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Repeated mild traumatic brain injury (rmTBI) can lead to development of chronic traumatic encephalopathy
(CTE), which is characterized by progressive neurodegeneration with presence of white matter damage, gliosis
and hyper-phosphorylated tau. While animal models of rmTBI have been documented, few characterize the
molecular pathogenesis and expression proﬁles of relevant injured brain regions. Additionally, while the usage
of transgenic tau mice in rmTBI is prevalent, the eﬀects of tau on pathological outcomes has not been well
studied. Here we characterized a 42-impact closed-head rmTBI paradigm on 3–4 month old male C57BL/6 (WT)
and Tau-overexpressing mice (Tau58.4). This injury paradigm resulted in chronic gliosis, T-cell inﬁltration, and
demyelination of the optic nerve and associated white matter tracts at 1-month post-injury. At 3-months postinjury, Tau58.4 mice showed progressive neuroinﬂammation and neurodegeneration in multiple brain regions
compared to WT mice. Corresponding to histopathology, RNAseq of the optic nerve tract at 1-month post-injury
showed signiﬁcant upregulation of inﬂammatory pathways and downregulation of myelin synthetic pathways in
both genotypes. However, Tau58.4 mice showed additional changes in neurite development, protein processing,
and cell stress. Comparisons with published transcriptomes of human Alzheimer's Disease and CTE revealed
common signatures including neuroinﬂammation and downregulation of protein phosphatases. We next investigated the demyelination and T-cell inﬁltration phenotypes to determine whether these oﬀer potential
avenues for therapeutic intervention. Tau58.4 mice were treated with the histamine H3 receptor antagonist
GSK239512 for 1-month post-injury to promote remyelination of white matter lesions. This restored myelin gene
expression to sham levels but failed to repair the histopathologic lesions. Likewise, injured T-cell-deﬁcient Rag2/
Il2rg (R2G2) mice also showed evidence for inﬂammation and loss of myelin. However, unlike immune-competent mice, R2G2 mice had altered myeloid cell gene expression and fewer demyelinated lesions. Together this
data shows that rmTBI leads to chronic white matter inﬂammatory demyelination and axonal loss exacerbated
by human tau overexpression but suggests that immune-suppression and remyelination alone are insuﬃcient to
reverse damage.

1. Introduction
Chronic traumatic encephalopathy (CTE) is an untreatable progressive neurodegenerative disease caused by repeated head impacts
(rmTBI) that gained prominent attention following its discovery in
professional American football players (Omalu et al., 2005). Over the
past decade, the histopathology of CTE has been extensively studied in
postmortem human brains but understanding of the molecular

pathogenesis of the disease is still lacking. Histopathological characteristics of CTE include tau-immunopositive neuroﬁbrillary tangles,
glial tangles, and neuropil threads commonly localized to perivascular
blood vessels in the cerebral sulcal depths (Baugh et al., 2012; Stein
et al., 2014; McKee et al., 2015). Gliosis, axonal damage, and white
matter lesions are also present (McKee et al., 2015; Holleran et al.,
2017; Alosco et al., 2017) and are characteristic of neuroinﬂammatory
processes that can contribute to the pathogenesis of other
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gene expression in rmTBI-exposed mice to show that reported myelination-promoting compounds and lymphocyte suppression alone are
insuﬃcient to repair injury.

neurodegenerative disorders such as Alzheimer's Disease (AD) (Giunta
et al., 2012; Nemetz et al., 1999). It is currently unknown what role
immune cells play in CTE, although human studies and rodent models
of TBI have implicated microglia, macrophages, neutrophils, and T-cells
(Makinde et al., 2017; Cherry et al., 2016; McKee and Lukens, 2016;
Nizamutdinov and Shapiro, 2017; Bai et al., 2017).
In vivo models of rmTBI have been developed over recent years
utilizing amyloid or tau-overexpressing transgenic mice, and varying
the number of hits delivered, inter-impact period, anesthesia usage, and
impact method (Turner et al., 2015a; Turner et al., 2015b; Galgano
et al., 2015). Like how most human concussions occur, these models
generally utilize a closed-headed rodent system that does not result in
gross structural brain damage. Several of these models recapitulate key
CTE features including gliosis, axonal injury, and white matter degeneration, often involving the visual system (Holleran et al., 2017;
Petraglia et al., 2014; Ojo et al., 2016; Tagge et al., 2018; Namjoshi
et al., 2014; Tzekov et al., 2014; Xu, 2015; Xu et al., 2016; Winston
et al., 2016; Evanson et al., 2018; Briggs et al., 2016). White matter
abnormalities are notable because they are present in all reported
stages of human CTE (McKee et al., 2015), and the white matter myelin
tracts can be chronically altered in humans who have suﬀered concussions (Johnson et al., 2013; Multani et al., 2016). These abnormalities can result in long-term neuropsychiatric symptoms of CTE and
vision loss (Alhilali et al., 2015; Armstrong, 2018). Lacking, however,
are in-depth regional histopathological and global gene expression
analyses of brain regions most susceptible to rmTBI, including how
tauopathy may inﬂuence pathology progression. This is exempliﬁed by
the relative dearth of studies that proﬁle molecular and transcriptional
signatures of CTE in human patients and animal models. Furthermore,
endogenous mouse tau is less aggregation prone than human tau
(Andorfer et al., 2003), which may aﬀect tissue responses to rmTBI.
Thus, comparing wild-type mice to human tau-overexpressing mice
may be useful for evaluate the role of tau in neuropathogenesis following rmTBI.
While the role of tau reduction in altering rmTBI-mediated white
matter outcomes has been explored (Cheng et al., 2014), studies are
needed to better understand the underlying molecular role of tau in
rmTBI-driven neuropathology. In the current study, we present an indepth histopathological and transcriptomic characterization of a closedheaded rmTBI model in both C57BL/6 wild-type (WT) and Tau58.4
homozygous male mice without anesthesia. The Tau58.4 mouse line
overexpresses P301S (0N4R isoform) human tau (MAPT) driven by the
Thy1.2 promoter and develops progressive tauopathy from brainstem at
3 months (mo), to cortex and hippocampus by 10mo (van Eersel et al.,
2015; Yin et al., 2017). Overexpression of human tau is important in the
study of rmTBI because endogenous mouse tau does not normally aggregate in vivo (Andorfer et al., 2003; Gendron and Petrucelli, 2009)
and is therefore less likely to recapitulate any role of human tau in
disease progression. This enables us to study how a disease-associated
human tau inﬂuences neuropathological development in a rodent
model. In this case, mice are subject to rmTBI in a non-anesthetized
setting similar to how most human concussions are experienced. To
further align the model with the human disease setting, we used 3-4mo
old mice at time of impact because that age in mice is comparable to
young adolescent humans who may be more likely to be exposed to
head injury events through contact sports.
This experimental strategy allowed us to identify injury-prone brain
regions such as the optic nerve white matter tracts and diﬀerential responses to rmTBI based on genotype. Furthermore, transcriptional
proﬁles from injured mice led us to investigate the potential utility of
inﬂammatory and myelination pathways as nodes for intervention to
modulate the progression of disease. Speciﬁcally, we attempt to use
GSK239512, a myelination-inducing compound, and Rag2/il2rg
knockout mice, an immunocompromised strain lacking lymphocytes, to
determine if targeting these pathways would result in altered pathology. Altogether, our study methodically proﬁles histopathology and

