038

 52. Kosik KS (1993) The molecular and cellular biology of tau. Brain Pathol 
3:39–43

 53. Kunker K, Peters DM, Mohapatra S (2020) Long-term impact of mild 
traumatic brain injury on postural stability and executive function. 
Neurol Sci. https:// doi. org/ 10. 1007/ s10072- 020- 04300-0

 54. Lama S, Auer RN, Tyson R, Gallagher CN, Tomanek B, Sutherland GR 
(2014) Lactate storm marks cerebral metabolism following brain 
trauma. J Biol Chem 289:20200–20208. https:// doi. org/ 10. 1074/ jbc. 
M114. 570978

 55. Lax ID, Paniccia M, Agnihotri S, Reed N, Garmaise E, Azadbakhsh M, Ng 
J, Monette G, Wiseman-Hakes C, Taha T, Keightley M (2015) Develop-
mental and gender influences on executive function following concus-
sion in youth hockey players. Brain Inj 29:1409–1419. https:// doi. org/ 10. 
3109/ 02699 052. 2015. 10433 44

https://doi.org/10.3389/fnagi.2017.00208
https://doi.org/10.3389/fnagi.2017.00208
https://doi.org/10.1371/journal.pone.0111300
https://doi.org/10.1016/j.jneumeth.2016.09.001
https://doi.org/10.1097/JSM.0b013e31814c3e3e
https://doi.org/10.1097/JSM.0b013e31814c3e3e
https://doi.org/10.1089/neu.2015.4061
https://doi.org/10.1089/neu.2015.4061
https://doi.org/10.1016/B978-0-444-52892-6.00001-5
https://doi.org/10.1016/B978-0-444-52892-6.00001-5
https://doi.org/10.1136/jnnp.74.7.857
https://doi.org/10.3233/JAD-180173
https://doi.org/10.3233/JAD-180173
https://doi.org/10.1006/jmre.2001.2340
https://doi.org/10.1089/neu.1994.11.357
https://doi.org/10.1177/1759091418781921
https://doi.org/10.1126/scitranslmed.3003716
https://doi.org/10.1126/scitranslmed.3003716
https://doi.org/10.1089/08977150360547080
https://doi.org/10.1089/08977150360547080
https://doi.org/10.1523/ENEURO.0389-18.2019
https://doi.org/10.1523/ENEURO.0389-18.2019
https://doi.org/10.1080/13803390903521000
https://doi.org/10.1080/13803390903521000
https://doi.org/10.1038/nprot.2013.122
https://doi.org/10.1249/MSS.0b013e3182814595
https://doi.org/10.1249/MSS.0b013e3182814595
https://doi.org/10.1371/journal.pone.0178186
https://doi.org/10.1371/journal.pone.0178186
https://doi.org/10.1016/j.expneurol.2004.06.011
https://doi.org/10.1016/j.expneurol.2004.06.011
https://doi.org/10.1016/s1053-8119(02)91132-8
https://doi.org/10.1016/s1053-8119(02)91132-8
https://doi.org/10.1111/j.1750-3639.2011.00513.x
https://doi.org/10.1111/j.1750-3639.2011.00513.x
https://doi.org/10.1016/j.expneurol.2012.01.013
https://doi.org/10.1016/j.expneurol.2012.01.013
https://doi.org/10.1002/mrm.10443
https://doi.org/10.1007/s00268-001-0084-6
https://doi.org/10.1016/j.spen.2019.03.003
https://doi.org/10.1016/j.spen.2019.03.003
https://doi.org/10.1080/02699052.2017.1318450
https://doi.org/10.1016/j.acn.2005.02.001
https://doi.org/10.1016/j.acn.2005.02.001
https://doi.org/10.1016/j.cell.2015.11.038
https://doi.org/10.1007/s10072-020-04300-0
https://doi.org/10.1074/jbc.M114.570978
https://doi.org/10.1074/jbc.M114.570978
https://doi.org/10.3109/02699052.2015.1043344
https://doi.org/10.3109/02699052.2015.1043344


