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Aim: To advance our understanding of regional and temporal cellular responses to 
repeated mild traumatic brain injury (rmTBI), we used a mouse model of rmTBI that 
incorporated acceleration, deceleration and rotational forces. Materials & methods: 
A modified weight-drop method was used to compare two inter-injury intervals, 
rmTBI-short (five hits delivered over 3 days) and rmTBI-long (five hits delivered over 
15 days). Regional investigations of forebrain and midbrain histological alterations 
were performed at three post-injury time points (immediate, 2 weeks and 6 weeks). 
Results: The rmTBI-short protocol generated an immediate, localized microglial and 
astroglial response in the dorsolateral septum and hippocampus, with the astroglial 
response persisting in the dorsolateral septum. The rmTBI-long protocol showed only 
a transitory astroglial response in the dorsolateral septum. Conclusion: Our results 
indicate that the lateral septum and hippocampus are particularly vulnerable regions 
in rmTBI, possibly contributing to memory and emotional impairments associated 
with repeated concussions. 
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Mild traumatic brain injury (mTBI), fre-
quently referred to as ‘concussion’, is a major 
public health concern due to its prevalence, 
especially in youth sports. Estimates based on 
emerging data suggest that the likelihood of 
a concussion in a single season of youth, high 
school or collegiate football is 1 in 30, 1 in 14 
and 1 in 20 players, respectively [1]. A growing 
body of evidence suggests repeated incidents of 
concussive and subconcussive blows, described 
as repeated mTBI (rmTBI), cause more signifi-
cant neurological damage than a single mTBI, 
including longer recovery time and a higher 
likelihood of subsequent brain injury [2–5]. 
rmTBI has also been linked to debilitat-
ing long-term consequences such as memory 
impairment, emotional instability and the 
progressive neurodegenerative disease chronic 
traumatic encephalopathy (CTE) [6–8].

In animal models of rmTBI, the hippo-
campus, corpus callosum, amygdala and 
cortex are the regions most commonly exam-
ined for histological changes [9–12]; however, 
histological analysis has not been exhaustive, 
so this list may be incomplete and possibly 
should include other regions. Computer-
generated modeling of human concussion 
demonstrates ‘hot-spots’ of impact strain just 
below the sulci at interfaces of gray and white 
matter [13] and finite element modeling of 58 
reconstructions of concussive impacts in the 
National Football League predicts the larg-
est strain in the corpus callosum [14]. Based 
on acceleration–deceleration and rotational 
forces causing tissues of varying densities 
and compositions to move at different speeds 
(shear force) and from finite element model-
ing data [13,14], we predicted that areas associ-
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ated with gray and white matter interfaces would be 
most vulnerable and at highest risk for acute/primary 
injury. To determine which regions of the brain are 
most adversely affected by rmTBI, we performed a 
comprehensive multiregion investigation of the brain 
following injury using a rotational model of rmTBI.

In order to replicate accurately the rapid accelera-
tion/deceleration and rotational forces common in 
sport concussions, we selected a mouse model that 
employs an unrestrained closed-skull modified weigh 
drop method that results in 180° free rotation [15]. To 
enhance clinical relevance, we compared two protocols 
that varied in the time intervals between injuries. We 
investigated regional and temporal histological altera-
tions following rmTBI including astrogliosis, micro-
glial activation, phosphorylated tau accumulation and 
axonal injury. We also examined changes in ventricle 
volume and integrity of the ependymal cell lining, as 
ventricular expansion is a common feature of CTE. 
We found that the dorsal lateral septum, immediately 
below the corpus callosum and adjacent to the lateral 
ventricles, is the most dramatically affected region. 
The hippocampus displayed similar cellular changes, 
but to a lesser degree. Our results support the inclusion 
of the lateral septum as a region of particular interest in 
rmTBI research and highlight the dangers of repetitive 
head injury occurring in rapid succession.

Materials & methods
Animals
All animal procedures were approved by the Wayne 
State University IACUC and conformed to NIH guide-
lines. Male CD-1 mice (Charles River, MA, USA) were 
8 weeks of age at the beginning of experiments and 
weighed between 30 and 35 grams. Strain selection 
was based on previous documentation of consistent 
ventricle volumes in CD-1 mice [16]. To adhere to the 
investigation of ‘mild’ TBI, mice demonstrating signs 
of skull fracture or hemorrhage were excluded from 
all experiments. Skull fractures and hemorrhage were 
assessed upon sacrifice following perfusion by manu-
ally inspecting skull integrity and by visually inspect-
ing for blood accumulation on the surface or within 
the brain during sectioning. Mice presenting signs of 
skull fracture (SF) and/or hemorrhage (H) were dis-
carded from all experiments. Rates of SF and/or H for 
the rmTBI-short protocol were 11% SF, 3% H and 
22% SF+H. No skull fractures or hemorrhage were 
observed with the rmTBI-long protocol.