2. Materials and methods
2.1. Animals
In this study, 3-4mo old male WT C57BL/6 (The Jackson
Laboratory, Bar Harbor, US), Tau58.4 mice (Novartis Institute for
Biomedical Research, Cambridge, US), and Rag2-Il2rg mice (Envigo,
New Jersey, US) weighing 22–30 g were subject to the injury paradigm
below. All study mice were group-housed 3–5/cage and maintained in
the Genomics Institute for the Novartis Research Foundation (GNF)
vivarium. Tau58.4 mice cohorts were generated by burst breeding inhouse for study needs. Homozygosity of initial Tau58.4 mouse breeders
was conﬁrmed by genotyping (Transnetyx, Cordova, US) and backcrossing to C57BL/6 background strain. Mice were provided with
standard mouse chow and water ad libitum and subject to 12-h light/
dark cycles (light from 6 AM to 6 PM local time) in a temperaturecontrolled room of 22–24 °C. All procedures involving animals were
conducted under Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) guidelines and approved by the
Institutional Animal Care and Use Committee (IACUC) of GNF.
2.2. Injury paradigm, dosing, and schedule
For rmTBI experiments, mice were placed head ﬁrst into a decapicone (BrainTree Scientiﬁc, Braintree, US) with a widened nose slit to
improve head mobility and ventilation. The tail end of the decapicone
was ﬁnger-sealed to prevent the mouse from moving within the bag.
This ensured the animal was stable enough to forgo the need for anesthesia. The restrained animal was placed on a 5 cm thick Type E foam
bed (Foam to Size Inc., Ashland, US) situated on Model 900LS stereotaxic frame (Kopf Instruments, Tujunga, US). Circular steel helmets
(6 mm diameter, 3 mm thickness) were manufactured by GNF engineers
and attached onto the decapicone with double-sided tape (Scotch, St.
Paul, US) over the center of the mouse's head approximately 1-3 mm
posterior to the eyes. Impacts were delivered by the Impact One electromagnetic impactor (Leica, Buﬀalo Grove, US) at 6 impacts/day for
7 days (42 total impacts), with inter-impact period of 1.5 h. 1 cohort of
Tau58.4 mice was also exposed to single impact. The rationale behind
selecting a 42-impact paradigm was to simulate a more frequent head
injury paradigm that may be expected in competitive contact sports
based on prior literature models (Petraglia et al., 2014). The impactor
tip was zeroed at the contact point with the helmet. The strike velocity
was 5.0 m/s, dwell time 100 ms, and impact depth 1.0 cm. Thus, the
mouse head would be impacted ~1.0 cm into the foam bed, allowing
for rapid acceleration-deceleration of the brain commonly observed
during concussive injury. Total restraint time should not exceed 20 s.
Age and genotype matched sham animals were restrained in the decapicone for 20 s without receiving an impact.
Following impacts, the mice were removed from the restraint bag,
returned to their cages, and observed for 10 s to assess any behavioral
or pain abnormalities. Pain scores between 1 and 4 (1 = no overt response to injury, 2 = mild response with rapid tail rising and falling
prior to return to normal behavior, 3 = moderate response with sustained tail rise and dragging of forepaws, and 4 = minor convulsions or
seizure) were recorded after every impact. The average pain score over
the 42-impact course across studies was 1.24 ± 0.18, with most impacts resulting in no overt injury response. There were no remarkable
diﬀerences in pain scores across cohorts. Because mice showed temporary forelimb weakness immediately post-injury that recovered
within minutes, all rmTBI mice cages had chow and hydrogel
(ClearH2O, Portland, US) placed on the ﬂoor of the cage for easy access.
Cohort sizes were 5–10 per group or as noted. rmTBI-exposed mice
2
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Caspase-3 (1:100; Cell Signaling, Danvers, US), mouse IgG (1:250;
Jackson ImmunoResearch, West Grove, US), mouse Mbp (1:1000;
ThermoFisher), rabbit T22 oligomeric Tau (1:500; Millipore). Each
antibody was separately optimized by Ventana with positive control
tissues of mouse spleen or Tau58.4 mouse brains. Negative controls
without primary antibodies conﬁrmed speciﬁcity. Ventana staining
protocol is extensive and diﬀerent for each antibody. Brieﬂy, slides
were de-paraﬃnized with EZ-prep and rehydrated in machine. Slides
were washed with Ventana Reaction Buﬀer and quenched with hydrogen peroxide for 12 min. Antigen retrieval was performed with
Ventana Protease 1 Enzyme or HIER-Automated Ventana CC1 depending on antibody at 37–95 °C for 30-60 min, followed by blocking
with normal goat serum (1:20). Primary antibodies were applied at
37–42 °C for 1–6 h according to optimized protocol. Secondary antibodies were Ventama Omnimap for rat and rabbit primary antibodies,
and Ventana MOMAP Complex for mouse primary antibodies, and were
applied according to optimized dilution (1:20) at RT for 45 min.
Ventana Chromomap DAB or DABMAP were used as the detection agent
according to optimized primary antibody protocol. Slides were counterstained with hematoxylin (Sigma-Aldrich), coverslipped, and
scanned by Nanozoomer S360 (Hamamatsu, San Diego, US) into ndpi
ﬁles.
For luxol fast blue (LFB) staining, slides were deparaﬃnized, rehydrated, and stained in LFB solution (Acros Organics, New Jersey, US)
in a 56 °C oven overnight. Slides were rinsed with 95% ethanol and
water, then diﬀerentiated in lithium carbonate and 70% ethanol. After
diﬀerentiation, slides were counterstained with cresyl violet (SigmaAldrich) for 30 s, rinsed with water, then alcohol and xylene (SigmaAldrich) cleaned. Coverslipped slides were scanned into ndpi
Nanozoomer ﬁles.
Scanned histology images were hand annotated in Nanozoomer.
Cortex, hippocampus, corpus callosum (CC), superior colliculus (SC),
brainstem, OT, ON, and ON lesions were annotated in diﬀerent colors
depending on the stain. To prevent selection bias, entire tissue regions
were annotated for analysis.
Automated cell and signal detection was performed using MATLAB
2018 software: each raw IHC stain was converted to CMYK color domain to separate stains which were then thresholded for cell and signal
detection. For signal detection, threshold was computed on the stain
color of interest using standard Otsu's method. For cell counting, a
watershed-based approach was applied to segment the candidates.
Within the brain region (cortex, hippocampus, CC, SC, brainstem, OT,
ON, or ON lesions), each signal of interest was quantitated by signal/
tissue area ratio, cell density was calculated as number of segmented
cells normalized by tissue area. Activated microglia ratio was calculated
by dividing area of microglial cell bodies by area of microglial processes.