Page 26 of 27Xu et al. acta neuropathol commun            (2021) 9:60 

 56. Li J, Zhao C, Rao JS, Yang FX, Wang ZJ, Lei JF, Yang ZY, Li XG (2017) 
Structural and metabolic changes in the traumatically injured rat 
brain: high-resolution in vivo proton magnetic resonance spectros-
copy at 7 T. Neuroradiology 59:1203–1212. https:// doi. org/ 10. 1007/ 
s00234- 017- 1915-y

 57. Lipton ML, Kim N, Park YK, Hulkower MB, Gardin TM, Shifteh K, Kim M, 
Zimmerman ME, Lipton RB, Branch CA (2012) Robust detection of trau-
matic axonal injury in individual mild traumatic brain injury patients: 
intersubject variation, change over time and bidirectional changes in 
anisotropy. Brain Imaging Behav 6:329–342. https:// doi. org/ 10. 1007/ 
s11682- 012- 9175-2

 58. Liu J, Wu R, Johnson B, Vu J, Bass C, Li JX (2019) The claustrum-prefrontal 
cortex pathway regulates impulsive-like behavior. J Neurosci 39:10071–
10080. https:// doi. org/ 10. 1523/ JNEUR OSCI. 1005- 19. 2019

 59. Liu XB, Schumann CM (2014) Optimization of electron microscopy for 
human brains with long-term fixation and fixed-frozen sections. Acta 
Neuropathol Commun 2:42. https:// doi. org/ 10. 1186/ 2051- 5960-2- 42

 60. Lu L, Mao H (2019) Quantifying the effect of repeated impacts and 
lateral tip movements on brain responses during controlled cortical 
impact. J Neurotrauma 36:1828–1835. https:// doi. org/ 10. 1089/ neu. 
2018. 5929

 61. Maas AIR, Menon DK, Adelson PD, Andelic N, Bell MJ, Belli A, Bragge 
P, Brazinova A, Buki A, Chesnut RM, Citerio G, Coburn M, Cooper DJ, 
Crowder AT, Czeiter E, Czosnyka M, Diaz-Arrastia R, Dreier JP, Duhaime 
AC, Ercole A, van Essen TA, Feigin VL, Gao G, Giacino J, Gonzalez-Lara LE, 
Gruen RL, Gupta D, Hartings JA, Hill S, Jiang JY, Ketharanathan N, Kom-
panje EJO, Lanyon L, Laureys S, Lecky F, Levin H, Lingsma HF, Maegele 
M, Majdan M, Manley G, Marsteller J, Mascia L, McFadyen C, Mondello S, 
Newcombe V, Palotie A, Parizel PM, Peul W, Piercy J, Polinder S, Puybas-
set L, Rasmussen TE, Rossaint R, Smielewski P, Soderberg J, Stanworth 
SJ, Stein MB, von Steinbuchel N, Stewart W, Steyerberg EW, Stocchetti 
N, Synnot A, Te Ao B, Tenovuo O, Theadom A, Tibboel D, Videtta W, 
Wang KKW, Williams WH, Wilson L, Yaffe K, In TP, Investigators, (2017) 
Traumatic brain injury: integrated approaches to improve prevention, 
clinical care, and research. Lancet Neurol 16:987–1048. https:// doi. org/ 
10. 1016/ S1474- 4422(17) 30371-X

 62. Manning K, Brooks J, Fischer L, Blackney K, Harriss A, Brown A, Bartha R, 
Doherty T, Dickey J, Jevremovic T, Barreira C, Fraser D, Holmes J, Deka-
ban GA, Menon R. Structural and functional neuroimaging changes 
in female rugby players with and without a history of concussion. In: 
International society for magnetic resonance in medicine (ISMRM), 
Montreal, Canada, 2019.

