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Acute Pathology-Specific Changes in
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Queensland Brain Institute, The University of Queensland, St. Lucia, QLD, Australia

Traumatic brain injury (TBI) has been linked with tauopathy. However, imaging methods
that can non-invasively detect tau-protein abnormalities following TBI need further
investigation. This study aimed to investigate the potential of diffusion tensor imaging
(DTI) to detect tauopathy following TBI in P301L mutant-tau-transgenic-pR5-mice.
A total of 24 9-month-old pR5 mice were randomly assigned to sham and TBI groups.
Controlled cortical injuries/craniotomies were performed for TBI/sham groups followed
by DTI data acquisition on days 1 and 7 post-injury. DTI data were analyzed by using
voxelwise analysis and track-based spatial statistics for gray matter and white matter.
Further, immunohistochemistry was performed for total-tau and phosphorylated-tau,
astrocytes, and microglia. To detect the association of DTI with these pathological
markers, a correlation analysis was performed between DTI and histology findings. At
day 1 post-TBI, DTI revealed a widespread reduction in fractional anisotropy (FA) and
axial diffusivity (AxD) in the TBI group compared to shams. On day 7, further reduction
in FA, AxD, and mean diffusivity and increased radial diffusivity were observed. FA was
significantly increased in the amygdala and cortex. Correlation results showed that in
the ipsilateral hemisphere FA reduction was associated with increased phosphorylated-
tau and glial-immunoreactivity, whereas in the contralateral regions, the FA increase was
associated with increased immunostaining for astrocytes. This study is the first to exploit
DTI to investigate the effect of TBI in tau-transgenic mice. We show that alterations in
the DTI signal were associated with glial activity following TBI and would most likely
reflect changes that co-occur with/without phosphorylated-tau. In addition, FA may
be a promising measure to identify discrete pathological processes such as increased
astroglia activation, tau-hyperphosphorylation or both in the brain following TBI.

Keywords: traumatic brain injury, diffusion tensor imaging, transgenic, tau-hyperphosphorylation, astrocytes,
microglia, fractional anisotropy, P301L-mutation

INTRODUCTION

Traumatic brain injury (TBI) has recently been deemed a leading risk factor for dementias such
as Alzheimer’s disease (AD) or chronic traumatic encephalopathy (Fleminger et al., 2003; Hay
et al., 2016; Li et al., 2017). People sustaining a TBI are 24% more likely to develop dementia,
which increases with the severity and number of injuries (Fann et al., 2018). Distinctive but
overlapping features of TBI and AD, apart from the associated cognitive deficits, are the deposition
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of fragments of the β-amyloid peptide to form plaques, and
aggregation of hyperphosphorylated forms of the microtubule-
associated protein tau to form intracellular neurofibrillary tangles
(NFTs) (Tran et al., 2011a,b; Johnson et al., 2012; Magnoni et al.,
2012). Clinicopathological studies show that NFTs are associated
with brain function loss and the cognitive deficits reported in
TBI and AD with the density of NFTs reflecting the degree of
dementia (Yoshiyama et al., 2005; Johnson et al., 2016; Buckley
et al., 2017). These findings indicate that tau is a valuable marker
for the diagnosis of the long-term sequelae of TBI (Johnson et al.,
2012). Immunohistochemical and biochemical methods have
remained the gold standards for the detection of tau pathology in
clinical, as well as experimental studies. In 5 to 7-month-old mice
expressing wild-type human tau, accelerated tau pathology in the
hippocampus, progressive astrogliosis, cognitive, and locomotor
impairments were identified 6 weeks post-injury (Zhang et al.,
2019). In a 3×Tg-AD mouse model overexpressing human tau
and β-amyloid, accelerated hyperphosphorylation of tau and
tau aggregates were observed 1 week after a single TBI (Tran
et al., 2011a). Although both clinical and pre-clinical studies
have proposed tau as a potential marker linking TBI to AD,
the evidence has been largely based on post mortem evaluations
and cannot be implemented in clinical settings. Moreover, the
structural and pathological features of tauopathy have made
its detection challenging even with ex vivo tools, hindering a
concrete conclusion regarding its role in the link between TBI and
AD (Hanger et al., 2009; Castellani and Perry, 2019). Therefore,
there is a need to develop some in vivo tools to detect tau
pathology at the early stages of disease in order to determine its
effects during an individual’s lifespan.

Diffusion tensor imaging (DTI) is a magnetic resonance
imaging (MRI) modality that uses magnetic field gradients
to detect diffusivity parameters of water molecules as they
undergo diffusion in biological tissues; and these diffusivities
may be affected by pathological processes (Beaulieu, 2002;
Alexander et al., 2007). Tau protein is soluble and responsible for
microtubular stability. In the hyperphosphorylated state, it begins
to aggregate in the form of insoluble paired helical filaments, and
water mobility on the surface of the tau protein is highly affected
in its transition from monomeric to aggregated forms (Fichou
et al., 2015). Reduced fractional anisotropy (FA) and increased
MD have also been reported in hippocampal regions of early
AD patients; however, no studies were performed to understand
the pathological underpinnings of these changes (Rose et al.,
2008). In the rTg4510 tau transgenic mouse model, a strain
with massive tau expression and neurodegeneration, reduced
FA and increased radial diffusivity (RD) were noticed in white
matter regions with tau aggregates (Sahara et al., 2014; Wells
et al., 2015). In the triple transgenic 3×Tg mouse model of
AD, decreased FA and axial diffusivity (AxD) were associated
with the depositions of both amyloid-β and hyperphosphorylated
tau in the hippocampal region (Snow et al., 2017). Although,
DTI has been shown to detect hyperphosphorylated tau in AD
patients and experimental models, no study is available that
has investigated the potential of this method to detect tau
abnormalities following severe TBI. Given that TBI involves a
complex pathology and survivors can develop tauopathy within

a week (Tran et al., 2011a; Rubenstein et al., 2017), it is crucial to
understand if and how DTI reflects tau hyperphosphorylation in
other confounding pathologies associated with brain injuries at
its early stages.

Neuroinflammation is a crucial intrinsic process that has
been implicated in the pathological events of tau aggregation
and can be robustly induced by TBI (Johnson et al., 2013;
Bemiller et al., 2017; Laurent et al., 2018; Pischiutta et al., 2018).
Active glial cells (astrocytes and microglia) can increase tau
hyperphosphosphorylation, followed by its aggregation (Leyns
and Holtzman, 2017; Laurent et al., 2018). DTI has been shown
to detect post-TBI neuroinflammation (Budde et al., 2011;
Soni et al., 2018), but in AD, neuroinflammation has mostly
been investigated using positron emission tomography imaging
(Lagarde et al., 2018). Recently, Wang et al. (2015) proposed
that DTI can detect inflammation in pre-clinical stages of AD
by identifying reduced diffusivity measures (AD, MD, and RD).
Thus, the evaluation of DTI to detect tau-induced structural brain
abnormality at the early stages of TBI and to differentiate them
from neuroinflammation-like pathologies can put more insight
into DTI’s detection potential in TBI.

This work applies a DTI-histopathological approach to
examine the effect of TBI on tau pathology progression in
both white and gray matter structures in pR5 mice. pR5
mice overexpress the human tau isoform with a P301L
mutation and a well-developed model to study tauopathy
(Gotz et al., 2001). Since tauopathy is a key process that
is triggered following TBI in the AD brain, confirmed both
biochemically and histopathologically, we demonstrate, for the
first time, the potential of DTI to map the spatial and temporal
profile of the pathological processes following TBI in a tau
transgenic mouse model.

MATERIALS AND METHODS

Animals and Study Design
Twenty-four 9-month-old male and female P301L tau transgenic
mouse (line pR5) (21–35 g) generated on a C57B1/6 × DBA2F1
background, and backcrossed onto C57B1/6 were used (Gotz
et al., 2001). Transgenic mice were randomly allocated into two
TBI and two sham groups at two respective time points, i.e.,
days 1 and 7 post-injury. To ensure the validity and precision
of the statistical analysis, we used six mice per group. This study
was approved by the Animal Research Ethics Committee of the
University of Queensland (Animal Ethics Committee number:
QBI/SCMB/036/16/MAIC). All the experiments were performed
in accordance with the Australian code of practice for the care
and use of animals for scientific purposes.

All animals were housed in the animal facility of the Center
for Advanced Imaging, UQ, and acclimatized for a week before
commencing surgeries. The TBI groups received a controlled
cortical impact (CCI), whereas the sham groups underwent only
craniotomy without an impact followed by MRI scan at the
respective time points. All animals were immediately perfused
after the MRI scans for histological studies. The study design is
illustrated in Figure 1.
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FIGURE 1 | Representation of experimental design and experiments performed at different time points. (A) A schematic representation of the pathological
progression in pR5 mice before and after injury in 9-month-old mice. (B) Experimental design, 9-month-old pr5 mice (n = 6/group) were exposed to controlled
cortical impact followed by structural MRI scans at days 1 and 7, followed by histological analysis for astrocytes, microglia, total tau, and phospho-tau.