rmTBI protocols
A closed-skull rmTBI was administered as previously 
described [12] with the following improvements: the tin 
foil platform was replaced with a transversable ‘trap 

door’ platform magnetically bound and calibrated 
to the animal’s weight to reduce resistance to accel-
eration following impact. Briefly, mice were anesthe-
tized using isoflurane then placed on the ‘trap door’ 
platform. To ensure accuracy and reproducibility of 
impact, a 1-m vertical guide tube was aligned over 
the mouse’s head with the weight initially lowered 
to ensure the cap (diameter: 10 mm) of 95 g weight 
was centered directly on the midline between the ears. 
The weight was then raised and released, causing an 
impact to the top of the mouse’s cranium. Laser guides 
ensured precise alignment with the skull and video 
analysis ensured reproducible movement upon impact. 
After impact, the mouse was propelled through the 
trap door and underwent a 180° free rotation before 
landing supine on the collecting sponge cushion (10 
cm) below. The mice were then moved to a carrying 
container and placed in a supine position to evaluate 
righting reflex response.

The experiments consisted of two protocols to 
deliver five hits: short inter-injury interval and long 
inter-injury interval. The ‘rmTBI-short’ protocol con-
sisted of five rounds of weight drop impact to the top 
of the skull over a 3-day period. Hits were delivered as 
follows: day 1: am hit, 6-h recovery, pm hit. Day 2: 
am hit, 6-h recovery, pm hit. Day 3: am hit. For the 
‘rmTBI-long’ protocol hits were delivered once (at the 
same time each day) every 3 days for a 15-day period, 
for a total of five hits with a 3–4-day inter-injury inter-
val. The overall mortality rate for the rmTBI-short 
and rmTBI-long protocols was 37.5% and 0%, respec-
tively. Early termination (within 1 h) due to motor 
impairments (i.e., paralysis) accounted for 20% of the 
mortality. The remaining mice died within 4 min of 
impact (with death occurring in equal proportions 
across impacts 1–5). Of the mice that did not survive 
the procedure, 25% had skull fracture and meningeal 
bleeding, 25% had meningeal bleed without skull frac-
ture and the remaining 50% had no observable bleed 
or fracture [17].

Separate groups of control mice were treated with 
time-matched doses of isoflurane anesthesia for each 
experimental protocol. Following treatment, hit and 
control mice were either sacrificed immediately or 
kept in normal living conditions until time of sacrifice 
(2 weeks or 6 weeks post-rmTBI).

Immunohistochemistry
Mice were sacrificed by pentobarbital overdose and 
perfused with PBS followed by 4% paraformalde-
hyde (PFA). Brains were removed, photographed 
and inspected for gross morphological injury includ-
ing cortical deformation and subdural or subarach-
noid hemorrhage. Perfused brains were stored in 
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4% PFA at 4°C for 72 h then shipped overnight in 
PBS from Wayne State University to the University 
of Connecticut. Brains were embedded in agarose 
and sectioned coronally on a vibratome (VT-1000S; 
Leica Biosystems, IL, USA) generating 50 μm thick 
serial slices. Coronal tissue sections from 2 mm ante-
rior to 2.5 mm posterior of Bregma were blocked 
in 10% horse serum (Invitrogen Life Technologies, 
CA, USA) in PBS/0.1% Triton X-100 for 1 h. Tis-
sue sections were immunostained overnight with 
the following primary antibodies in blocking solu-
tion: rat anti-GFAP (1:250; Life Technologies), rab-
bit anti-AQP4 (1:400; Sigma-Aldrich, MO, USA), 
mouse anti-S100β (1:500; Sigma), rabbit anti-IBA1 
(1:500; Wako Chemicals, VA, USA), rabbit anti-
MBP (1:200, EMD Millipore, MA, USA), mouse 
anti-SMI-32 (1:1000, BioLegend, CA, USA), mouse 
anti-AT8 (1:200; Pierce Biotechnology, MA, USA). 
AT8 phosphorylated Tau specificity was validated 
with mouse anti-PHF-1 (1:200) and mouse anti-
CP13 (1:200), which were generous gifts from Peter 
Davies (Albert Einstein College of Medicine, NY, 
USA). After three washes in PBS, sections were incu-
bated for 2 h at room temperature with Alexa Fluor 
dye-conjugated secondary antibodies (1:500, Life 
Technologies) diluted in blocking solution. Tissue 
sections were then treated with DAPI nuclear stain 
for 5 min followed by three final PBS rinses. Tissue 
sections were mounted sequentially from anterior to 
posterior and coverslipped with Aqua-Poly/Mount 
(Polysciences, Inc., PA, USA).