generally had larger sample sizes to accommodate the possibility of
dropouts (seizure-induced mortality). The dropout rate across all studies was < 2%. Mice were weighed 1 day after the week-long rmTBI
course (up to 10% body weight loss is normal) and again prior to euthanasia. WT, Tau58.4, and Rag2-Il2rg mice were euthanized at 1mo
from last impact, or otherwise noted in the study.
For remyelination dosing studies, GSK239512 (Synnovator Inc.,
Durham, US) was dosed starting 3 days post-impact orally twice a day
(b.i.d) at 10 mg/kg for 1mo. GSK239512 was formulated in 0.5% methyl cellulose, 0.1% Tween 80 (MC Tween) solution and dosed at a
volume of 100ul. Vehicle treated rmTBI animals were dosed with MC
Tween b.i.d. as a control.
2.3. Oligodendrocyte progenitor cell culture
1 day prior to cell seeding, CellCarrier-384 Ultra microplates
(PerkinElmer, Waltham, US) were coated with 100 μg/ml poly-L-lysine
(Sigma-Aldrich, St. Louis, US) overnight at room temperature (RT).
Primary rat oligodendrocyte progenitor cells (OPC) obtained from
Gibco (Cat #A30662, lot #20010535, ThermoFisher, Waltham, US)
were seeded at a density of 2000 cells/well in proliferation media after
plates were washed three times with phosphate buﬀered saline (PBS)
(ThermoFisher). Proliferation media comprised of Neurobasal media,
1× B27 without vitamin A, 1× non-essential amino acid, 1× pen strep
glutamine, 2-mercaptoethanol (1:1000), and 30 ng/ml PDGF-AA
(Peprotech, Rocky Hill, US). All supplements except PDGF-AA were
obtained from ThermoFisher. After 1 day in vitro (DIV), media was
changed and 10 μM GSK239512 in 0.1% DMSO, 0.14 μM triiodothyronine (T3, Sigma-Aldrich), or vehicle (0.1% DMSO, Sigma-Aldrich)
were added to fresh diﬀerentiation media (proliferation media without
PDGF-AA). Compounds were dispensed into media using Echo Liquid
Handler (Labcyte, San Jose, US). OPCs were treated for 5DIV, then ﬁxed
for staining and analysis.
2.4. Immunohistochemistry and histology analysis
To prepare tissues for histological applications, mice were anesthetized with 2.5% isoﬂurane and transcardially perfused with 15 ml
of physiological saline via a syringe with 25G5/8 needle (Becton
Dickinson, Franklin Lakes, US). Brains were collected and bisected at
midline where the left hemisphere was ﬁxed in 10% neutral buﬀered
formalin (NBF) (Sigma-Aldrich) for 3 days, while the right hemisphere
was microdissected into cortex and optic tract (OT) plus right optic
nerve (ON) and promptly frozen on dried ice for RNA applications. The
left ON was ﬁxed in 10% NBF for 1 day. After tissues were ﬁxed, they
were transferred to 70% ethanol in preparation for paraﬃn embedding.
Fixed tissues were placed in cassettes for processing via the Tissue
Tek VIP6 vacuumed inﬁltration processor (Sakura Finetek USA,
Torrance, US) which dehydrates them through a series of graded
ethanols and xylenes prior to inﬁltration with paraﬃn wax (Avantik,
Springﬁeld, US) at 56–58 °C. These tissues were subsequently embedded into wax blocks for sectioning. Wax blocks were loaded onto a
RM2255 microtome (Leica) and cut into 5 μm thick sagittal sections.
10–20 serial sections were obtained from each ON, while 20 sections
from lateral 0.5 mm, 1 mm, 1.5 mm and 2 mm were obtained from each
brain.
Immunohistochemistry (IHC) was automated using the Ventana
Discovery Ultra (Ventana Medical Systems, Oro Valley, US). All IHC
reagents except for common lab reagents such as alcohol, and primary
antibodies were obtained from Ventana. Primary antibodies and dilutions used in the study are as follow: rat GFAP (1:200; Invitrogen,
Carlsbad, US), rabbit Iba1 (1:1600; Wako, Richmond, US), mouse AT8
phospho-tau (1:100; ThermoFisher), mouse BIII-Tubulin (1:100; SigmaAldrich), rabbit CD3 (1:150; ThermoFisher), rabbit Olig2 (1:1000;
Millipore, Burlington, US), rabbit Tmem119 (1:100; Abcam,
Cambridge, UK), rabbit Ki-67 (1:100; ThermoFisher), rabbit cleaved