 63. Manning KY, Llera A, Dekaban GA, Bartha R, Barreira C, Brown A, Fischer 
L, Jevremovic T, Blackney K, Doherty TJ, Fraser DD, Holmes J, Beckmann 
CF, Menon RS (2019) Linked MRI signatures of the brain’s acute and 
persistent response to concussion in female varsity rugby players. 
Neuroimage Clin 21:101627. https:// doi. org/ 10. 1016/j. nicl. 2018. 101627

 64. Mannix R, Berglass J, Berkner J, Moleus P, Qiu J, Andrews N, Gunner G, 
Berglass L, Jantzie LL, Robinson S, Meehan WP 3rd (2014) Chronic gliosis 
and behavioral deficits in mice following repetitive mild traumatic brain 
injury. J Neurosurg 121:1342–1350. https:// doi. org/ 10. 3171/ 2014.7. 
JNS14 272

 65. Mayer AR, Ling J, Mannell MV, Gasparovic C, Phillips JP, Doezema D, 
Reichard R, Yeo RA (2010) A prospective diffusion tensor imaging study 
in mild traumatic brain injury. Neurology 74:643–650. https:// doi. org/ 
10. 1212/ WNL. 0b013 e3181 d0ccdd

 66. McAllister TW, Flashman LA, Maerlender A, Greenwald RM, Beckwith 
JG, Tosteson TD, Crisco JJ, Brolinson PG, Duma SM, Duhaime AC, Grove 
MR, Turco JH (2012) Cognitive effects of one season of head impacts in 
a cohort of collegiate contact sport athletes. Neurology 78:1777–1784. 
https:// doi. org/ 10. 1212/ WNL. 0b013 e3182 582fe7

 67. McCrea M, Meier T, Huber D, Ptito A, Bigler E, Debert CT, Manley G, 
Menon D, Chen JK, Wall R, Schneider KJ, McAllister T (2017) Role of 
advanced neuroimaging, fluid biomarkers and genetic testing in the 
assessment of sport-related concussion: a systematic review. Br J Sports 
Med 51:919–929. https:// doi. org/ 10. 1136/ bjspo rts- 2016- 097447

 68. McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson 
AE, Santini VE, Lee HS, Kubilus CA, Stern RA (2009) Chronic traumatic 
encephalopathy in athletes: progressive tauopathy after repetitive head 
injury. J Neuropathol Exp Neurol 68:709–735. https:// doi. org/ 10. 1097/ 
NEN. 0b013 e3181 a9d503

 69. McKee AC, Stein TD, Kiernan PT, Alvarez VE (2015) The neuropathology 
of chronic traumatic encephalopathy. Brain Pathol 25:350–364. https:// 
doi. org/ 10. 1111/ bpa. 12248

 70. Menon DK, Schwab K, Wright DW, Maas AI, Demographics, Clinical 
Assessment Working Group of the I, Interagency Initiative toward Com-
mon Data Elements for Research on Traumatic Brain I, Psychological H 
(2010) Position statement: definition of traumatic brain injury. Arch Phys 
Med Rehabil 91:1637–1640. https:// doi. org/ 10. 1016/j. apmr. 2010. 05. 017

 71. Mierzwa AJ, Marion CM, Sullivan GM, McDaniel DP, Armstrong RC 
(2015) Components of myelin damage and repair in the progression of 
white matter pathology after mild traumatic brain injury. J Neuropathol 
Exp Neurol 74:218–232. https:// doi. org/ 10. 1097/ NEN. 00000 00000 
000165

 72. Mortimer JA, van Duijn CM, Chandra V, Fratiglioni L, Graves AB, Heyman 
A, Jorm AF, Kokmen E, Kondo K, Rocca WA, et al. (1991) Head trauma as 
a risk factor for Alzheimer’s disease: a collaborative re-analysis of case-
control studies. EURODEM Risk Factors Research Group. Int J Epidemiol 
20 Suppl 2:S28–35. https:// doi. org/ 10. 1093/ ije/ 20. suppl ement_2. s28