Image analysis & acquisition
All images were acquired on a Zeiss Axio Imager M2 
microscope with ApoTome® (Carl Zeiss MicroImag-
ing, Inc., NY, USA), with a Hamamatsu ORCA-R2 
digital camera C10600. Age matched controls for each 
time point of sacrifice and each hit protocol were pro-
cessed and analyzed in tandem with treatment groups 
using immunohistochemistry. The number of mice 
used for analysis in each protocol group and for each 
time point were as follows: rmTBI-short protocol – 
immediate three hit/eight control; 2-week six hit/six 
control; 6-week eight hit/five control and rmTBI-long 
protocol – immediate four hit/three control; 2-week 
five hit/four control; 6-week four hit/four control. 
Full tissue section image montages (generated every 
300 μm from the anterior forebrain through the 
entire hippocampus) were used to inspect for altera-
tions in GFAP, IBA-1, AQP4, S100β or AT8. SMI-32 
and MBP were assessed with the same procedure in 
the 2-week time point only. Upon scanning all brain 
regions for immunohistochemistry alterations, obser-
vations of overt changes in GFAP and IBA-1 led to 

the lateral septum, corpus callosum and hippocam-
pus being identified as regions of interest (ROI) for 
further analysis. High magnification images, taken 
from three consecutive brain slices (50 μm), were 
then collected for both ROIs using the same expo-
sure settings for all hit and control brains for each 
group (time-point and protocol) for unbiased evalu-
ation of histopathology. Septal montages were taken 
at 0.5 mm and hippocampus montages at -1.5 mm 
relative to Bregma. Evaluation of microglial activa-
tion was performed in the lateral septum, corpus cal-
losum, hippocampus, amygdala and cortex by exam-
ining morphological changes in microglia using the 
microglial marker IBA-1. An increase in the number 
of IBA-1+ cells with retracted processes and enlarged 
cell bodies were taken as an indication of microglial 
activation. Images were acquired of all consecutive 
slices that demonstrated microglial activation, further 
validating a defined ROI. Comparison of mice across 
each group within a ROI was used for representative 
images.

GFAP quantification
Immunoreactivity for GFAP was quantified using the 
mean pixel intensity in a given ROI using FIJI/ImageJ 
software (NIH, MD, USA). To ensure unbiased quan-
tification and account for possible variability across 
groups, a uniform threshold value was obtained by 
averaging the automated threshold values of all con-
trol montages for each group (time-point and proto-
col). The group specific uniform threshold value was 
applied to all hit and control brains of a given group to 
obtain quantification values based on the average pixel 
density values across three consecutive tissue slices. 
Data acquisition was replicated under blinded condi-
tions to ensure reproducibility and objective measure-
ment technique. To determine the extent and pattern 
of gliosis in the septal region, the dorsal lateral septum 
was quantified in three locations (mid lateral, peri-mid 
lateral septum and lateral septum), using the average 
values of the right and left hemisphere for the areas 
defined as ‘peri-mid’ and ‘lateral’. GFAP quantification 
in the corpus callosum was derived from the average 
values of three locations within the corpus callosum: 
center, left and right hemispheres directly above the 
mid and lateral septal areas (starting at 0.5 mm ante-
rior to Bregma). Hippocampal GFAP expression was 
measured using a single area directly adjacent to the 
midline at the beginning of the dentate gyrus, averag-
ing the left and right hemispheres. In the cortex, GFAP 
quantification was performed in a single box. Quantifi-
cations were performed using a 200 × 200 px/μm area 
in all regions of the septum, corpus callosum and cor-
tex and a 1350 × 600 px/μm area in the hippocampus.
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Lateral ventricle volume analysis & ependymal 
lining evaluation
Lateral ventricle volumes were calculated based on the 
tracing protocol we developed and described previ-
ously [18]. Briefly, volumes were generated from serial 
coronal sections of the lateral ventricles, marked by 
S100β+ ependymal cells that line the ventricles, traced 
in StereoInvestigator® (MBF Bioscience, VT, USA) 
and then compiled in Neurolucida Explorer® (MBF 
Bioscience), generating 3D volumetric renderings. Vol-
ume analysis was performed for all three time-points 
of both hit and control brains. The ependymal lin-
ing of the lateral ventricles was examined for ependy-
mal denudation (S100β) and astrogliosis (AQP4 and 
GFAP) in all experimental groups.