Controlled Cortical Impact Model of
Traumatic Brain Injury
Focal open skull injuries were performed using a CCI injury
model following the same protocol described in our previous
paper (Soni et al., 2018). Briefly, animals were anesthetized with
1.5–1.8% of isoflurane in a mixture of compressed air and oxygen
(1:0.8) and fixed in a stereotactic frame with ear bars and a bite
bar. Eye gel was applied to the eyes to avoid dryness. Craniotomy
was performed on the left side of the brain, and the bone flap
was removed from the craniotomy region with the dura intact.
All mice in the TBI groups were exposed to a cortical impact
using the CCI device (model-TBI 0310; Precision System and
Instrumentation LLC.) with a 3 mm diameter piston tip. The
brain was hit with an impact velocity = 3.5 m/s, depth = 1 mm,
and dwell time = 400 ms, whereas, in the sham groups, only
craniotomy was performed. In all cases, the bone flap was
replaced, and the skin was sutured after the procedure in all
mice. Animals were removed from the stereotaxic frame and
placed on a heating pad for recovery. 0.5 ml of saline was injected
subcutaneously in three different regions in all the animals for
rehydration. All the mice were active within 5–10 min following
injury and were kept in cages with ad libitum access to water
gel and wet food.

MRI Data Acquisition
All animals were handled for a minimum of 2 weeks prior to
the scan. Animals were conditioned to handling for 5–10 min
each day for a week before the surgery. On the day of surgery,
each mouse was handled for 3–5 min before being placed in
the anesthetic chamber, and then they were handled each day
until the day of scanning. On the day of the scan, animals were
also handled for 3–5 min before the induction of anesthesia
to minimize stress. All TBI and sham animals underwent MRI

scanning on days 1 and 7. MRI scans were performed on a
9.4T MRI scanner (Bruker BioSpin, Germany) equipped with
a cryogenically cooled transmit and receive coil, controlled by
a console running Paravision 6.0.1 (Bruker BioSpin, Germany)
Deep anesthesia was induced by 3% of isoflurane in a mixture
of compressed air/O2 (0.6/0.4) at 1 l/min, followed by 1.5–2%
of isoflurane for maintenance. Deeply anesthetized rodents were
then placed on an MRI-compatible cradle (Bruker Biospin) in
the head first, supine position, and the head was fixed using ear
bars and a bite bar to avoid movement. The respiration rate and
rectal temperature were monitored by an MRI-compatible rodent
physiological monitoring system (Model 1030, SA Instruments
Inc.). Three−dimensional (3D) T2-weighted (T2w) imaging data
sets were acquired using a rapid acquisition with relaxation
enhancement (RARE) sequence with the following parameters:
repetition time (TR) = 7200 ms, echo time (TE) = 39 ms,
averages = 4, slice thickness = 0.3 mm, field of view
(FoV) = 19.2 × 19.2 × 15.6 mm, and matrix = 192 × 192 × 52
totaling to 11 min 31 s of acquisition time/animal. DTI data were
acquired using an axial gradient echo-planar imaging sequence
using TR = 10,000 ms, TE = 25 ms, averages = 2, number of
slices = 48, slice thickness = 0.3 mm, FoV = 18 × 18 × 15.6 mm,
and matrix = 100 × 100 × 48, 2 b0 volumes, 33 non−collinear
directions with b−value 750 s/mm2 with acquisition time of
11 min 40 s of acquisition time/animal. A reverse-phase image
was acquired for DTI, which was used in data pre-processing.

MRI Data Analysis
T2-weighted and DTI data sets were analyzed using the FMRIB
Software Library version 5.0.9 (FSL)1. First, all T2w images
were corrected for motion using the MCFLIRT tool (FMRIB’s
Software Library) (Smith et al., 2004), followed by inhomogeneity

1https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
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correction using the N4BiasFieldCorrection function of the
advanced normalization tools (ANTs Version: 2.1.0-gGIT-N).
Corrected T2w datasets were then skull-stripped using brain
masks created with the 3D Pulsed-Couple Neural Networks tool
(Chou et al., 2011) and brain images were extracted. Skull-
stripped individual T2w images were affinely registered to the
Australian Mouse Brain Mapping Consortium template2 using
FMRIB’s FLIRT. The registered images were averaged to create
the first iteration of a study-specific template. This first iteration
study-specific template was used as reference for non-linear
registration of individual images using FMRIB’s FNIRT. The non-
linearly registered individual images were averaged to generate
the final study specific template to which a final round of non-
linear registration of individual T2w images was performed.

Firstly, we used the reverse phase encoding volume pair as
input for TOPUP (Andersson et al., 2003) to estimate distortion
then correct all DWIs, then the MCFLIRT tool (FMRIB’s Software
Library) (Smith et al., 2004) was used to adjust for eddy
current distortion. The DTI data were then corrected for signal
inhomogeneity using N4 Field bias correction from ANTS (ANTs
Version: 2.1.0-gGIT-N). The FSL-diffusion Toolkit (DTI-FIT)
(Behrens et al., 2003) was used for local fitting of the diffusion
tensors to generate the maps for the DTI parameters FA, MD,
AxD, and RD using b-values 0 and 750 s/mm. To register the
data to the study specific template, we firstly co-registered the
individual’s B0 maps to the corresponding T2 images and then
apply the warp files from T2-to-study template to register the DTI
measures to the same common space of study specific template.
All estimated DTI maps were registered to the study-specific T2w
template for inter-group voxelwise permutation testing.

To improve the sensitivity, objectivity, and interpretability of
the white matter changes, voxel-based analysis style-TBSS (track-
based spatial statistics) was performed by using the standard
pipeline in FSL, FMRIB (Smith et al., 2006, 2007). In this
analysis method, all FA maps in a common study−specific
T2w template space were first averaged to create the mean FA
template, followed by generation of the mean skeletonized FA
maps (representation of fiber tracts). The individual skeletonized
mean FA map was further used to generate a distance map.
The distance map, together with the FA map thresholded at 0.2
and the anterior commissure as the reference, was used to get a
TBSS skeleton for the individual FA maps and subsequently for
all other individual metrics (AxD, RD, and MD skeletonized) to
show changes in the white matter tracks. The mean FA template
was used as an underlay to represent the diffusion changes in
the white matter. A demonstration of DTI image registration
efficiency and TBSS skeletonization procedure can be found in
Supplementary Figures 1, 2. Which demonstrated the efficiency
of image registration, its short comings with regards to larger
white matter tracts while acceptable for large homogenous gray
matter structures, and TBSS efficiency and accuracy in improve
the matching across subjects and reflect, for example, missing
white matter tracts in the lesion area.

For region-of-interest based analyses, we mainly focused
on the regions with maximal changes seen on statistical

2http://imaging.org.au/AMBMC/Model

difference maps obtained from the voxel-based analysis. These
regions involved the corpus callosum (middle region), ipsilateral
(ip) and contralateral (cn) external capsule, and the internal
capsule. In the gray matter, the cn-dentate gyrus, CA1 region
(the ipsilateral hippocampus was washed away during brain
processing for histology), ipsilateral and contralateral amygdala,
cortex, and thalamus were explored. Regions-of-interest were
drawn manually on the study-specific template using the
Australian mouse brain mapping consortium template (Watson
et al., 2017) and the Allen adult mouse brain atlas3 as a
reference (Soni et al., 2020). Diffusion and anisotropy values were
extracted from the regions-of-interest and correlated with the
measures from immunohistochemistry, namely, phosphorylated
tau, microglia, and astrocytes.

Histology Preparation and Analysis
Immediately after MRI scans, the mice were deeply anesthetized
with isoflurane and perfused transcardially with 11 ml 0.1 M
phosphate-buffered saline containing 1% sodium nitrite (PBS,
pH 7.4) followed by 11 ml 4% formaldehyde (prepared from
paraformaldehyde) dissolved in 0.1 M PBS. Perfusates were
delivered using an automated syringe pump [10 ml–14.48 mm
diameter BD (New Jersey, United States) syringes were used]
programed to deliver perfusates at 90 ml/h. Brains were excised
and immersion-fixed in 4% PFA overnight at 4◦C and then
stored in PBS supplemented with 0.05% sodium azide. Prior
to slicing, the brains were cryoprotected with 30% sucrose for
48 h. The frozen brains were sectioned coronally (40 µm thick)
using a Leica SM2010R freezing microtome and collected serially
in PBS with 0.02% sodium azide and kept at 4◦C until used
for immunohistology. In accordance with the 3rd edition of
the Franklin and Paxinos, 1997 mouse brain atlas, five coronal
mouse brain sections were selected (between Bregma −0.5
and −4.5 mm) for each immunohistology staining (Every 25th
coronal section of 40 µm thickness). Allen mouse brain atlas
(see text footnote 3) was also referred to cross verify regions of
interest for clarity.