 73. Moser RS, Schatz P (2002) Enduring effects of concussion in youth 
athletes. Arch Clin Neuropsychol 17:91–100

 74. Mouzon B, Bachmeier C, Ojo J, Acker C, Ferguson S, Crynen G, Davies P, 
Mullan M, Stewart W, Crawford F (2019) Chronic white matter degener-
ation, but no tau pathology at one-year post-repetitive mild traumatic 
brain injury in a tau transgenic model. J Neurotrauma 36:576–588. 
https:// doi. org/ 10. 1089/ neu. 2018. 5720

 75. Namjoshi DR, Cheng WH, Bashir A, Wilkinson A, Stukas S, Martens KM, 
Whyte T, Abebe ZA, McInnes KA, Cripton PA, Wellington CL (2017) 
Defining the biomechanical and biological threshold of murine mild 
traumatic brain injury using CHIMERA (Closed Head Impact Model of 
Engineered Rotational Acceleration). Exp Neurol 292:80–91. https:// doi. 
org/ 10. 1016/j. expne urol. 2017. 03. 003

 76. National Center for Injury Prevention and Control (U.S.) (2003) Report to 
Congress on mild traumatic brain injury in the United States : steps to 
prevent a serious public health problem

 77. Olafsdottir HF, Bush D, Barry C (2018) The role of hippocampal replay in 
memory and planning. Curr Biol 28:R37–R50. https:// doi. org/ 10. 1016/j. 
cub. 2017. 10. 073

 78. Pang EW, Dunkley BT, Doesburg SM, da Costa L, Taylor MJ (2016) 
Reduced brain connectivity and mental flexibility in mild traumatic 
brain injury. Ann Clin Transl Neurol 3:124–131. https:// doi. org/ 10. 1002/ 
acn3. 280

 79. Panzer MB, Wood GW, Bass CR (2014) Scaling in neurotrauma: how 
do we apply animal experiments to people? Exp Neurol 261:120–126. 
https:// doi. org/ 10. 1016/j. expne urol. 2014. 07. 002

 80. Pasternak O, Koerte IK, Bouix S, Fredman E, Sasaki T, Mayinger M, Helmer 
KG, Johnson AM, Holmes JD, Forwell LA, Skopelja EN, Shenton ME, Ech-
lin PS (2014) Hockey Concussion Education Project, Part 2. Microstruc-
tural white matter alterations in acutely concussed ice hockey players: 
a longitudinal free-water MRI study. J Neurosurg 120:873–881. https:// 
doi. org/ 10. 3171/ 2013. 12. JNS13 2090

 81. Perry DC, Sturm VE, Peterson MJ, Pieper CF, Bullock T, Boeve BF, Miller 
BL, Guskiewicz KM, Berger MS, Kramer JH, Welsh-Bohmer KA (2016) 
Association of traumatic brain injury with subsequent neurological and 
psychiatric disease: a meta-analysis. J Neurosurg 124:511–526. https:// 
doi. org/ 10. 3171/ 2015.2. JNS14 503

 82. Petraglia AL, Plog BA, Dayawansa S, Dashnaw ML, Czerniecka K, Walker 
CT, Chen M, Hyrien O, Iliff JJ, Deane R, Huang JH, Nedergaard M (2014) 
The pathophysiology underlying repetitive mild traumatic brain injury 
in a novel mouse model of chronic traumatic encephalopathy. Surg 
Neurol Int 5:184. https:// doi. org/ 10. 4103/ 2152- 7806. 147566

 83. Pinkowski NJ, Guerin J, Zhang H, Carpentier ST, McCurdy KE, Pacheco 
JM, Mehos CJ, Brigman JL, Morton RA (2020) Repeated mild traumatic 
brain injuries impair visual discrimination learning in adolescent mice. 
Neurobiol Learn Mem. https:// doi. org/ 10. 1016/j. nlm. 2020. 107315

 84. Plummer S, Van den Heuvel C, Thornton E, Corrigan F, Cappai R (2016) 
The neuroprotective properties of the amyloid precursor protein fol-
lowing traumatic brain injury. Aging Dis 7:163–179. https:// doi. org/ 10. 
14336/ AD. 2015. 0907