2.5. Fluorescent staining and analysis
Immunocytochemistry on primary rat OPCs was performed by an
automated HD washer (GNF Systems) using standard protocols as
follow. Cells were ﬁxed with 4% paraformaldehyde (PFA) (Alfa Aesar,
Ward Hill, US) at RT for 30 min. After ﬁxation, the cells were washed 3
times with PBS and then permeabilized with 0.15% Triton-X100
(Sigma-Aldrich), 1.5% bovine serum albumin (BSA) (Sigma-Aldrich) in
PBS for 45 min. Rabbit anti-Mbp (1:1000; Abcam) was diluted in 0.15%
Triton-X100, 1.5% BSA in PBS and applied onto cells overnight at RT.
Next day, cells were washed 3 times with PBS and stained with Alexa
Fluor 546 donkey anti-rabbit secondaries (1:1000; Life technologies)
plus 0.1 μg/ml Hoechst (Sigma-Aldrich) for 3 h at RT. Lastly, cells were
washed 3 times with PBS before leaving 27ul residual volume prior to
image acquisition. Images were acquired using automation via the
ImageXpress Confocal system (Molecular Devices, San Jose, US) at 20×
magniﬁcation.
Fluoro-Jade C (FJC) (Millipore) was reconstituted in water and
3
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gene. 36B4 primer (IDT, San Jose, US) sequences are as follow: Forward
– 5’AGA TGC AGA TCC GCA T3’, Reverse – 5’GTT CTT GCC CAT CAG
CAC C3’, Probe – 5’FAM/CGC TCC GAG/ ZEN/ GGA AGG CCG/
ABKFQ3’. Data calibration and quantiﬁcation was done using the 2-ΔΔCT
method.

freshly diluted in 0.1% acetic acid to a working concentration of
0.0001% + 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI)
(ThermoFisher). All steps were performed at RT. Xylene de-paraﬃnized
brain and ON slides were rinsed with PBS and loaded onto Sequenza
racks (ThermoFisher) for staining. Slides were incubated with 0.06%
potassium permanganate (Sigma-Aldrich) for 10 min and washed with
water before application of FJC working solution for 10 min. After
staining, slides were rinsed with distilled water for 1 min 3 times, then
dried in a 50 °C slide warmer before xylene cleansing and coverslipping
with Immu-mount (ThermoFisher). Image acquisition was performed
with the EVOS FL Auto Imaging System (ThermoFisher) at 20× magniﬁcation.
FJC ﬂuorescent TIFF images were analyzed blinded with ImageJ
(National Institutes of Health, US). Regions of interest (CC, SC, and
ONT) were annotated, then background subtraction was applied with
rolling ball radius of 50pixels. Images were converted to 8-bit images
and then thresholded using the ImageJ triangle method to allow
quantiﬁcation of the stained area without detection of the background
staining. The staining was quantiﬁed as the number of FJC counts
(particle size: 10–100) per mm2 of tissue due to the punctate-like
staining.