Immunohistochemistry
For immunohistochemistry, free-floating brain sections were
rinsed thrice with tris-buffer saline (TBS, pH 7.5) and then
incubated with 30% H2O2 in methanol in TBS for 30 min to
quench the endogenous peroxidase activity. This was followed
by TBS washing and citrate buffer treatment at 95◦C for 10 min
for antigen retrieval. Sections were then treated in 0.1% Triton
X-100 in TBS (TBS-A; pH = 7.5) for 15 min, followed by
blocking in 2% bovine serum albumin in TBS and Triton
X-100 (TBS-B; pH = 7.5) for 30 min. Brain sections were
further incubated with the primary antibody for phosphorylated-
tau [rabbit pSer (396 + 404) (Thermo Fisher; 1:1,000)] with
5% normal-horse-serum and kept on the shaker overnight at
4◦C. The tissues were washed gently for 15 min the next
morning. Prior to the secondary antibody treatment, sections
were blocked with 5% normal-horse-serum diluted in TBS-B for
30 min and then incubated with secondary biotinylated horse

3https://alleninstitute.org/
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anti-rabbit immunoglobulin-G (Vector Laboratories; 1:500)
for an hour. After 20 min of blocking with TBS-B, the
sections underwent Avidin-Biotin Complex (ABC) reagent
treatment (Vector laboratories) for 30 min, followed by 3,3′-
Diaminobenzidine (DAB) treatment with hydrogen peroxide
at room temperature. The DAB treatment time was strictly
controlled to obtain comparable results. The sections were then
rinsed with TBS and mounted on superfrost-plus slides. After
drying, the slides were cover-slipped with the mounting medium
and allowed to dry overnight.

Immunofluorescence
For total tau, immunofluorescence was performed. Except for
H2O2 and citrate buffer treatment, the initial steps were similar
to those used for immunohistochemistry. Brain sections were
then incubated with primary antibody (polyclonal rabbit anti-
human) (Dako; 1:1,000) for total tau. Goat anti-rabbit 488
(Life Technologies; 1:200) was used as the secondary antibody.
The sections were rinsed, mounted, dried, and cover-slipped.
Double immunofluorescence was performed for astrocytes and
microglia using glial fibrillary acidic protein (GFAP) and ionized
calcium-binding adaptor molecule 1 (Iba1) markers, anti-GFAP
chicken polyclonal antibody (Abcam; 1:1,000) and anti-Iba1
rabbit monoclonal antibody (Wako; 1:1,000). Goat anti-rabbit
555 (Life Technologies; 1:200) and goat-anti chicken 488 (Life
Technologies; 1:200) secondary antibodies were used.

Quantification
Sections were examined for staining under an upright microscope
(Axio Imager Green). For the quantification, slides were scanned
using a Metafer VSlide scanner (MetaSystems) using a Zeiss
Axio Imager Z2. Each section of the slides was then cropped
into individual images using the 3D crop tool of the interactive
microscopy image analysis software (Imaris; Bitplane). For the
histology figures, selected areas of interests were acquired using
a spinning-disk confocal system (Marianas; 3i, Inc.) consisting of
an Axio Observer Z1 (Carl Zeiss), CSU-W1 spinning-disk head
(Yokogawa Corporation), ORCA-Flash4.0 v2 sCMOS camera
(Hamamatsu Photonics), using 63×magnification oil immersion
objective. Images were acquired as 20 µm Z-stacks with 0.5 µm
intervals and the 3D stacks were maximum intensity Z-projected
to create a single 2D image for figures.

The percentage area of phosphorylated-tau positive
immunoreactivity was calculated as described previously
(Bodea et al., 2017). Total five serial sections per animal were
used for the histological quantification. Using ImageJ, two
sample boxes, one large and one small were created. These two
sample boxes were utilized to create multiple ROIs of the same
dimensions that were then placed on the respective areas of
interest on the slices (corpus callosum, internal capsule, external
capsule, cortex, dentate gyrus, CA1, thalamus, and amygdala).
Please refer to Supplementary Figure 3 for the ROI details.
These regions were chosen on the basis of voxel-based analysis
results of DTI maps. To be consistent, same ROIs were used for
all the animals with slight adjustments for the regions if needed.
For total-tau, astrocyte and microglia sections were corrected for
the background using the rolling ball algorithm, then thresholded

using the automated ImageJ threshold (moment), where staining
was not visible in the negative control. Cell number and percent
area covered by cells were then calculated using the particle
analyzer tool. Any region that has multiple boxes, average values
were calculated. The graphs are platted statistically while the
images shown are the representative images from a random
subject of each group. Slight differences in the contrast in the
representative images could be during data acquisition from the
automatic scanning, however the data acquisition parameters
were well optimized and consistent for the data. Visual analysis
was performed to check the major deformations, link to the data
repository can be provided if needed.

Statistical Analysis
For voxel-based analysis, an unpaired two-sample t-test was used
to calculate the differences between the TBI and sham animals
for the DTI parameters using the FSL−randomize tool with the
number of permutations set to exhaustive. The FSL-threshold-
free cluster enhancement corrected difference maps, thresholded
at p-value ≤ 0.05 results, were reported.

For region-of-interest-based analysis, prior to fitting the
statistical models, we examined the normality of the data using
the Shapiro–Wilk test. All the data sets were normally distributed,
so parametric tests were used for the analysis. One-way ANOVA
with post hoc analysis using Tukey’s multiple comparisons
test was used. Data analysis was completed and plotted using
GraphPad Prism version 7.04 (GraphPad Software Inc.). The
results are presented as mean± standard error measurement. ∗p-
value ≤ 0.05, ∗∗p-value ≤ 0.001, and ∗∗∗p-value ≤ 0.0001 were
considered significant.

In order to investigate the possible association between
DTI measures, tau pathology, and neuroinflammation, Pearson’s
multiple correlations were performed. The calculated R2 or
the coefficient of correlation values and corrected p-values
are reported in the results. A p-value ≤ 0.05 was considered
significant. As we have n = 6, it was not enough separate the data
and perform correlation within separate groups. Thus, both sham
and TBI groups were combined for correlation.

RESULTS

In this study, the effects of TBI on the microstructure of the white
and gray matter were examined by determining the associated
changes of water diffusion using DTI, with corresponding
pathological analyses in the same animals from histological
specimens. Here, we report the whole brain voxel-based analysis
results. Further, we discuss our immunohistochemistry findings
and their correlation with DTI measures (FA, MD, AxD, and RD)
in several white matter and gray matter regions selected on the
basis of the voxel-based analysis results.

Diffusion Tensor Imaging Reveals
Changes in the White Matter of pR5 Mice
Following TBI
Figure 2 represents significantly affected white matter regions
after TBI as compared sham controls. From the TBSS results
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(Figure 2A), FA was significantly low in pR5 mice following TBI
compared to sham-treated pR5 mice in the white matter regions
ipsilateral to the lesion side involving the corpus callosum,
external capsule, fimbria, stria terminalis and internal capsule,
optic tracks, and external medullary lamina of the thalamus on
day 1 post-injury. FA reduction was also seen in the contralateral-
external capsule of the pR5 TBI mice. On day 7, in addition to
the above-mentioned regions, a significant reduction in FA was
observed in the corpus callosum, fimbria, and internal capsule
in the TBI mice compared to the sham mice. In the case of
diffusivity changes, on day 1 post-injury, a significantly reduced
AxD was noted in the ipsilateral and contralateral fimbria and
external capsule in the TBI mice as compared to the sham
mice, whereas RD and MD were significantly higher. A similar
increase in RD and MD was observed in the corpus callosum,
ipsilateral internal capsule, and contralateral internal capsule. On
day 7 post-injury, a significant AxD reduction was evident in the

corpus callosum and the contralateral fimbria, internal capsule,
and external capsule regions in the TBI group versus the sham
group. Unlike on day 1, RD and MD changes were negligible
except in the ipsilateral external capsule, where increased RD and
MD changes were noted in the TBI mice. These results indicate
that DTI measures were potentially detecting the white matter
abnormalities induced by TBI in tau transgenic mice.