 85. Reichard RR, White CL 3rd, Hladik CL, Dolinak D (2003) Beta-amyloid 
precursor protein staining in nonhomicidal pediatric medicolegal 

https://doi.org/10.1007/s00234-017-1915-y
https://doi.org/10.1007/s00234-017-1915-y
https://doi.org/10.1007/s11682-012-9175-2
https://doi.org/10.1007/s11682-012-9175-2
https://doi.org/10.1523/JNEUROSCI.1005-19.2019
https://doi.org/10.1186/2051-5960-2-42
https://doi.org/10.1089/neu.2018.5929
https://doi.org/10.1089/neu.2018.5929
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1016/S1474-4422(17)30371-X
https://doi.org/10.1016/j.nicl.2018.101627
https://doi.org/10.3171/2014.7.JNS14272
https://doi.org/10.3171/2014.7.JNS14272
https://doi.org/10.1212/WNL.0b013e3181d0ccdd
https://doi.org/10.1212/WNL.0b013e3181d0ccdd
https://doi.org/10.1212/WNL.0b013e3182582fe7
https://doi.org/10.1136/bjsports-2016-097447
https://doi.org/10.1097/NEN.0b013e3181a9d503
https://doi.org/10.1097/NEN.0b013e3181a9d503
https://doi.org/10.1111/bpa.12248
https://doi.org/10.1111/bpa.12248
https://doi.org/10.1016/j.apmr.2010.05.017
https://doi.org/10.1097/NEN.0000000000000165
https://doi.org/10.1097/NEN.0000000000000165
https://doi.org/10.1093/ije/20.supplement_2.s28
https://doi.org/10.1089/neu.2018.5720
https://doi.org/10.1016/j.expneurol.2017.03.003
https://doi.org/10.1016/j.expneurol.2017.03.003
https://doi.org/10.1016/j.cub.2017.10.073
https://doi.org/10.1016/j.cub.2017.10.073
https://doi.org/10.1002/acn3.280
https://doi.org/10.1002/acn3.280
https://doi.org/10.1016/j.expneurol.2014.07.002
https://doi.org/10.3171/2013.12.JNS132090
https://doi.org/10.3171/2013.12.JNS132090
https://doi.org/10.3171/2015.2.JNS14503
https://doi.org/10.3171/2015.2.JNS14503
https://doi.org/10.4103/2152-7806.147566
https://doi.org/10.1016/j.nlm.2020.107315
https://doi.org/10.14336/AD.2015.0907
https://doi.org/10.14336/AD.2015.0907


Page 27 of 27Xu et al. acta neuropathol commun            (2021) 9:60  

autopsies. J Neuropathol Exp Neurol 62:237–247. https:// doi. org/ 10. 
1093/ jnen/ 62.3. 237

 86. Romberg C, Bartko S, Wess J, Saksida LM, Bussey TJ (2018) Impaired 
object-location learning and recognition memory but enhanced sus-
tained attention in M2 muscarinic receptor-deficient mice. Psychophar-
macology 235:3495–3508. https:// doi. org/ 10. 1007/ s00213- 018- 5065-7

 87. Romberg C, Mattson MP, Mughal MR, Bussey TJ, Saksida LM (2011) 
Impaired attention in the 3xTgAD mouse model of Alzheimer’s disease: 
rescue by donepezil (Aricept). J Neurosci 31:3500–3507. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 5242- 10. 2011

 88. Rowson S, Duma SM, Beckwith JG, Chu JJ, Greenwald RM, Crisco 
JJ, Brolinson PG, Duhaime AC, McAllister TW, Maerlender AC (2012) 
Rotational head kinematics in football impacts: an injury risk function 
for concussion. Ann Biomed Eng 40:1–13. https:// doi. org/ 10. 1007/ 
s10439- 011- 0392-4