Statistical analysis
To determine which factors significantly influenced 
changes in GFAP expression in each region of the 
septum, hippocampus and corpus callosum follow-
ing rmTBI, two-way full factorial ANOVAs were 
performed (group X protocol) for each region and 
for each post-injury time period using GraphPad 
Prism software (Supplementary Table 1). Post hoc 
(t-test) analysis was performed to test for differences 
between levels within each factor (testing for differ-
ences between hit and control for each region, proto-
col and time point). The p-values were adjusted using 
Bonferonni correction, to account for multiple testing 
(Supplementary Table 2). All data are presented as the 
mean ± standard error of the mean (SEM). Statistical 

Figure 1. Experimental overview. (A) A modified weight drop method delivers impact to the top of the head, 
propelling the mouse through a trap door stage onto a collecting sponge, modeling rapid acceleration and 
rotational forces found in concussion. (B) Illustration shows location of hits, direction of rotation (red arrows) and 
regions of the brain investigated (blue lines). (C) Timeline of experimental procedures that vary in their inter-
injury interval: 5 hits in 3 days (rmTBI-short, am/pm hits are light blue/blue, respectively), 5 hits in 15 days (rmTBI-
long). Sacrifice and collection of brain tissue samples occurred at immediate, 2-week and 6-week post-injury 
time-points. (D) No significant gross damage is observed following impact procedures. (E) Immunohistochemical 
analysis of DAPI nuclear staining at the immediate time point for rmTBI-short and control brains demonstrates 
rmTBI brains are indistinguishable from controls in cortical regions, including regions directly below impact (E), 
thus modeling rmTBI. (Scale bars, 1000μm). 
Imm: Immediate; rmTBI: Repeated mild traumatic brain injury; Sac: Sacrifice.
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significance was determined by adjusted p-values of 
<0.05.

Results
We employed a modified weight-drop method to deliver 
an impact to the top of the head that caused rapid accel-
eration and unrestrained 180° rotation of the mouse 
(Figure 1A & B). Experimental mice showed no evidence of 
seizures, paralysis or behavioral abnormalities. Our stud-
ies compared two protocols with differing inter-injury 

intervals, ‘rmTBI-short’ delivering five hits in 3 days, and 
‘rmTBI-long’ delivering five hits in 15 days (see timeline 
in Figure 1C). Average righting times were 2–3 min fol-
lowing rmTBI-short impacts, 1–2 min following rmTBI-
long impacts, with <1 min for both sets of control mice 
(details of righting times, see Supplementary Table 3). 
Following each rmTBI protocol, mice were perfused at 
three post-injury time points, immediate, 2 weeks and 
6 weeks, and the brains were sectioned from 2 mm 
 anterior to 2.5 mm posterior to Bregma.

Figure 2. Isolated microglial activation (IBA-1) is present in lateral septum and hippocampus immediately 
following rmTBI-short. (A & B) For orientation, a blue dotted line was drawn through the center of the corpus 
callosum. Left panels show increased IBA-1 expression localized to the dorsal lateral septum and hippocampus 
immediately following the rmTBI-short protocol. Higher magnification images of the septum and hippocampus 
show morphological changes indicative of reactive microglia immediately following rmTBI-short, but not rmTBI-
long. No changes in microglial activation were observed at the 2-week and 6-week time-point of either protocol. 
(Small-scale bars, 500μm; large scale bars [magnified images], 100μm). 
rmTBI: Repeated mild traumatic brain injury.
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Following exclusion of mice presenting signs of skull 
fracture and/or hemorrhage, gross examination revealed 
the brains from both protocols to be indistinguishable 
from control mice at all time-points following injury. 
No sign of morphological deformities, hemorrhaging, 
focal damage or contusion was observed on the sur-
face of the brain (Figure 1D & E). The absence of injury 
to the cortical region directly below the site of impact 
indicates the mild nature of this protocol. In addition, 
there were no signs of diffuse axonal injury (SMI-32) or 
changes in myelin integrity (MBP) at the 2-week time 
point of both protocols (Supplementary Data, Figure 1).

rmTBI causes acute microglial activation in the 
lateral septum & hippocampus
Neuroinflammation in response to brain injury can be 
acute and/or chronic [19]. To perform a regional analy-
sis inspecting for areas of microglial activation, we 
examined changes in IBA-1 expression throughout all 
brain regions. These studies revealed activated microg-
lia, as indicated by an increase in the number of IBA-
1-positive cells with retracted processes and enlarged 
cell bodies, accumulated in the dorsal lateral septum 
(Figure 2A) and hippocampus (Figure 2B) immedi-
ately following the rmTBI-short protocol. No other 
brain regions showed increased IBA-1-positive cells. 
High magnification images of the lateral septum and 
hippocampus from the immediate time-point clearly 
illustrate morphological changes indicative of reactive 
microglia (Figure 2). IBA-1 expression was restored to 
baseline levels in both regions at the 2-week time-point. 
With the rmTBI-long protocol, we did not observe 
microglial activation at any time-point. Since changes 
in activated microglial expression were restricted to 
the septal and hippocampal regions, with the cortex, 
amygdala and corpus callosum exhibiting only baseline 
IBA-1 levels following both protocols  [Unpublished data] , 

we concluded that the lateral septum and  hippocampus 
are particularly vulnerable in rmTBI.