2.8. Mass cytometry preparation
For mass cytometry (CyTOF), 50 μl of whole blood was collected in
EDTA coated tubes (Becton Dickinson), on ice via retro-orbital bleeds
prior to sacriﬁce. Blood was transferred to a 96-deep well V-bottom
plates (Corning, Salt Lake City, US), then ﬁxed with 1.6% PFA for
15 min at RT. Plates were then spun 500 g for 5 min at RT and PFA was
aspirated. Blood samples were then washed twice with 1 ml 10% fetal
bovine serum (FBS) (Corning) in PBS, spun down, and reconstituted in
residual volume before being frozen in −80 °C for storage. All buﬀers,
detailed protocols, and antibodies for CyTOF were acquired from
Fluidigm (South San Francisco, US). Each step was followed by a 5 min
spin at 500 g at 4 °C unless otherwise noted. Thawed ﬁxed frozen blood
was resuspended in 1 ml Barcode Perm buﬀer diluted in PBS and washed 3 times. For sample barcoding, Cell-ID 20-Plex Pd Barcoding Kit
was thawed and resuspended in 100 μl barcode perm buﬀer prior to
mixing with 900 μl of cell samples in barcode perm buﬀer for 45 min at
RT. Samples were then washed 3 times with Fluidigm Cell Staining
Buﬀer (staining buﬀer) to remove residual barcodes. All samples were
then transferred from the plates and pooled into a 15 ml falcon tube and
counted by Vi-CELL Automated counter (Beckman Coulter, Brea, US).
Extracellular antibodies (all except 158Gd-Foxp3) were added at a
quantity of 1 μl antibody/3million cells to a ﬁnal staining volume of
500 μl. Antibodies with conjugated metals are as follow: 141Pr-Ly6G,
142Nd-CD11c, 143Nd-GITR, 144Nd-CSF1R, 145Nd-CD69, 146NdCD8a, 147Sm-CD45.2, 148Nd-CD11b, 149Sm-CD19, 150Nd-CD25,
151Eu-CD28, 152Sm-CD3, 153Eu-PDL1, 156Gd-CD14, 158Gd-Foxp3,
159 Tb-F4/80, 162Dy-Ly6C, 164Dy-CD62L, 167Er-Nkp46, 171YbCD44, 172Yb-CD4, 174Yb-MHCII, 175Lu-CD127. Cells were stained for
30 min at RT on a shaker, then washed 2 times with staining buﬀer.
Cells were then resuspended in residual volume and placed on ice for
10 min to chill, before −80 °C overnight permeabilization with 1 ml of
−20 °C chilled methanol (Sigma-Aldrich). Next day, samples were rehydrated with 10 ml staining buﬀer. Subsequent centrifugation steps
were performed at 800 g for 5 min. This was repeated 2 times prior to
staining with intracellular antibodies 158Gd-Foxp3 plus 2 μl Cell-ID
Intercalator-Ir in 500ul staining buﬀer for 1 h at RT. Afterwards, cells
were washed twice with 10 ml of staining buﬀer, counted, and washed
one more time with water. Pelleted samples were taken to the Helios
CyTOF System for analysis.
Samples were diluted in calibration beads at a concentration of
1million cells/ml, ﬁltered through a 40um strainer, and ran at a 30 μl/
min sample induction rate, with ~300 events/s. Approximately 2million cells were analyzed in the pooled sample. Data was analyzed in
Flowjo software V10 (Tree Star, Ashland, US) and further analysis including visne plots was generated in Cytobank (Cytobank, Santa Clara,
US).

2.6. RNA processing
For RNA extraction, frozen optic nerve with optic tract (ONT) and
cortex were lysed in 500 μl Trizol (ThermoFisher) and subject to
homogenization using tissuelyser beads (Qiagen, Hilden, Germany) for
3 min at 30 hertz. 200 μl phenol-chloroform (ThermoFisher) was added
to homogenized tissue prior to centrifugation at 21000 g for 10 min at
RT for phase separation. 350 μl of the supernatant was transferred to a
new 1.5 ml tube with 350 μl of 70% ethanol and loaded onto RNeasy
spin columns from the RNeasy kits (Qiagen). The remaining protocol
was executed as according to manufacturer instructions including with
on-column DNase digestion. The eluted RNA was quantiﬁed using the
Nanodrop 1000 (ThermoFisher) and cross-validated using a Qubit
ﬂuorimeter (ThermoFisher) to normalize sample loading quantities.
For RNAseq preparation, 200 ng of total RNA was used to produce
RNAseq libraries with the Illumina TruSeq Stranded mRNA kit
(Illumina, San Diego, US). Quality of the RNA and libraries were conﬁrmed on an Agilent Tape Station (Agilent, Santa Clara, US). Libraries
were run on a HiSeq 2500 (Illumina) with 50 bp single-end reads.
FASTQ ﬁles were generated with the Illumina pipeline. Reads were
aligned to the mouse genome using STAR. All samples contained at
least 20 million mapped reads.
2.7. Quantitative polymerase chain reaction
qPCR was run using SuperScript III One-Step RT-PCR System with
Platinum Taq High Fidelity DNA Polymerase (ThermoFisher) kit according to manufacturer guidelines. 20 μl reaction volumes were loaded
into MicroAmp Optical 384-well reaction plates (Applied Biosystems,
Foster City, US). Due to the low quantity of RNA recovered from ONT
samples, only 20 ng of RNA was loaded for ONT, while 200 ng of RNA
was loaded for cortex. Thermocycling program was run on a
QuantStudio7 (ThermoFisher) with a hold stage of 15 min 50 °C to
2 min at 95 °C followed by 40 cycles of 15 s at 95 °C, then 60 °C for 30 s,
maintaining 1.6 °C/s temperature change for each step.
All non-reference primers were Taqman assays with VIC probes.
Genes and assay ID are as follow: Cd8a (Mm01182107_g1), Csf1
(Mm00432686_m1),
Csfr1
(Mm01266652_m1),
Cst7
(Mm00438351_m1),
Gfap
(Mm01253033_m1),
Gpr17
(Mm02619401_s1),
Gpr37
(Mm00494729_m1),
Id2
(Mm00711781_m1),
Il1α
(Mm00439620_m1),
Itgax
(Mm00498701_m1),
Mbp
(Mm01266402_m1),
Mog
(Mm01279062_m1),
Olig2
(Mm01210556_m1),
TNFα
(Mm00443258_m1). 36B4 with FAM probe was used as the reference