 89. Saha P, Sen N (2019) Tauopathy: a common mechanism for neurode-
generation and brain aging. Mech Ageing Dev 178:72–79. https:// doi. 
org/ 10. 1016/j. mad. 2019. 01. 007

 90. Sasaki T, Pasternak O, Mayinger M, Muehlmann M, Savadjiev P, Bouix S, 
Kubicki M, Fredman E, Dahlben B, Helmer KG, Johnson AM, Holmes JD, 
Forwell LA, Skopelja EN, Shenton ME, Echlin PS, Koerte IK (2014) Hockey 
Concussion Education Project, Part 3. White matter microstructure in 
ice hockey players with a history of concussion: a diffusion tensor imag-
ing study. J Neurosurg 120:882–890. https:// doi. org/ 10. 3171/ 2013. 12. 
JNS13 2092

 91. Sassoe-Pognetto M, Fritschy JM (2000) Mini-review: gephyrin, a major 
postsynaptic protein of GABAergic synapses. Eur J Neurosci 12:2205–
2210. https:// doi. org/ 10. 1046/j. 1460- 9568. 2000. 00106.x

 92. Schrantz AL, Dekaban GA, Fischer L, Blackney K, Barreira C, Doherty T, 
Fraser D, Brown A, Holmes J, Menon R, Bartha R Metabolite Levels Differ 
in Contact and Non-Contact Sport Female Varsity Athletes. In: Interna-
tional Society for Magnetic Resonance in Medicine (ISMRM) Montreal, 
Canada, 2019.

 93. Schranz AL, Manning KY, Dekaban GA, Fischer L, Jevremovic T, Blackney 
K, Barreira C, Doherty TJ, Fraser DD, Brown A, Holmes J, Menon RS, Bar-
tha R (2018) Reduced brain glutamine in female varsity rugby athletes 
after concussion and in non-concussed athletes after a season of play. 
Hum Brain Mapp 39:1489–1499. https:// doi. org/ 10. 1002/ hbm. 23919

 94. Sharp DJ, Jenkins PO (2015) Concussion is confusing us all. Pract Neurol 
15:172–186. https:// doi. org/ 10. 1136/ pract neurol- 2015- 001087

 95. Sherriff FE, Bridges LR, Sivaloganathan S (1994) Early detection of axonal 
injury after human head trauma using immunocytochemistry for beta-
amyloid precursor protein. Acta Neuropathol 87:55–62. https:// doi. org/ 
10. 1007/ bf003 86254

 96. Shultz SR, Bao F, Omana V, Chiu C, Brown A, Cain DP (2012) Repeated 
mild lateral fluid percussion brain injury in the rat causes cumulative 
long-term behavioral impairments, neuroinflammation, and cortical 
loss in an animal model of repeated concussion. J Neurotrauma 
29:281–294. https:// doi. org/ 10. 1089/ neu. 2011. 2123

 97. Shultz SR, Bao F, Weaver LC, Cain DP, Brown A (2013) Treatment with 
an anti-CD11d integrin antibody reduces neuroinflammation and 
improves outcome in a rat model of repeated concussion. J Neuroin-
flammation 10:26. https:// doi. org/ 10. 1186/ 1742- 2094- 10- 26

 98. Sim A, Terryberry-Spohr L, Wilson KR (2008) Prolonged recovery of 
memory functioning after mild traumatic brain injury in adolescent 
athletes. J Neurosurg 108:511–516. https:// doi. org/ 10. 3171/ JNS/ 2008/ 
108/3/ 0511

 99. Singh K, Trivedi R, Haridas S, Manda K, Khushu S (2016) Study of neuro-
metabolic and behavioral alterations in rodent model of mild traumatic 
brain injury: a pilot study. NMR Biomed 29:1748–1758. https:// doi. org/ 
10. 1002/ nbm. 3627