Astroglial response is observed in the lateral 
septum, corpus callosum & hippocampus
Astrocytes help maintain homeostatic conditions in 
the central nervous system and display a complex and 
graded response to injury [20]. To perform a regional 
analysis inspecting for areas of astrocytic response, we 
examined changes in GFAP expression throughout all 
brain regions. Similar to the microglial analysis, quali-
tative analysis revealed an astrocytic response in the 
septal and hippocampal regions. No changes in GFAP 
expression were observed in the cortex or amygdala at 
any time point [ Unpublished data] . In order to perform a 
quantitative analysis to compare GFAP intensity levels 
across experimental groups and protocols within each 
region, GFAP intensity was quantified in the hippo-
campus, corpus callosum and lateral septum, which 
was further subdivided to provide a more comprehen-
sive analysis of GFAP alterations in the septal region 
(Figure 3A). To compare GFAP expression across the 
protocols (short, long) at each given time point (imme-
diate, 2-week, 6-week) within each region, we used 
two-way full factorial ANOVAs on treatment (hit, 
control) X protocol (short, long) for each time point 
and region. This was followed by post hoc (t-test) analy-
sis with Bonferonni correction testing for differences 
between levels within each factor, allowing for com-
parison of hit and control groups processed in tandem 
with identical protocols and post-injury time points. 
The full list of F and P values for the ANOVAs are listed 
in Supplementary Table 1 and the full list of adjusted 
t and p-values are listed in Supplementary Table 2.

Immediately following the rmTBI-short protocol, 
there was a highly significant increase in GFAP expres-
sion in all septal regions (Mid LS t = 20.7, Peri Mid LS 

Figure 3. The lateral septum shows immediate and sustained increases in GFAP immunoreactivity following 
both protocols (see facing page). (A) Atlas image illustrates regions used for GFAP quantification (200 x 200 
μm boxes). (B–C) Graphs of GFAP intensity levels were generated using threshold analysis and are shown with 
corresponding representative images. 2-way factorial ANOVA (treatment x protocol) performed on each region 
and post-injury time period shows significant interactions occurring in the mid and peri-mid lateral septal 
regions at the immediate time point (red *). Post-hoc (t-test) analysis with Bonferonni correction was used to 
compare rmTBI treatment to respective control groups within each time point and region. All three regions of 
the dorsal lateral septum show immediate and sustained increases in GFAP in the rmTBI-short protocol (C, left 
panels). In the rmTBI-long protocol (C, right panels), increased GFAP is resolved in all septal regions at 2 weeks. 
The corpus callosum shows a significant increase in GFAP immediately and 6-weeks following the rmTBI-short 
protocol. (D–E) Representative high magnification images in peri-mid lateral septum and corpus callosum show 
changes in GFAP expression immediately and 6 weeks following rmTBI-short compared to control. Data are 
expressed as mean ± standard error of the mean (Scale bars: 300 μm [C] , 40 μm [D–E]). 
*p < 0.05. 
**p < 0.01. 
***p < 0.001. 
****p < 0.0001. 
AU: Arbitrary unit; CC: Corpus callosum; Lat LS: Lateral region of lateral septum; Mid LS: Mid lateral septum;  
Peri-mid LS; Peri-mid lateral septum: rmTBI: Repeated mild traumatic brain injury.
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t = 14.78, Lat LS t = 4.71) (Figure 3B & C), with both 
treatment and protocol acting as highly significant fac-
tors (significant factors are not displayed on graph, see 
Supplementary Table 1). The increase in GFAP staining 
remained significant in the septal region 2 and 6 weeks 
post-injury. In contrast to the rmTBI-short protocol, 
the rmTBI-long protocol caused only an immediate 
increase in two of the septal regions (Mid LS, t = 4.452; 
Peri Mid LS, t = 3.505) with no persisting changes in 
the septal region GFAP expression relative to control 
levels at 6 weeks post-injury. ANOVA results yielded a 
significant interaction between treatment and protocol 
in the mid LS (F = 291.2) and peri-mid LS (F = 51.53) 
at the immediate time point.

The corpus callosum showed mixed results follow-
ing the rmTBI-short protocol (Figure 3B & C), with a 
significant increase in GFAP expression at the immedi-
ate and 6-week time-point. When the source of varia-
tion is taken into account, it appears the increase in 
GFAP at 6 weeks in the corpus callosum is specific 
to the short protocol. No changes were observed in 
the corpus callosum following the rmTBI-long pro-
tocol at any time point. High magnification images 
(Figure 3D & E) show changes in GFAP expression in 
the lateral septum and corpus callosum with increased 
GFAP+ processes appearing thicker and more  numerous 
following rmTBI.