2.9. Statistical analysis
The sample size for each experiment speciﬁed in their respective
captions. Data are expressed as mean ± SEM. Statistical analysis was
performed using Student's t-test and one-way ANOVA with Tukey's
multiple comparison post hoc test. Analyses were performed using
GraphPad Prism 7 (GraphPad Software Inc) unless otherwise noted.
Statistical signiﬁcance was deﬁned as P < 0.05, or as noted. For
RNAseq analysis, adjusted p-values with Benjamini-Hochberg correction were calculated using the R package DESeq2. Gene ontology (GO)
enrichment graphs with adjusted p-values were generated by
Metascape (Zhou 2019) or by clusterProﬁler (Yu et al., 2012).
4
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Fig. 1. Gliosis of the optic nerve tract at 1mo post-impact in injured C57BL/6 mice.
a) Quantiﬁcation of GFAP coverage in ctx, hp., cc, sc, and OT in WT mice 1mo post-impact. n = 5 sham, n = 7 rmTBI. b) Quantiﬁcation of Iba1 coverage and
microglial activation in the same regions as a function of cell body area/process ratio. c) Representative images of ctx, hp., sc, and OT regions in WT mice stained for
GFAP and Iba1. Note the enlarged activated microglial cell bodies in white matter of injured mice. Red insets denote 40× magniﬁcation to show morphology. Scale
bars, 2.5×: 1 mm; 10×: 250 μm. d) Quantiﬁcation of GFAP and Iba1 in the ON. n = 3 sham, n = 4 rmTBI. e) Representative images of optic nerve in WT mice
stained for GFAP and Iba1. Scale bars, 100 μm.
Bar graph and error bars indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs sham by two-tailed Student's t-test. Ctx = cortex,
hp. = hippocampus, cc = corpus callosum, sc = superior colliculus, OT = optic tract, ON = optic nerve.

3. Results

signiﬁcant increase in reactive microglia in the OT, but not cortex or
hippocampus (Fig. 1b). This white matter inﬂammation drives a modest
increase of Iba1 in the whole brain.
Since the visual system was implicated in the brain, the responses of
the optic nerve (ON) to rmTBI were investigated. Like in the brain,
GFAP and Iba1 were signiﬁcantly increased in the injured ON
(Fig. 1d,e). These observations corresponded to a gene expression increase of Gfap in optic nerve + optic tract (ONT), but not in the cortex.
The cytokines Tnfα and Il1α were also investigated, but showed no
change in either tissue (Suppl. Fig. 1a). The gliosis was coupled to a
signiﬁcant increase in ONT cellularity and disorganized nuclei that
contrasted with the structured linear alignment of nuclei in sham nerves
(Fig. 2a). To determine if this morphology was due to active division or