 100. Slobounov SM, Walter A, Breiter HC, Zhu DC, Bai X, Bream T, Seidenberg 
P, Mao X, Johnson B, Talavage TM (2017) The effect of repetitive subcon-
cussive collisions on brain integrity in collegiate football players over a 
single football season: a multi-modal neuroimaging study. Neuroimage 
Clin 14:708–718. https:// doi. org/ 10. 1016/j. nicl. 2017. 03. 006

 101. Smith DH, Chen XH, Iwata A, Graham DI (2003) Amyloid beta accu-
mulation in axons after traumatic brain injury in humans. J Neurosurg 
98:1072–1077. https:// doi. org/ 10. 3171/ jns. 2003. 98.5. 1072

 102. Stein TD, Alvarez VE, McKee AC (2015) Concussion in chronic traumatic 
encephalopathy. Curr Pain Headache Rep 19:47. https:// doi. org/ 10. 
1007/ s11916- 015- 0522-z

 103. Sturrock RR (1980) Myelination of the mouse corpus callosum. Neuro-
pathol Appl Neurobiol 6:415–420. https:// doi. org/ 10. 1111/j. 1365- 2990. 
1980. tb002 19.x

 104. Talavage TM, Nauman EA, Breedlove EL, Yoruk U, Dye AE, Morigaki KE, 
Feuer H, Leverenz LJ (2014) Functionally-detected cognitive impair-
ment in high school football players without clinically-diagnosed 
concussion. J Neurotrauma 31:327–338. https:// doi. org/ 10. 1089/ neu. 
2010. 1512

 105. Tkac I, Starcuk Z, Choi IY, Gruetter R (1999) In vivo 1H NMR spectroscopy 
of rat brain at 1 ms echo time. Magn Reson Med 41:649–656. https:// 
doi. org/ 10. 1002/ (sici) 1522- 2594(199904) 41:4% 3c649:: aid- mrm2% 3e3.0. 
co;2-g

 106. Uryu K, Chen XH, Martinez D, Browne KD, Johnson VE, Graham DI, Lee 
VM, Trojanowski JQ, Smith DH (2007) Multiple proteins implicated in 
neurodegenerative diseases accumulate in axons after brain trauma in 
humans. Exp Neurol 208:185–192. https:// doi. org/ 10. 1016/j. expne urol. 
2007. 06. 018

 107. van den Boogaart A, Ala-Korpela M, Jokisaari J, Griffiths JR (1994) Time 
and frequency domain analysis of NMR data compared: an application 
to 1D 1H spectra of lipoproteins. Magn Reson Med 31:347–358. https:// 
doi. org/ 10. 1002/ mrm. 19103 10402

 108. Walaas SI, Jahn R, Greengard P (1988) Quantitation of nerve terminal 
populations: synaptic vesicle-associated proteins as markers for synap-
tic density in the rat neostriatum. Synapse 2:516–520. https:// doi. org/ 
10. 1002/ syn. 89002 0507

 109. Wilde EA, McCauley SR, Hunter JV, Bigler ED, Chu Z, Wang ZJ, Hanten 
GR, Troyanskaya M, Yallampalli R, Li X, Chia J, Levin HS (2008) Diffusion 
tensor imaging of acute mild traumatic brain injury in adolescents. 
Neurology 70:948–955. https:// doi. org/ 10. 1212/ 01. wnl. 00003 05961. 
68029. 54

 110. Witkowski ED, Gao Y, Gavsyuk AF, Maor I, DeWalt GJ, Eldred WD, Mizrahi 
A, Davison IG (2019) Rapid changes in synaptic strength after mild 
traumatic brain injury. Front Cell Neurosci 13:166. https:// doi. org/ 10. 
3389/ fncel. 2019. 00166

 111. Wong D, Schranz AL, Bartha R (2018) Optimized in vivo brain glutamate 
measurement using long-echo-time semi-LASER at 7 T. NMR Biomed 
31:e4002. https:// doi. org/ 10. 1002/ nbm. 4002