DTI Reveals Changes in the Gray Matter
in pR5 Mice Following TBI
Diffusion tensor imaging results shown in Figure 3 reveal
significant destruction in the gray matter microstructural regions.
In voxel-based analysis findings (Figure 3A), on day 1 post-
injury, there was a significant reduction in FA in the ipsilateral
caudate-putamen and the thalamus in the TBI group as
compared to the sham group. On day 7, together with the

FIGURE 2 | Alterations in DTI measures (FA, AxD, MD, and RD) in white matter representing statistical differences between pR5-sham and pR5-TBI groups over
1 week. (A) Tract-based spatial statistical Intergroup difference maps for DTI parameters fractional anisotropy (FA), axial diffusivity (AxD), mean diffusivity (MD), and
radial diffusivity (RD) between sham (n = 6) and TBI groups (n = 6) at different time points overlaid on the FA-template (columns). Yellow–red indicates TBI > sham,
and blue–green indicates TBI < sham. The statistical map was thresholded at p-value ≤ 0.05, unpaired two-sample t-test, implemented as permutation tested for
the General Linear Model. (B) Showing the regions of interest chosen for the correlation analysis involving the corpus callosum, ipsilateral internal capsule,
contralateral internal capsule, ipsilateral external capsule, and contralateral external capsule.
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FIGURE 3 | Alterations in DTI measures (FA, AxD, MD, and RD) in gray matter representing statistical differences between pR5-sham and pR5-TBI groups 1 week
after TBI. (A) Voxel-by-voxel statistical analysis results of DTI parameters fractional anisotropy (FA), axial diffusivity (AxD), mean diffusivity (MD), and radial diffusivity
(RD) between sham and TBI groups at different time points overlaid on the FA-template (columns). Yellow–red indicates TBI > sham, and blue–green indicates
TBI < sham. The statistical map was thresholded at p-value ≤ 0.05, unpaired two-sample t-test, implemented as permutation tested for the General Linear Model.
Fractional anisotropy changes were extremely high after 7 days post-injury in the gray matter. (B) Showing the regions of interest chosen in the correlation analysis,
involving ipsilateral and contralateral thalamus, amygdala, cortex, and contralateral hippocampal regions. MRI regions of interest are also presented in
Supplementary Figure 3B.

ipsilateral regions, a significantly reduced FA was apparent in the
contralateral regions involving the caudate-putamen, cortex, and
hippocampus (CA1 and dentate gyrus). The FA was significantly
increased in the piriform amygdala, cortex, and in the deep gray
matter in close proximity to the lesion. A significant reduction in
AxD in the TBI group versus the sham group was mainly found
in the ipsilateral and contralateral cortex, the ipsilateral thalamic
area closer to the injury site, and in the caudal hippocampus on
day 1 post-injury. On day 7, a widespread reduction in AxD in
the TBI group as compared to the sham group was observed in
the regions involving the ipsilateral caudate-putamen, thalamus,
and amygdala. Unlike on day 1, a significant increase in the AxD
was seen in the cortex and caudal hippocampus. The RD and MD
were significantly increased in cortical and thalamic areas in the
TBI group versus the sham group after day 1 post-injury. On day
7, significant increases in RD and MD were noted only in the
cortex of TBI group as compare to sham group. Overall, these
results indicate that TBI induced structural abnormalities in tau

transgenic mice were significantly altering all DTI measures. Both
increased and decreased FA changes were noted in different in
gray matter regions.

Increased Tau Phosphorylation
Post-injury in pR5 Mice
Immunohistochemistry revealed post-injury increase in tau
hyperphosphorylation at the epitope site ser396 + 404 in
several white and gray matter regions (Figures 4A, 5A). This
increased pathology was potentially reflected by the various DTI
measures as shown in our correlation analysis, represented in
Figures 4C, 5C.

Statistically (Figure 4B), on day 1, a significant increase in
the percentage of Ser396 + 404-positive area was observed in
the cn-internal capsule in the TBI group (3.638 ± 0.7967;
p = 0.0482) versus the sham group (0.5933 ± 0.1722).
Immunoreactivity for phosphorylated tau was not altered

Frontiers in Neuroscience | www.frontiersin.org 7 February 2021 | Volume 15 | Article 611451

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-611451 February 18, 2021 Time: 19:5 # 8

Soni et al. DTI Histology Investigation in Tau-TBI Mouse Model

FIGURE 4 | Controlled cortical impact increases phosphorylation in the white matter of injured pR5 mice: (A) Phosphorylation at the pSer396 + 404 epitopes of tau
was detected in different white matter regions, including the corpus callosum (a–d), ipsilateral internal capsule (e–h), contralateral internal capsule (i–l), ipsilateral
external capsule (m–p), and contralateral external capsule (q–t) of pR5 mice post-injury (n = 6 pR5 TBI mice and n = 6 pR5-sham mice at days 1 and 7). Scale bar:
100 µm. Zoom-in view of phospho-tau positive cells indicated with the black arrows are shown in the square boxes. (B) (i–v), Phosphorylation at the pSer396 + 404
epitopes was markedly increased in all the regions (corpus callosum, ipsilateral internal capsule, contralateral internal capsule, ipsilateral external capsule, and
contralateral external capsule) on day 7 post-injury in the pR5-TBI group versus the pR5-sham group, whereas no significant differences were observed on day 1
pR5-TBI group versus the pR5-sham group except contralateral internal capsule (iii). One-way ANOVA with Tukey’s multiple comparison test, *p ≤ 0.05, **
p ≤ 0.001, ***p ≤ 0.0001). (C) (i–v), Anisotropy was significantly reduced with hyperphosphorylation in all regions (corpus callosum, ipsilateral internal capsule,
contralateral internal capsule, ipsilateral external capsule, and contralateral external capsule). A negative correlation was also found with axial diffusion in corpus
callosum, ipsilateral internal capsule, contralateral internal capsule, and contralateral external capsule whereas in ipsilateral external capsule axial diffusivity (AxD) was
increased significantly with increased phosphorylation. Radial diffusivity (RD) and mean diffusivity (MD) were also increased markedly with phosphorylation in the
ipsilateral external capsule (C (iv)) (Pearson multiple correlations p-value ≤ 0.05).
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FIGURE 5 | Phosphorylation occurred in additional gray matter regions 1-week post-TBI in injured pR5 mice: (A) Phosphorylation at the pSer396 + 404 epitopes of
tau was detected in the ipsilateral thalamus (a–d), contralateral thalamus (e–h), and contralateral dentate gyrus (i–l) (n = 6 pR5 TBI mice and n = 6 pR5-sham mice at
days 1 and 7). Scale bar: 100 µm. (B) (i–iii), Phosphorylation at the pSer396 + 404 epitopes was evidently increased in the regions on day 7 post-injury in the
pR5-TBI group versus the pR5-sham group, whereas no significant differences were observed in the day 1 pR5-TBI group versus the pR5-sham group (one-way
ANOVA with Tukey’s multiple comparisons test, *p ≤ 0.05, **p ≤ 0.001). (C) (i–ii), Fractional anisotropy (FA) and axial diffusivity (AxD) were significantly reduced with
increased phosphorylation in the ipsilateral thalamus. Although hyperphosphorylation was not significant in the cortex, radial and mean diffusivity was significantly
correlating with tau hyperphosphorylation in the cortex (Pearson multiple correlations p-value ≤ 0.05).

in the ip-external capsule (3.271± 1.056; p = 0.6090), ip-internal
capsule (5.254 ± 1.250; p = 0.9211), and corpus callosum
(1.799 ± 0.0858; p = 0.8524) compared to the sham group;
ip-external capsule (1.293 ± 0.2726), ip-internal capsule
(2.514 ± 1.046), and corpus callosum (0.7057 ± 0.1883).
On day 7, immunoreactivity for phosphorylated tau was
significantly higher in all selected regions-of-interest in the
TBI group [ip-external capsule (5.456 ± 1.951; p = 0.0426),
ip-internal capsule (18.81 ± 5.868; p = 0.0057), cn-internal
capsule (6.331 ± 1.119; p = 0.0020), and corpus callosum
(10.61 ± 1.911; p = 0.0001)] as compared to the day 7 sham
group [ip-external capsule (0.8712 ± 0.2962), ip-internal capsule
(2.299 ± 0.8450), cn-internal capsule (1.733 ± 0.6496), and
corpus callosum (0.7123 ± 0.1344)]. In the corpus callosum
(10.61 ± 1.911; p = 0.0001), ip-internal capsule (18.81 ± 5.868;
p = 0.0257), and cn-external capsule (21.51 ± 8.695; p = 0.0439),
immunoreactivity for phosphorylated tau in the day 7
TBI group was even higher than in the day 1 TBI group
[corpus callosum (1.799 ± 0.0858), ip-internal capsule

(5.254 ± 1.250), and cn-external capsule (2.434 ± 0.4153)].
Notably, immunoreactivity for phosphorylated tau was more
abundant in contralateral regions than ipsilateral regions. There
was no significant increase in total tau levels (data not shown).