3.1. rmTBI induces neuroinﬂammation and demyelination of the optic nerve
tract in wild type mice
We ﬁrst wanted to characterize the neuropathology and susceptibility of diﬀerent brain regions in a mouse model of rmTBI. To do this,
the eﬀects of rmTBI on the whole WT brain were analyzed 1- and 3mo
after repeated impact injury. At 1mo post-injury, astrocytic GFAP and
microglial Iba1 were selectively increased in the optic tract (OT) and
superior colliculus (SC), indicating gliosis in the visual system's white
matter tracts of the brain (Fig. 1a-c). Morphological analysis of microglia based on cell body area to process area ratio showed a
5
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Fig. 2. T-cell inﬁltration and demyelination in optic nerve and tract of injured C57BL/6 mice.
a) Quantiﬁcation of white matter cellularity in cc, OT, and ON as nuclei counts/mm2 tissue. b) Quantiﬁcation of CD3 expressing T-cell counts in cc, sc, OT, and ON. c)
Quantiﬁcation of myelin (Luxol fast blue, LFB) staining in cc, OT, and ON. LFB coverage in demyelinated lesions of the ON were also quantiﬁed for comparison. d)
Representative images of sc, OT, and ON stained with CD3 and LFB. Note increased cellularity in rmTBI exposed tissue. White oval in rmTBI ON indicates a
demyelinated lesion, selected based on regions of decreased LFB staining with evident T-cell co-localization. Scale bars, 100 μm.
Bar graph and error bars indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 vs sham by two-tailed Student's t-test. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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any expression (not shown). Finally, to ensure that repeated impacts are
required for these chronic neuroinﬂammatory eﬀects, ﬁve Tau58.4
mice were subject to a single impact and assessed after 1mo. There were
no histopathological diﬀerences in gliosis, demyelination, or T-cell inﬁltration for any brain region between single-impacted mice and shams
(not shown).
Unlike with WT mice, where 1- and 3mo pathology was similar,
neuroinﬂammation was exacerbated at 3mo in Tau58.4 mice, with
GFAP and Iba1 coverage increasing in grey matter-rich regions such as
the hippocampus (Suppl. Fig. 5a,b). Notably diﬀerent compared to the
1mo time point was the presence of FJC puncta in the CC, as well as
evidence of cortical thinning, which suggest an ongoing chronic neurodegeneration in rmTBI exposed Tau58.4 mice (Suppl. Fig. 5c,d).
Demyelination was also prominent, with several mice showing loss of
MBP beyond focal lesions and across the entire ON (Suppl. Fig. 5e). Like
the 1mo time point, however, there was no evidence of accelerated
phosphor-tau deposition in Tau58.4 mice at 3mo post-injury (Suppl.
Fig. 5f). This suggests that tauopathy in our model was not aﬀected by
impact-injury, and that the reported inﬂammation was driven by rmTBI
as opposed to phosphor-tau aggregates. Notably, IgG staining was undetected in the ON lesions compared to the 1mo time point (not
shown), which suggests possible BBB repair over time. Literature reports have documented transient BBB disruption occurring in the ON
within 4-h of mTBI that returns to baseline within 24-h (Xu 2016), so
we investigated a small subset of injured Tau58.4 mice (n = 4) at 1-day
post-injury to assess transient eﬀects. This time point is eﬀectively
1 week after the ﬁrst impact and interestingly, demyelinated lesions
were already present with CD3 densities (Suppl. Fig. 6a). However, all
mice showed IgG and cleaved caspase-3 staining near ON lesions,
suggesting an acute and focal breakdown of the BBB with apoptosis that
is not present in the brain white matter (Suppl. Fig. 6a,b).

inﬁltration of peripheral leukocytes, we stained for Ki67, IgG, and CD3.
IgG staining was almost negligible, indicating that the blood brain
barrier was not chronically compromised in injured WT mice (Suppl.
Fig. 1b). There was however, an increased number of Ki67+ cells in the
OT, which indicated active cell division (Suppl. Fig. 1c). CD3+ T-cells
were also detected in the ONT and SC with rmTBI at 1mo (Fig. 2b),
suggesting subchronic neuroinﬂammation of the visual system's white
matter tracts with both innate and inﬁltrating peripheral components.
As a comparator, the corpus callosum (CC) was a white matter region
that did not show evidence of injury in WT mice (Fig. 2).
The presence of T-cells in white matter was reminiscent of demyelinating diseases such as multiple sclerosis (MS), so we analyzed myelin
in the brain and ON by Luxol fast blue (LFB) staining. At 1mo postinjury, the ON developed focal cavernous demyelinated lesions that
corresponded with an increase in inﬁltrating CD3+ T-cells (Fig. 2c,d).
There was also detectable loss of myelin in the OT within the brain,
characterized by porous LFB staining and fragmented myelin debris
(Fig. 2d). These observations persisted as long as 3mo post-injury in WT
mice with no evidence of neuroinﬂammatory progression (Suppl.
Fig. 2). Since CTE is characterized as an rmTBI driven tauopathy
(Omalu et al., 2005), we stained the brain and ON for phosphor-tau
(AT8). However, we did not detect AT8 in any WT animals at any time
point (Suppl. Fig. 3), which is unsurprising as mouse tau is known not
to aggregate in vivo even after rmTBI (Gendron and Petrucelli, 2009;
Laurer et al., 2001; Acabchuk et al., 2016). Taken together, rmTBI induces chronic neuroinﬂammation of the ONT concomitant with demyelination, but does not induce tauopathy in WT mice.
3.2. Human Tau overexpression in mice exacerbates rmTBI mediated white
matter injury
Tauopathy is a key feature of clinical CTE but was not recapitulated
by rmTBI in WT mice. Therefore, we subjected 3-4mo old homozygous
Tau58.4 male mice to the same injury paradigm to determine if tau
contributes to CTE pathology in our model. Similar to WT mice, GFAP,
Iba1, and reactive microglial morphology were signiﬁcantly increased
in the OT and SC at 1mo post-injury (Fig. 3). However, there was further induction of cortical and CC gliosis not present in WT mice (Fig. 1
vs Fig. 3). This was consistent with increased gene expression of Gfap,
Il1α, and Tnfα in the ONT, and Gfap in the cortex (Suppl. Fig. 4a).
Notably, there appeared to be increased numbers of CD3 and Iba1-positive cells in the CC around the lateral ventricles, near the choroid
plexus, suggesting inﬁltration of peripheral leukocytes into the white
matter (Fig. 3d). To clarify this, we stained the ON for Tmem119, a
homeostatic microglia-speciﬁc marker (Bennett et al., 2016; Zrzavy
et al., 2017), and found a decrease of Tmem119 upon rmTBI (Fig. 3e).
The reduced Tmem119 and Iba1 ratio in injured ON suggests a loss of
homeostatic microglia and that the Iba1-expressing cells in white
matter are likely peripheral myeloid cells such as macrophages.
The myeloid cell increase was accompanied by a signiﬁcant increase
in white matter cellularity, a 20% decrease in CC sagittal area, and
CD3+ T-cell inﬁltration of the CC and ONT (Fig. 4). However, similar
to WT, Ki67+ cells were noticeably increased only in the ONT, and not
in the SC or CC (Suppl. Fig. 4b). There were also regions containing
demyelinated lesions in the ON that co-localized with CD3+ T-cell
densities, and an overall modest demyelination of the OT, but not CC,
by LFB and MBP staining (Fig. 4b-e). In addition, there was evidence of
blood brain barrier impairment, as 2/5 injured ONs showed IgG
staining near lesions (Suppl. Fig. 4c). Fluoro-Jade C (FJC), a marker of
degenerating neurons, was also present as puncta in the ONT and SC,
but not CC (Suppl. Fig. 4d). Complementing this, we detected cleaved
caspase-3 staining near lesions, indicating some apoptosis near the lesions (Suppl. Fig. 4e). Although phosphor-tau was detected in brain of
Tau58.4 mice, rmTBI did not show evidence of accelerating phosphortau deposition in any region of the brain (Suppl. Fig. 4f). We also investigated oligomeric tau (T22 antibody) in the ON, but did not detect