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/jnen/62.3.237
https://doi.org/10.1093/jnen/62.3.237
https://doi.org/10.1007/s00213-018-5065-7
https://doi.org/10.1523/JNEUROSCI.5242-10.2011
https://doi.org/10.1523/JNEUROSCI.5242-10.2011
https://doi.org/10.1007/s10439-011-0392-4
https://doi.org/10.1007/s10439-011-0392-4
https://doi.org/10.1016/j.mad.2019.01.007
https://doi.org/10.1016/j.mad.2019.01.007
https://doi.org/10.3171/2013.12.JNS132092
https://doi.org/10.3171/2013.12.JNS132092
https://doi.org/10.1046/j.1460-9568.2000.00106.x
https://doi.org/10.1002/hbm.23919
https://doi.org/10.1136/practneurol-2015-001087
https://doi.org/10.1007/bf00386254
https://doi.org/10.1007/bf00386254
https://doi.org/10.1089/neu.2011.2123
https://doi.org/10.1186/1742-2094-10-26
https://doi.org/10.3171/JNS/2008/108/3/0511
https://doi.org/10.3171/JNS/2008/108/3/0511
https://doi.org/10.1002/nbm.3627
https://doi.org/10.1002/nbm.3627
https://doi.org/10.1016/j.nicl.2017.03.006
https://doi.org/10.3171/jns.2003.98.5.1072
https://doi.org/10.1007/s11916-015-0522-z
https://doi.org/10.1007/s11916-015-0522-z
https://doi.org/10.1111/j.1365-2990.1980.tb00219.x
https://doi.org/10.1111/j.1365-2990.1980.tb00219.x
https://doi.org/10.1089/neu.2010.1512
https://doi.org/10.1089/neu.2010.1512
https://doi.org/10.1002/(sici)1522-2594(199904)41:4%3c649::aid-mrm2%3e3.0.co;2-g
https://doi.org/10.1002/(sici)1522-2594(199904)41:4%3c649::aid-mrm2%3e3.0.co;2-g
https://doi.org/10.1002/(sici)1522-2594(199904)41:4%3c649::aid-mrm2%3e3.0.co;2-g
https://doi.org/10.1016/j.expneurol.2007.06.018
https://doi.org/10.1016/j.expneurol.2007.06.018
https://doi.org/10.1002/mrm.1910310402
https://doi.org/10.1002/mrm.1910310402
https://doi.org/10.1002/syn.890020507
https://doi.org/10.1002/syn.890020507
https://doi.org/10.1212/01.wnl.0000305961.68029.54
https://doi.org/10.1212/01.wnl.0000305961.68029.54
https://doi.org/10.3389/fncel.2019.00166
https://doi.org/10.3389/fncel.2019.00166
https://doi.org/10.1002/nbm.4002

	Repetitive mild traumatic brain injury in mice triggers a slowly developing cascade of long-term and persistent behavioral deficits and pathological changes
	Abstract 
	Introduction
	Material and methods
	Animals
	Repetitive Mild TBI
	High-speed videography and kinematic analysis
	Tissue preparation for light microscopy
	Silver staining
	Immunohistochemistry
	Western blotting
	Imaging
	Touchscreen behavioral testing
	Paired visual discrimination task with reversal (PVD-R)
	5-Choice serial reaction time task (5-CSRTT)
	Morris water maze
	Metabolomics
	Ultra high performance liquid chromatography (UHPLC) used for metabolomics analyses
	Electron microscopy (EM)
	Electron microscopy measurements of myelin thickness and axonal counts
	Experimental timeline
	Statistics

	Results
	Head kinematics of mTBI
	rmTBI induces diffuse axonal injury
	rmTBI induces transient gliosis and inflammation
	rmTBI induces MRS and DTI changes
	rmTBI leads to evidence of synaptic remodeling
	rmTBI leads to reduced attentional control but does not affect cognitive flexibility
	Repeated mTBI leads to deficits in spatial memory
	rmTBI leads to increased levels of pathological phospho-tau
	rmTBI leads to significant changes in blood metabolites
	rmTBI leads to long-term white matter pathology

	Discussion
	Conclusions
	Acknowledgements
	References