Upon correlation with the DTI measures (Figure 4C),
a negative correlation was seen between the percentage of
ser396 + 404 positive area and FA in the corpus callosum
(R2 = 0.3330; p = 0.0039), ip-external capsule (R2 = 0.2269;
p = 0.0216), ip-internal capsule (R2 = 0.5076; p = 0.0001), cn-
external capsule (R2 = 0.5435; p = 0.0001), and cn-internal
capsule (R2 = 0.2483; p = 0.0155). A negative correlation was
also observed with AxD in the corpus callosum (R2 = 0.3654;
p = 0.0022), ip-internal capsule (R2 = 0.3438; p = 0.0026), and cn-
internal capsule (R2 = 0.3710; p = 0.0020). Interestingly, a positive
correlation was noted in the ip-external capsule phosphorylated-
tau and diffusivity measures of AxD (R2 = 0.3969; p = 0.0013),
MD (R2 = 0.3509; p = 0.0029), and RD (R2 = 0.3004; p = 0.0068).
Overall, these results indicate that decreased FA is associated with
increased tau pathology.

Frontiers in Neuroscience | www.frontiersin.org 9 February 2021 | Volume 15 | Article 611451

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-611451 February 18, 2021 Time: 19:5 # 10

Soni et al. DTI Histology Investigation in Tau-TBI Mouse Model

In the gray matter (Figure 5B), no significant changes
were observed on day 1 post-TBI. On day 7, a significant
increase in the phosphorylated-tau positive area was seen
only in the ip-thalamus (0.3324 ± 0.1478; p = 0.0488), cn-
thalamus (0.08643 ± 0.01638; p = 0.0062), and cn-dentate
gyrus (5.619 ± 1.554; p = 0.0318) in the TBI group versus
the day 7 sham group [ip-thalamus (0.01743 ± 0.0055), cn-
thalamus (0.02256± 0.0052), cn-dentate gyrus (1.533± 0.4619)].
In other regions involving the ip-cortex (3.099 ± 1.498;
p = 0.4406), cn-cortex (2.353± 0.7649; p = 0.3659), cn-amygdala
(4.896 ± 2.076; p = 0.5464), and cn-CA1 (18.13 ± 4,775;
p = 2.447), a non-significant increase was noted as compared
to the respective sham group [ip-cortex (0.6220 ± 0.3059), cn-
cortex (0.9850 ± 0.3171), cn-amygdala (1.432 ± 0.6714), and
cn-Ca1 (7.971 ± 3.573)]. These findings indicate that cn-dentate
gyrus and ip- and cn-thalamus were the two main gray regions
that were affected with tau pathology within a week in the pR5
mice after injury.

Similar to the white matter, a negative correlation of
phosphorylated-tau area was observed with FA (R2 = 0.1865;
p = 0.0396) and AxD (R2 = 0.3938; p = 0.0013) but only
in the ip-thalamus. In the cn-cortex, a positive correlation
was observed with MD (R2 = 0.1802; p = 0.0435) and RD
(R2 = 0.2020; p = 0.0314) (Figure 5C). This suggests that a
decrease in FA in the gray matter is associated with increased tau
hyperphosphorylation.

Increased GFAP Expression Post-injury
in pR5 Mice
Overall, increased GFAP expression was evident one day post-
TBI that peaked after 7 days in the TBI groups as compared
to the sham group (Figures 6A, 7A). In the case of astrocytes,
changes were noted in both the percentage of GFAP-positive cell
areas (reported below) and GFAP-positive cell count (outlined
in Supplementary Table 1). DTI measures-FA, AxD, MD, and
RD-showed significant changes with the increased expression of
GFAP in several regions of the brain.

In the white matter (Figure 6B), on day 1, a significant
increase percentage of GFAP-positive cell area was observed
in the ip-internal capsule in the TBI group (3.909 ± 0.5325;
p = 0.0075) versus the sham group (1.611 ± 0.3459). No
significant increase in percentage of GFAP positive cell area was
seen in the cn-internal capsule (2.560 ± 0.3460; p = 0.0693), and
corpus callosum (2.714 ± 0.3160; p = 0.2327) when compared
to the day 1 sham group; cn-internal capsule (1.427 ± 0.1885),
corpus callosum (1.640± 0.2749). On day 7, percentage of GFAP-
positive staining was significantly higher in the TBI groups in
all selected white matter regions, including ip-internal capsule
(4.679 ± 0.5405, p = 0.0149), corpus callosum (6.165 ± 0.4585;
p = 0.0001), ip-external capsule (7.089 ± 1.014, p = 0.0027), and
cn-external capsule (7.570 ± 0.4892, p = 0.0003) versus sham
regions; ip-internal capsule (2.576 ± 0.2912), corpus callosum
(1.893 ± 0.4579), ip-external capsule (3.364 ± 1.156), and cn-
external capsule (3.670± 0.6898). These findings show that GFAP
immunostaining in the white matter increase within a week of
injury in the pR5 mice.

In correlating with the DTI measures (Figure 6C), a negative
correlation was seen between the percentage of GFAP positive cell
area and FA in the corpus callosum (R2 = 0.3989; p = 0.0012), an
ip-internal capsule (R2 = 0.3075; p = 0.0049), and with AxD in
the corpus callosum (R2 = 0.3140; p = 0.0054), ip-internal capsule
(R2 = 0.3920; p = 0.0011), cn-internal capsule (R2 = 0.4124;
p = 0.0010), and cn-external capsule (R2 = 0.3734; p = 0.0019).
A positive correlation was observed with AxD (R2 = 0.2210;
p = 0.0236), MD (R2 = 0.3083; p = 0.0060), and RD (R2 = 0.3344;
p = 0.0038) in the ip-external capsule. Overall, this indicates that
a decrease in anisotropy and an increase in diffusion in the white
matter were associated with an increase in astrocytes.

In the gray matter (Figure 7B), a significant increase in GFAP
expression was seen only in the ip-thalamus (0.9537 ± 0.1991,
p = 0.0300) and ip-cortex (0.9743 ± 0.1880, p = 0.0160)
on day 1 in the TBI versus the sham group [ip-thalamus
(0.2697 ± 0.1126) and ip-cortex (0.4305 ± 0.0474)], with
a significant increase in the ip-thalamus (3.486 ± 0.2074,
p = 0.0001), ip-cortex (2.867 ± 0.1161, p = 0.0001), cn-cortex
(0.8618 ± 0.1270; p = 0.0004), ip-amygdala (3.900 ± 0.0990,
p = 0.0001), cn-CA1 (6.119± 0.1884, p = 0.0001), and cn-dentate
gyrus (5.619 ± 1.554, p = 0.0318) being observed at 7 days post-
injury as compared to shams [ip-thalamus (0.2617 ± 0.0755),
ip-cortex (0.4200 ± 0.0463), cn-cortex (0.2523 ± 0.0579), ip-
amygdala (0.9060 ± 0.1575), cn-CA1 (2.944 ± 0.2041), and
cn-dentate gyrus (1.533 ± 0.4619)]. These results suggest that
GFAP immunostaining in gray matter was increased within a
week in pR5 mice post-injury.

A negative correlation (Figure 7C) in the ip-thalamus
(R2 = 0.2048; p = 0.0301) and a positive correlation in the ip-
cortex (R2 = 0.3148; p = 0.0053) and ip-amygdala (R2 = 0.2759;
p = 0.0101) were observed with FA. A negative correlation
was also seen with AxD in the ip-thalamus (R2 = 0.2837;
p = 0.0089) and ip-amygdala (R2 = 0.2682; p = 0.0114). In the
ip-amygdala, GFAP expression also negatively correlated with
MD (R2 = 0.2467; p = 0.0159). These findings demonstrate
region-dependent increases and decreases in FA in association
with an increase in GFAP immunostaining. Together with the
phosphorylated-tau results, the increase in FA was associated
with increased GFAP immunostaining with no tauopathy,
and the FA decrease was associated with increased GFAP
immunostaining with tauopathy.