In the hippocampus, we found an immediate astro-
glial response similar to that seen in the septal region 
(Figure 4B & C, left panel). Specifically, in the rmTBI-
short protocol, GFAP immunoreactivity was signifi-
cantly increased over control levels at the immediate 
time-point (t = 3.069) and also after 2 weeks (t = 4.218), 
but GFAP levels were no longer significantly different at 
6-weeks. Following the rmTBI-long protocol, there was 
no significant increase in GFAP intensity in the hippo-
campus at any time-point (Figure 4B & C, right panel). 
While an interaction between treatment and protocol 
was found in the hippocampus at 2 weeks, this was 
likely related to variability in control levels of GFAP 
expression. High magnification images of the dentate 

gyrus of the hippocampus (Figure 4D) show changes in 
GFAP expression similar to what is found in the septal 
region following the rmTBI-short protocol.

To examine further the extent of the astrocytic reac-
tion in the septum, hippocampus and corpus callosum, 
we investigated the calcium binding protein S100β 
and water channel protein AQP4. Astrocytes have 
been shown to increase expression levels of S100β and 
AQP4 during reactive gliosis [21–23]. No changes were 
observed in either S100β or AQP4 expression in any 
region examined, including the amygdala and cortex 
(Supplementary Figure 1), suggesting that the astro-
cytic response observed in our studies was localized 
and mild in nature.

Overall, results of GFAP quantification suggest that 
a shorter inter-injury interval causes a more significant 
astrocytic response in the lateral septum than a longer 
inter-injury interval with the same total number of hits. 
The hippocampus shows a similar pattern initially, 
displaying an immediate astrocytic response following 
the short protocol only. However in the hippocampus, 
GFAP levels return to baseline levels by 6-weeks. The 
corpus callosum appears to have a slight astrocytic 
response following the rmTBI-short protocol only.

No significant changes in phosphorylated tau 
in rmTBI protocol
We also examined changes in phosphorylated tau 
marker AT8. Accumulation of hyper-phosphorylated 
tau is considered to be a hallmark feature of CTE [6,24]. 
Using the AT8 antibody that detects tau phosphory-
lation at Ser202/Thr205, our studies did not reveal 
significant changes in phosphorylated tau accumula-
tion in any of the brain regions investigated (cortex, 
hippocampus, corpus callosum, lateral septum and 
amygdala) at any time point, following either protocol. 
AT8 was observed in the cortex at 6 weeks following 
rmTBI-short (Supplementary Figure 1), which allowed 
for confirmation of positive antibody staining using 
additional phosphorylated tau markers, but the level 
was not significantly different from controls.

Figure 4. Hippocampus shows significant increases in GFAP immunoreactivity immediately and 2 weeks following rmTBI-short 
protocol (see facing page). (A) Boxed region in atlas image is magnified on right to show 1350 x 600μm areas used for GFAP 
quantification. (B–C) Graph of GFAP quantification using threshold analysis and corresponding representative images shows GFAP 
expression (green) and DAPI (blue). 2-way factorial ANOVA (treatment X protocol) showed a significant interaction between 
treatment and protocol 2 weeks post-injury (red *). Post hoc (t-test) analysis using Bonferonni correction to test for differences 
between levels within each factor shows significantly increased GFAP in the hippocampus immediately and 2 weeks following the 
rmTBI-short protocol, with overall GFAP expression levels returning to baseline at 6 weeks. No changes in GFAP expression levels 
occurred following the rmTBI-long protocol in the hippocampus. (D) Representative high magnification images in dentate gyrus 
show changes in GFAP expression immediately and 6 weeks following rmTBI-short compared to control. Data are expressed as mean ± 
standard error of the mean. (Scale bars: 500μm [C] , 50μm [D]). 
* p<0.05. 
** p<0.01. 
*** p<0.001. 
AU: Arbitrary Units; Imm: Immediate; rmTBI: Repeated mild traumatic brain injury.
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Ependymal lining & lateral ventricle volumes 
remain unchanged following rmTBI
As dilation of the lateral ventricles is a morphological 
feature of CTE and ependymal damage may contrib-
ute to ventricle expansion and/or impaired clearance 
of phosphorylated tau, we sought to determine if our 
rmTBI model resulted in lateral ventricle expansion. To 
evaluate the integrity of the ependymal lining, we used 
S100β, a marker for ependymal cells, and AQP4, an 
indicator of astrogliosis at the ventricle surface [25]. Our 
analysis confirmed the presence of an intact ependymal 
lining throughout the lateral ventricles following both 
the ‘short’ and ‘long’ protocols. GFAP expression was 
slightly elevated in some regions along the ependymal 
lining; however, there was no overt indication of astro-
gliosis in the ventricle lining (Supplementary Figure 1). 
In addition, when the volumes of the lateral ventricles 
were evaluated we did not detect any changes in volume 
at all three time-points compared with experimentally 
matched controls  [Unpublished data] .