Increased Microglial Cell Number 7 Days
Post-injury
Unlike astrocytes, we did not observe any increase in microglial
number (Iba1+ cell count) on day 1; however, active microglial
cells were seen in the thalamus region (Figure 8A). A significant
increase in microglial cell number was noted only 7 days
after injury in both the white matter (Figures 9A,B) corpus
callosum (9.796 ± 1.259, p = 0.0001), ip-external capsule
(10.88 ± 0.3521, p = 0.0001), ip-internal capsule (60.33 ± 9.124,
p = 0.0002), and the gray matter (Figures 8A,B) in the TBI
group (ip-thalamus (93.83 ± 10.54; p = 0.0001) versus the
sham groups–corpus callosum (2.019 ± 0.1608), ip-external
capsule (2.042 ± 0.2534), ip-internal capsule (19.42 ± 1.546),
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FIGURE 6 | Increased astrogliosis in white matter early after injury in pR5 mice: (A) Increase in glial fibrillary acidic protein (GFAP) positive cell area percentage was
noticed in white matter regions containing the corpus callosum (a–d), ipsilateral internal capsule (e–h), ipsilateral external capsule (i–l), and contralateral external
capsule (m–p) of injured pR5 mice (n = 6 pR5 TBI mice and n = 6 pR5-sham mice at days 1 and 7). Scale bar: 50 µm. (B) (i–iv), GFAP positive cell area was
significantly increased in all the regions (corpus callosum, ipsilateral internal capsule, ipsilateral external capsule, and contralateral external capsule) on day 7
post-injury in pR5-TBI group versus the pR5-sham group, whereas no significant differences were observed the day 1 pR5-TBI group versus the pR5 sham group
except ipsilateral internal capsule (B (iii)) (one-way ANOVA with Tukey’s multiple comparison test, *p ≤ 0.05, **p ≤ 0.001, ***p ≤ 0.0001). (C) (i–iv), Anisotropy was
significantly reduced with gliosis in the corpus callosum and ipsilateral internal capsule. Axial diffusion (AxD) was also measurably reduced in the corpus callosum,
ipsilateral internal capsule, and contralateral external capsule whereas in the ipsilateral external capsule, axial diffusivity (AxD) was increased significantly with gliosis.
Radial and mean diffusivity were also increased in the ipsilateral external capsule with gliosis, whereas, in the contralateral external capsule, mean diffusivity (MD) was
reduced with gliosis (Pearson multiple correlations p-value ≤ 0.05).
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FIGURE 7 | Augmented astrogliosis post-TBI in the gray matter of injured pR5 mice: (A) Statistically significant increase in glial fibrillary acidic protein (GFAP)-positive
cell area percentage in the gray matter regions, including the ipsilateral thalamus (a–d), ipsilateral amygdala (e–h), ipsilateral cortex (i–k), contralateral cortex (m–p),
contralateral CA1 (q–t), and contralateral dentate gyrus (u–x) of pR5 TBI groups versus sham groups (n = 6 pR5 TBI mice and n = 6 pR5-sham mice at days 1 and
7). Scale bar: 50 µm. Extended views of astrocytes from all regions were shown (i–viii) indicating the differences in the shape of the astrocytes. (B) (i–vi),
GFAP-positive percentage cell area was significantly higher in the ipsilateral thalamus and ipsilateral cortex on day 1 post-injury in pR5-TBI mice versus the
pR5-sham mice control group. On day 7, the percent positive area was evidently increased in ipsilateral thalamus, ipsilateral amygdala, ipsilateral cortex,
contralateral cortex, contralateral CA1, and contralateral dentate gyrus (One-way ANOVA with Tukey’s multiple comparison test, *p ≤ 0.05, **p ≤ 0.001,
***p ≤ 0.0001). (C) (i–iii), Anisotropy was significantly reduced in the ipsilateral thalamus and increased in the ipsilateral amygdala with gliosis. Axial diffusion was also
measurably reduced in the ipsilateral thalamus and ipsilateral amygdala. Reduced mean diffusivity was also noted in the ipsilateral amygdala with increased gliosis
(Pearson multiple correlations p-value ≤ 0.05).
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FIGURE 8 | Increased microglia activity in gray matter post-TBI in pR5 mice: (A) Iba1+ cell counts were evident in gray matter regions, ipsilateral thalamus (a–d),
contralateral CA1 hippocampal region (e–h), and contralateral dentate gyrus (i–l). Extended iba1+ cells (i–vi) demonstrate a difference between active and inactive
microglia cells at days 1 and 7 (n = 6 pR5 TBI mice and n = 6 pR5-sham mice for days 1 and 7). Scale bar: 50 µm. (B) (i–iii), A significant increase in microglia count
in the ip-thalamus, contralateral CA1, and contralateral dentate gyrus were noticed at day 7 post-injury (One-way ANOVA with Tukey’s multiple comparison test,
*p ≤ 0.05, **p ≤ 0.001, ***p ≤ 0.0001). (C) Significant negative correlations are observed between Iba1+ cell counts and DTI measures fractional anisotropy (FA),
and axial diffusivity (AxD) ipsilateral thalamus (C (i)) (Pearson multiple correlations p-value ≤ 0.05).

and ip-thalamus (28.75 ± 3.857). Notably, in the contralateral
regions, a significant increase was observed in the cn-external
capsule (7.542 ± 0.9820, p = 0.0001), CA1 (95.17 ± 9.862,
p = 0.0001), and dentate gyrus (73.78 ± 5.007, p = 0.0003)
at day 7 in the TBI group versus the sham group; cn-external
capsule (2.042± 0.3501), Ca1 (25.67± 5.354), and dentate gyrus
(32.39 ± 6.159) regions. These results indicate that microglial
activity increases within a week of TBI in pR5 mice.

Although correlated with DTI (Figures 8C, 9C), microglial
counts negatively correlated with FA in the ip-external capsule
(R2 = 0.2010; p = 0.0319), ip-internal capsule (R2 = 0.2581;
p = 0.0113), and with AxD in the ip-internal capsule (R2 = 0.2755;
p = 0.0085) and ip-thalamus (R2 = 0.3631; p = 0.0023). A positive
correlation was observed with AxD (R2 = 0.4300; p = 0.0007), MD
(R2 = 0.6658; p = 0.0001), and RD (R2 = 0.7362; p = 0.0001) in ip-
external capsule and negative correlation with MD (R2 = 0.2143;
p = 0.0261) in the ip-thalamus. Together, these findings reveal
that the white matter anisotropy was mainly affected by the

increase in microglial activity whereas in the gray matter
diffusivity was primarily affected.

DISCUSSION

This work revealed evolving and progressive microstructural
alterations in tau animals as early as 1 day post-injury that
propagated to the contralateral hemisphere within a week, and
were associated with TBI-accelerated tauopathy. In the white
matter, the reduction in FA and AxD and an increase in MD
and RD at day 1 were followed by a decrease in FA, AxD, and
MD, and increased RD at seven days post-injury in the TBI-
pR5 group compared to shams. In the gray matter, FA was
markedly increased in the amygdala and cortex, but remained
significantly decreased in the thalamic and hippocampal regions
for 1 week as compared to the sham group. The reduced
FA was consistently associated with increased expression of
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FIGURE 9 | TBI induces microglial increase in the white matter of pR5 mice: (A) Increased Iba1+ cell count in white matter regions, including the corpus callosum
(a–d), ipsilateral internal capsule (e–h), ipsilateral external capsule (i–l), and contralateral external capsule (m–p), (n = 6 pR5 TBI mice and n = 6 pR5-sham mice for
days 1 and 7-time points). Scale bar: 50 µm. (B) (i–iv), Iba1+ cells were significantly higher in day 7 pR5 TBI mice versus sham mice in all four regions (One-way
ANOVA with Tukey’s multiple comparison test, *p ≤ 0.05, ** p ≤ 0.001, ***p ≤ 0.0001). (C) (i,ii), Fractional anisotropy decreased with increased microglia count in the
ipsilateral internal capsule and ipsilateral external capsule. Axial diffusivity was decreased in the ipsilateral internal capsule while increased in the ipsilateral external
capsule with an increase in microglia count. Along with this, mean and radial diffusivity were also increased with microglia level in the ipsilateral external capsule
(Pearson multiple correlations p-value ≤ 0.05).

phosphorylated tau evident after day 1 in the white matter
followed by its propagation to the gray matter within 1 week, in
line with neuroinflammation. An increased FA on the other hand,
particularly reflected a prominent increase in neuroinflammation
without any significant increase in tau phosphorylation. Overall,
we observed regional changes in the DTI signal, particularly in
FA, that could reflect either increased phosphorylation of tau,
neuroinflammation, or both.

Tauopathy has been documented as a possible linking factor
between TBI and AD (Johnson et al., 2012). Pathological
isoforms of tau have been detected immunohistochemically and
biochemically in postmortem TBI brain at various different time
points and are shown to affect the behavioral function associated
with respective brain areas (Zanier et al., 2018; Zhang et al.,
2019). In vivo detection of tauopathy at an early stage post-TBI is
underexplored. The findings presented here advance our current
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understanding of TBI-accelerated tauopathy in experimental
models by providing information about the early pathological
and microstructural changes in a tau transgenic mouse model
post single severe injury. This work exploits DTI along with
histology to measure widespread pathology in pR5 mice for a
period of 1-week post-TBI. This is the first study to apply DTI
to investigate the effect of TBI in tau transgenic animals.