Discussion
The objective of these studies was to perform an exten-
sive regional investigation of forebrain and midbrain 
histological alterations in a biomechanically relevant 
model of rmTBI. The model we employed generated 
an impact that caused a very rapid and rotational accel-
eration of the head, which is fundamentally very simi-
lar to human concussive injury [15]. The absence of cor-
tical damage and the observation of normal microglial 
and astroglial expression throughout the cortex con-
firmed the mild nature of the model. rmTBI delivered 
in short inter-injury intervals (rmTBI-short) led to an 
immediate increase in IBA-1 and GFAP expression 
signifying acute microglial activation and astrocytic 
response in the dorsolateral septum and hippocampus. 
The microglial response was resolved throughout the 
brain by 2 weeks post-injury. Six weeks post-injury, the 
astrocytic response persisted in the lateral septum, but 
was resolved in the hippocampus. The corpus callo-
sum appeared to have a mild astrocytic response pres-
ent initially and 6 weeks post-injury. When the inter-
injury interval was lengthened (rmTBI-long protocol), 
the effect was diminished. We found an immediate 
astrocytic response in the lateral septum only, but no 
microglial activation was found in any brain region 
examined. Two weeks following the rmTBI-long pro-
tocol, GFAP expression in the septum returned to 
baseline levels (Figure 5).

The purpose of comparing two rmTBI protocols 
with different interinjury intervals was to provide 
insight into repetitive injury scenarios where repeated 
concussive and/or subconcussive injuries occur at dif-
ferent frequencies. The protocol comparison of five hits 

over 3 days versus five hits over 15 days demonstrates 
that the interinterval periods (time between hits) are 
a critical factor in the extent of histological response. 
Currently, there are no clinical tests capable of con-
firming the presence or absence of cellular changes 
following mTBI in humans, increasing the difficulty 
of making a concussion diagnosis or developing a 
treatment regimen [8]. Our results demonstrate that a 
shorter inter-injury interval can lead to a more signifi-
cant cellular response in the form of acute microglial 
activation and prolonged astrogliosis in select regions 
of the brain. These results are in accordance with other 
studies that found that the brain is subject to exponen-
tial damage when hits are delivered in quick succes-
sion, within 24 h [26]. The finding of microglial activa-
tion immediately following the rmTBI-short protocol, 
but not following the rmTBI-long protocol indicates 
microglial priming may play a role in the exaggerated 
microglial response found following the rmTBI-short 
protocol. The longer 48–72-h interinjury interval in 
the rmTBI-long protocol may provide sufficient time to 
return to homeostatic neuro-immune conditions prior 
to a subsequent hit, at least in mice. It is also possible 
that other factors contributed to the amplified microg-
lial activation found with the rmTBI-short protocol, 
such as increased intracranial pressure or microbleeds 
that were too small to identify. While further investiga-
tion of the M1/M2 phenotype would help elucidate the 
nature of the microglial reaction, the changes observed 
in our model were temporary (resolved by 2 weeks) and 
region specific, suggesting the reaction is not replicat-
ing the long-term neuroinflammatory response found 
in human CTE [27,28].

The increase in GFAP expression levels found in the 
dorsolateral septum and hippocampus in our studies 
is indicative of an astrocytic response, but would not 
be considered a glial scar. GFAP is known to impart 
mechanical strength in astrocytes, and astrocytes 
increase the intermediate filament GFAP in response 
to mechanical stress [29]. Our results suggest the astro-
cytic response observed in our studies is a reaction to 
impact and rotational forces imparting higher levels of 
mechanical stress in these two regions.

To determine the degree to which the current pro-
tocols generated a CTE-like phenotype, we tested 
for phosphorylated tau accumulation and ventricular 
dilation, neither of which were found in our stud-
ies. Activation of a chronic immune response has 
been linked to progressive neurodegeneration and 
phosphorylated tau accumulation [30,31]. In our stud-
ies, we did not see signs of diffuse axonal injury and 
the microglial response was resolved within 2-weeks 
even under the more severe condition (rmTBI-short), 
which suggests the current protocols are unlikely 
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to generate phosphorylated tau accumulation. We 
also did not observe changes in ventricle size in our 
studies; however, this may also be due to a variety 
of factors (i.e., the disparity of brain volume to ven-
tricle volume ratio between humans and mice, the 
location of the impact, lack of damage to ependymal 
lining). Our selection of CD1 mice for the current 
study was based on their consistent ventricle volume; 
C57 mice can spontaneously develop hydrocephalus 
and therefore were not appropriate for our studies. 