In the past few years, tauopathies following TBI have been
the hypothesized link with AD (McKee and Daneshvar, 2015).
In clinicopathological studies, postmortem TBI brains analyzed
at different time points exhibited extensive tau phosphorylation
that was associated with cognitive deficits in the patients (Zanier
et al., 2018; Zhang et al., 2019). Consistent with previous
studies (Acosta et al., 2017; Zhao et al., 2017), we document
immunohistologically, a similar increase in tau phosphorylation
following TBI. Hyperphosphorylation appeared at day 1 post-
injury in the ipsilateral internal capsule then spread to the gray
matter regions, specifically to the ipsilateral and contralateral
thalamus and the contralateral dentate gyrus after 1 week.
Such early changes in tau phosphorylation were consistent with
another study that utilized the CCI model in a triple-transgenic
mouse (3×Tg-AD), where an increase in phosphorylated-
tau expression in the fimbria and the CA1 region of the
hippocampus, along with the deposition of amyloid-β plaques
within 1 week of the injury were reported (Tran et al., 2011a).
Unlike Tran et al., we did not see any increase in total tau
levels, which was consistent with the report of Zhang et al.
(2019) who reported no changes in total tau levels even 6 weeks
after injury. In pR5 mice, NFT formation is initiated at around
6 months in the amygdala and also detectable in the CA1 region
at 20 months of age (Deters et al., 2008). In general, the literature
supports that aging accelerates the course of AD pathogenesis.
Tau hyperphosphorylation was evident in the hippocampus of
pR5 mice at 9 months of age post-TBI in our study as compared
the typical 20 months of age as reported by previous studies (Gotz
et al., 2001; Deters et al., 2008).

The role of neuroinflammation in tau pathogenesis has also
been extensively documented (Curran and O’Connor, 2001;
Sutinen et al., 2012; Morales et al., 2013; Collins-Praino and
Corrigan, 2017; Leyns and Holtzman, 2017; Laurent et al., 2018).
In both clinical and experimental models, TBI can augment tau
pathology if it coexists with active glial cells (Johnson et al.,
2012, 2013; Ojo et al., 2013; Nilson et al., 2017). We noted
the presence of reactive astrocytes and activated microglia in
regions presenting with increased hyper-phosphorylation, such
as the ipsilateral thalamus and contralateral dentate gyrus,
corpus callosum, and internal and external capsule. Both
microglia and astrocytes have been shown to be promoters
for tau hyper-phosphorylation by either increasing the release
of pro-inflammatory mediators in their active states that
further increases the activity of kinases responsible for tau
phosphorylation or by altering other involved pathways (Curran
and O’Connor, 2001; Sutinen et al., 2012).

Diffusion tensor imaging is a well-established imaging tool
that has been known to detect TBI-induced microstructural
abnormalities in the brain (Alexander et al., 2007; Lo et al., 2009;
Budde et al., 2011; Soni et al., 2018). Here we have shown, FA

and AxD were reduced in the TBI group in the ip-thalamus,
corpus callosum, external capsule, and internal capsule compared
to the sham transgenic mice with immunohistochemical evidence
of increases in tau phosphorylation in these same regions. These
findings were consistent with Sahara et al. (2014) where DTI
changes in rTg4510 tau transgenic mice were studied with respect
to tau pathology, regardless of injury, a similar reduction in FA in
the white matter was associated with tau hyper-phosphorylation
in rTg4510 mice. In 3×Tg mice, decreased FA was reported
primarily in the hippocampal region which was associated with
depositions of both Aβ plaques and hyperphosphorylated tau
(Snow et al., 2017). Here we noticed tau phosphorylation and
reduced FA in the dentate gyrus; however, the correlation was
not significant, most likely related to the sensitivity limitations
of DTI (Taoka et al., 2009). Another reason could be that the pR5
mouse model used in this study is a tau transgenic mouse with
no amyloid pathology; therefore, unlike 3×Tg mice, the changes
we noticed were only associated with hyperphosphorylated tau.
It should be noted that contradictory to our findings, Wells et al.
(2015) reported an opposite trend of FA change in the areas of
high tau burden, including the cortex and hippocampus but not
in the thalamus where NFT density was significantly low. We
also noticed increased FA in a few regions involving the cortical
areas close to the injury site–amygdala, ipsilateral epithalamic,
and contralateral-ventral thalamic region–but did not find any
correlation with phosphorylated-tau increase. It is possible that
phosphorylated tau in its aggregated form alters the directionality
and diffusion of water in a different manner; however, as we
did not look at NFTs, this cannot be confirmed with the current
data. Altogether, our results indicate that the post-TBI increase in
phosphorylated-tau may induce structural impairments that are
measurable with DTI.

The DTI changes observed may be further complicated by
the associated neuroinflammatory processes. Astrocytes, that are
responsible for upholding homeostasis in the central nervous
system (Sofroniew and Vinters, 2010). They are typically been
shown to have star like shape and isotropic morphology
(Schiweck et al., 2018). However, advanced visualization
techniques revealed that shape of astrocytes is complex and
keeps changing depending on the region and physiology of the
brain (Fernaud-Espinosa et al., 1993). In pathological conditions,
such as brain insults, gliomas and neurodegenerative disorders
astrocytes appear in different structural forms depending on the
severity or stages of the pathological condition (Schiweck et al.,
2018). This can either highlight its isotropic behavior or shift it
toward anisotropy and can affect directionality of water diffusion.
In TBI, some reports have demonstrated isotropic gliosis in
gray matter, where astrocytes maintain their distinct shapes but
become hypertrophic that may lead to visible decrease in FA
(Edlow et al., 2016). Contradictory to these findings, some others
have depicted anisomorphic gliosis following injury (Budde et al.,
2011; Laitinen et al., 2015; Soni et al., 2018). These studies
indicated that astrocytes present in close proximity to injury site
have the characteristics to change their shapes by expanding their
busy processes toward lesion that lead to anisotropic structure
causing increase in FA (Budde et al., 2011; Laitinen et al.,
2015; Soni et al., 2018). These astrocytes named as palisading
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astrocytes are also responsible for the formation of glial scars.
In AD, along with morphological variations astrocytes are also
demonstrated to have spatial association with the pathological
tau which may contribute in disease progression concurrently
(Sidoryk-Wegrzynowicz et al., 2017; Kovacs et al., 2018).

In this study, on day 1 post-injury, we observed increase
in astrocytes but we did not observe any increase in tau and
microglia count. Therefore, slight reduction in FA seen on day
1 can either be because of increased astrocytes, or damage to the
fiber bundle attached to the thalamic region or edema. However,
as we did not see any significant changes in AxD, RD, and
MD thalamic region and also no change in ad was noted in
white matter tracks, it is likely indicated toward glial pathology.
Generally, microglia activation starts earlier than astrocytes post-
TBI but because gliosis had already been reported at 9 months
of age in Pr5 animals, it might be possible that TBI induction
in these animals resulted in increased astrocyte expression prior
to microglial activation seen on days 1 and 7 (Skripuletz et al.,
2013; Jha et al., 2019). In our previous TBI study on wild type
mouse, we observed an increased FA in the ipsilateral thalamus
post 7 days of injury, which was reflecting the anisotropic gliosis
(Soni et al., 2018). Whereas in our current study, we observed
FA increase only in the cortical area very close to the injury
site which can be because of palisading astrocytes and amygdala
may reflect neurodegeneration supported by reduction in AD
and MD. In thalamus, FA changes were supporting isotropic
nature of astrocytes leading to reduction in FA on day 7 post-
injury. These differences in FA can be driven by a combined
effect of astrocytes, phosphorylated tau and active microglia also
seen in the thalamic region on day 7 post-injury. While the
association of DTI parameters with neuroinflammatory markers
in both gray matter and white matter regions has been extensively
studied post-TBI (Budde et al., 2011; Bennett et al., 2012; Soni
et al., 2018), the alterations induced by the combined effect of
neuroinflammatory markers along with tauopathy has not been
explored. In our study, we observed a negative correlation of
GFAP expression with FA and AxD change in the areas with
phosphorylated-tau increases. This FA reduction with respect to
gliosis was opposite to other CCI studies on wild-type rodents,
where increased FA was shown to reflect gliosis (Budde et al.,
2011; Xu et al., 2011; Soni et al., 2018). This inconsistent pattern
could be explained by the additional presence of phosphorylated-
tau and microglia in the thalamus of transgenic mice post-
injury, that might be absent in those wild-type rodents. Thus,
it could be suggested that these changes are either driven by
both the astrocytes or phosphorylated tau together or dominated
by phosphorylated tau (Sahara et al., 2014; Snow et al., 2017).
In contrast to the thalamus, in the ip-amygdala and cortex,
we observed a positive correlation between astrocytes and FA,
which was consistent with the TBI studies (Budde et al., 2011;
Soni et al., 2018). Thus, it justifies that the changes were
only driven by astrocytes as the phosphorylated-tau burden in
these areas did not differ between sham and TBI groups. The
negative correlation of microglia counts with MD and AxD in
the thalamus suggested that the increase in the microglial cell
density in the thalamic region could restrict water diffusion in
the area. However, as TBI initiated multifaceted mechanisms

and DTI measures might be affected by a multitude of factors
other than phosphorylation and neuroinflammatory processes,
investigation of other processes would contribute further to
the specificity of these effects. Other pathological mechanisms,
such as axonal injury, amyloid deposition (Tran et al., 2011b;
Genrikhs et al., 2017), neuronal death (Murakami et al., 1998;
Genrikhs et al., 2017), neurogenesis (Tran et al., 2006), and
demyelination (Guglielmetti et al., 2016) may also contribute to
the changes observed in DTI measures specifically FA (Rola et al.,
2006). Axonal injury to the axons may perturb the dissociation
of tau protein from the microtubules leading to microtubular
destabilization and increased tau protein levels in the brain tissue,
cerebrospinal fluid, and serum/plasma (Zemlan et al., 1999; Smith
et al., 2003; Johnson et al., 2013). When evaluated in TBI patients
and experimental models it has been found that both total tau
and phosphorylated tau levels were significantly increased and
were affecting memory functions (Zhao et al., 2017; Zanier et al.,
2018). These findings suggested that axonal injury is not the only
mechanism responsible for TBI associated tauopathy. Axonal
damage dissociates tau protein from the microtubule and may
provide a surge to other underlying pathological mechanisms
that can further accelerate and worsen the tau pathology by
initiating tau hyperphosphorylation and oligomer formation.
Axonal injury together with inflammation, cell death and myelin
damage can affect diffusion differently at one and 7 days after
the injury. Therefore, investigating transgenic models, where key
processes are more prominent and elevated than others, may be
a key approach to highlighting the DTI alterations that may be
more reflective of those processes.

Our study has several limitations, which if addressed, could aid
in a better understanding of the associated pathological process.
This study shows that TBI affects increasing tau pathology in the
pR5 mice, it is unable to conclude whether TBI has more of an
effect in the presence of tau pathology since no comparison was
made in normal mice. Therefore, the inclusion of non-transgenic
sham and TBI littermates would have provided a suitable
baseline for comparisons. Further, behavioral assessments of
cognition were not performed. The lack of cognitive testing in
this study means that this study cannot define the functional
impact of the DTI and pathological changes that we have
detected, and this warrants future study. The investigation at
longer follow-up times would provide insight into the trajectory
of tau propagation in pR5 mice and allow the development
of better diagnosis paradigm. Although DTI changes were
observed in the regions with a high burden of phospho-tau,
astrocytes and microglia due to its nature of detecting complex
pathologies, it cannot be said that the changes observed in
DTI measures are specifically due to these pathological events
as the direct correlation were not performed. The limitation
on direct matching of DTI and histological measurements are
inherent to the methods themselves: MRI can image the whole
brain while in general, histology can only image a few very thin
sections per animal. Even a single MRI slice is approximately
10 times thicker than one histological slice. Nevertheless, the
specific correlation of a histopathological process with a specific
trend of diffusion imaging metric change is a complicated issue.
For example, a specific pathology may result in a predictable
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biomarker on DTI or NODDI; however, different pathologies
may create the same diffusion metric change (Jelescu and Budde,
2017). Furthermore, in complex conditions like concussion or
TBI, pathologies generally do not occur alone. Astrogliosis,
microgliosis, and axonal injury generally occur together as a
consequence of TBI in mice (Namjoshi et al., 2016, 2017; Bashir
et al., 2020; To et al., 2020). Thus, we placed greater importance
on maintaining consistency within the same modality (MRI or
histology) across different subjects rather than across different
modalities (MRI and histology) within the same subject. For
consistency across all subjects with MRI, the same ROI covering
the defined by the AMBMC atlas was used. For histology, we
used the same box ROI size for different subjects covering
approximately the same area. Greater importance was placed on
determining the capability of DTI on detecting the effects of
injury by comparing the sham and controls and demonstrating
the underlying pathologies underpinning in injured animals. The
correlation between DTI and histological measurements were
serendipitous in nature. Also, Fourier or structure tensor-based
analyses (Budde et al., 2011) can provide anisotropy to directly
compare to FA. However, as this was the first MRI study in TBI-
tau transgenic mice model, our purpose was to first understand
the pathological cascade if there is any pathological change at
early stage and how it can affect DTI measures for which it
was important to perform staining. As from this study it is
now clear the microstructural changes involved in this double
model are mainly affecting FA. In our proposed future study,
we will be specifically performing a correlation study and will
be using Fourier or structure tensor-based analyses. Another
major limitation of this study was the lack of evaluation of sex
differences which indeed can increase our understating of disease
progression and spatiotemporal changes with time (Wright et al.,
2017a,b). A comprehensive comparison of disease progression
is a critical step which is required to implement the diagnostic
and therapeutic tools at a clinical level thus can be suggested to
include in the future studies. Further, a sample size of n = 6 per
group was used for this study. to calculate the sample size of this
study we conducted a power analysis based on our previously
published work; we obtained a standard deviation obtained in the
DTI measures (FA and mean diffusivity) from first study, which
was 20% relative to the mean, six mice per surgery group were
required to be able to observe a 22% difference with alpha of 0.05
and 80% power. Further, with the standard deviation found in
immunohistochemistry in the pilot experiments (which was 25%
relative to the mean), we needed six mice per surgery group to
be able to observe 27% of differences at the 0.05 significance level
and 80% power. However, considering the heterogeneous of the
model and pathologies evolved post-injury in CCI, we suggest the
use of large data sets for similar future studies.

CONCLUSION

In conclusion, the detection of the cumulative effects of TBI
in the AD brain is limited because of the myriad of ongoing
processes. We highlight that DTI, and in particular, FA patterns
as promising methods to discern tauopathy-related pathology
compared to combined tau and neuroinflammatory processes

in the brain. These findings are supported by our histological
measures of tau, microglia, and astrogliosis. We suggest FA as
a potential in vivo marker to detect TBI-associated tauopathy
and this would be the first study to demonstrate the spatio-
temporal profile of DTI microstructural changes following TBI
in a transgenic tau model. Our findings advance the current
understanding of diagnostic tools for the detection of TBI-
accelerated tauopathy in experimental animal models.
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Supplementary Figure 1 | Example of distortion-corrected data from a sham
subject, demonstrating SNR.
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Supplementary Figure 2 | Examples of registered FA maps from sham and CCI
animals of days 2 and 7. Each individual’s registered FA maps (grayscale
background) were shown with the corresponding skeletonized FA maps (rainbow
scaled overlays). Generally, thinner white matter tracts (e.g., the external capsule
on contralateral side) were well-matched across subjects, evidenced by the thin
FA skeleton consistently covering the whole tract. Thicker white matter tracts, i.e.,
areas with high FA, (e.g., the corpus callosum and internal capsule, indicated on
first row with purple arrows) had slight mismatches, in terms of the tract thickness
and/or the FA skeleton did not always pass through the same location along the
tract. TBSS skeletonizing process improve the spatial matching of these white
matter tracts and overall, the skeletonizing process was accurate, i.e., the FA
skeleton always fall within larger FA tracts. TBSS also reflected situation where the
white matter tract was disrupted in lesion area in the CCI animals, for example the
ipsilateral external capsule (indicated by light blue arrows). On the registered FA
maps, the external capsule in the lesion area disappeared and the corresponding
FA skeleton passing through the area, the FA value was significantly lower to than
the contralateral external capsule FA skeletonized FA tract (∼0.1, below the TBSS
FA threshold). The white matter tracts were grossly aligned and consequently the
more homogenous (in terms of DTI metrics pattern) gray matter area was
sufficiently well-matched for voxel-wise spatial statistics. This is relevant since
TBSS does not provide results on DTI changes in the gray matter.

Supplementary Figure 3 | Figure representing the sections and regions of
interest chosen for region-based quantification: (A) Representative images from
the developing Allen mouse brain atlas to demonstrate the bregma region (−0.5 to
−4.5 mm) used for immunohistochemistry analysis and quantification. (B) Images
of the MRI slices from the same bregma region were chosen to demonstrate the
Regions-of-interest that were drawn manually on the study-specific template using
the Australian mouse brain mapping consortium template (Watson et al., 2017)
and the Allen adult mouse brain atlas (https://alleninstitute.org/) as a reference. All
slices between the bregma regions −0.5 to −4.5 mm were covered in the ROI
mask. (C) Representative serial coronal sections chosen for
immunohistochemistry quantification. Regions of interest were Amygdala,
thalamus, hippocampus (CA1 and dentate gyrus), cortex (closer to the amygdala
region), corpus callosum, internal and external capsule shown with different colors
on the slices. Two sample boxes (one large and one small) were used to create
multiple ROIs for all the slices, that were used to quantify pathologies in different
areas as shown in different colors in the figure. To be consistent with the size of
the ROIs, same set of ROIs for all the five sections were used for all the animals
with slight adjustment in the location if needed.

Supplementary Figure 4 | Histology sections of a representative sham mouse
stained for p-tau.
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