While mortality, attributed to central respiratory 
depression [32], skull fractures and hemorrhaging 
necessitated the exclusion of several subjects from 
the rmTBI-short protocol, our findings of a focal 
response in the septum and hippocampus were con-
sistent in the experimental group of mice that showed 
no signs of bleeding, skull fracture or cortical dam-
age. Our analysis did not reveal signs of diffuse axo-
nal injury or myelin damage in the corpus callosum 
at the 2-week post-injury time point.

Figure 5. Overview of results. (A) Following a rotational model of rmTBI, the astrocytic and microglial response appears to be initially 
localized to the lateral septum and hippocampus, with a moderate astrocytic response occurring in the corpus callosum. Comparison 
of the two hit protocols demonstrates the enhanced histological response in select regions when the hits are delivered in rapid 
succession. (B) Table shows summary of experimental findings including positive and null results. 
†assessed at 2 wk post-injury time point only. 
rmTBI: Repeated mild traumatic brain injury.
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Behavioral and functional testing in mice exposed 
to similar mTBI models has revealed impaired cogni-
tive skills (Morris water maze), impaired motor skills 
(wire grip and rotarod), anxiety-like behavior (open 
field test), acute sleep disturbances and disturbances 
to species-specific behaviors, such as nesting [15,33–35], 
and changes in hippocampal synaptic plasticity [9,28]. 
The current study may generate similar behavioral 
and functional deficits due to the patterns of cellular 
damage identified. However, it is also possible that the 
impact of persistent, but subtle, astroglial responses in 
the lateral septum and hippocampus may necessitate 
sensitive physiological recordings in order to detect 
functional changes within the brain.

Importantly, our results show that both the lateral 
septum and hippocampus have a heightened cellu-
lar response in the form of microglial and astroglial 
activation following rmTBI. A similar neuroinflam-
matory response has been identified in the hippo-
campus of retired National Football League players 
with a new noninvasive, in vivo radiolabeling tech-
nique using PET and MRI imaging [36]. Both struc-
tures are similarly located along the neuraxis directly 
below the corpus callosum and between the lateral 
ventricles. An underlying feature of the two regions 
is that they are found where different tissue types and 
densities interface (corpus callosum-dorsolateral sep-
tum, corpus callosum-hippocampus). These regions 
may be more susceptible to injury due to anisotropic 
shear force generated by mechanically induced tissue 
deformation. Our results show the most prominent 
cellular response is in the lateral septum and hippo-
campus, directly below the corpus callosum, which 
is consistent with results from computer generated 
modeling that predict the highest rate of strain to 
occur in the corpus callosum [14]. It is important to 
note that structural damage to the septal region may 
be linked to fenestrated and/or cavum septum pel-
lucidum, which is a common feature of CTE [4]. A 
recent MRI study shows the prevalence, grade and 
length of cavum septum pellucidum are higher in 
retired American profootball players compared with 
memory clinic controls [37]. Functionally, the lateral 
septum is part of the septo-hippocampal axis and 
limbic system, which modulates memory and emo-
tions, and the lateral septum has been implicated 
in the neuronal circuitry of anxiety and fear [38,39]. 
Therefore, it is possible that the microglial and astro-
glial responses found in the current studies may 
impact these networks.

Conclusion
Our studies used two mouse models of rmTBI that 
incorporated acceleration, deceleration and rota-

tional forces to investigate regional vulnerability. We 
found that the interinjury interval plays a significant 
role in determining the extent of damage, whereby an 
immediate activation of microglia and a prolonged 
astrocytic response arose only when the hits occurred 
within a 16-h timeframe (rmTBI-short). Our results 
highlight the lateral septum, corpus callosum and 
hippocampus as regions of particular interest fol-
lowing rmTBI. Damage to the septo-hippocampal 
axis from rmTBI may contribute to clinical rmTBI 
symptomology, including anxiety and memory prob-
lems, and fenestrated septum pellucidum, which is a 
notable feature of CTE.

Future perspective
Future study on concussions will unite a variety of 
techniques and protocols including animal studies, 
computer-generated modeling and human studies 
using advanced imaging, serum biomarkers and genetic 
screening. Data from animal studies will benefit from 
improved immunolabeling allowing greater differen-
tiation of cellular responses, which will facilitate the 
development and evaluation of therapeutic interven-
tions. New research advancements will identify vulner-
able regions within the brain and link regional injury 
to clinical outcome. Improved methods for detecting 
molecular and cellular alterations following concus-
sion will also help to identify heightened risk from 
additional injury.
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