3.3. rmTBI results in robust neuroinﬂammatory gene signatures in the ONT
To take a broader view of the molecular mechanisms that are altered with rmTBI and sensitized by tauopathy, we performed RNAseq
on the cortex and ONT of both WT and Tau58.4 mice at 1mo postrmTBI. Expression of ten times more genes were signiﬁcantly altered in
the Tau compared to WT ONT, respectively (3612 vs 305), with 250
overlaps (Fig. 5a). This is consistent with Tau-overexpression sensitizing the mice to injury. Conversely, only 37 genes were signiﬁcantly
changed in WT cortex and none in Tau58.4 cortex. Because of this, we
focused on the gene signature alterations in the ONT. Hierarchal clustering of ONT samples showed that injured Tau58.4 mice were highly
similar and that TBI samples tended to cluster together (Fig. 5b). The
Tau transgene had a less obvious eﬀect on sham clustering.
The most signiﬁcantly changed ONT genes by rmTBI in both Tau
and WT were associated with neuroinﬂammation and neurodegeneration, including Itgax, Apoe, Trem2, Tyrobp, and C1q. The number of
downregulated genes was modest in comparison (Fig. 5c). Pathway
analysis of the upregulated genes showed strong enrichment of immune
activation pathways, including cytokine production, inﬂammatory response, T cell activation, and myeloid leukocyte activation. This corroborates the histological ﬁndings (Fig. 5d). T-cell genes such as CD3e,
CD5 and CD8, but not CD4, were increased in both injured Tau and WT
mice, which suggests the inﬁltrating CD3 T-cells in the injured ONT are
likely enriched for CD8 killer T-cells (Fig. 5f).
Downregulated pathways showed strong enrichment for cholesterol
biosynthesis and cellular component assembly involved in morphogenesis, and modest enrichment for dendrite development, ion transport, glutamatergic receptor pathways, and muscle system processes
(Fig. 5e). This corroborates our observations of demyelination as cholesterol biosynthesis is a crucial process in which astrocytes support
neurons for membrane synthesis and oligodendrocytes for myelinogenesis (Saher and Strumpf, 2015).
We were also interested in the rmTBI pathways that were
7
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Fig. 3. Gliosis of the optic nerve tract at 1mo post-impact in injured Tau58.4 mice.
a) Quantiﬁcation of GFAP coverage in ctx, hp., cc, sc, OT, and ON in Tau58.4 mice 1mo post-impact. n = 9 sham, n = 8 rmTBI, n = 5 optic nerves. b) Quantiﬁcation
of Iba1 coverage and microglial activation as a function of cell body area/process ratio in same regions. c) Representative images of ctx, hp., cc, sc, and OT regions in
Tau58.4 mice stained for GFAP and Iba1. Scale bars, 2.5×: 1 mm; 10×: 250 μm. d) Images of Iba1 and CD3 expressing cells congregating in CP and OT junctions
Scale bars, 100 μm. e) Image of Iba1 and Tmem119 staining in the same ON lesion with corresponding quantiﬁcation of Tmem119 area coverage and Tmem119/Iba1
ratio. Scale bars, 50 μm.
Bar graph and error bars indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs sham by two-tailed Student's t-test. CP = choroid
plexus, ﬁ = ﬁmbria, LV = lateral ventricle.
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Fig. 4. T-cell inﬁltration and demyelination in white matter of injured Tau58.4 mice.
a) Quantiﬁcation of white matter cellularity in cc, OT, and ON of Tau58.4 mice. b) Quantiﬁcation of CD3 expressing T-cell counts per mm2 tissue in cc, sc, OT, and
ON. c) Quantiﬁcation of myelin (LFB) coverage in cc, OT, ON, and ON lesions. d) Representative images of ON stained with MBP, LFB, and CD3. Staining in sc and OT
is comparable to WT. Evident cavernous degeneration with increased cellularity in lesions can be observed. Scale bars, 100 μm. e) Representative image of cc stained
with LFB and CD3. Note modest thinning of cc (highlighted in red dotted lines), with increased cellularity. Black arrows point to T-cells in cc. Scale bar, 10×: 250 μm;
20×: 100 μm. f) Quantiﬁcation of cc sagittal area (mm2) in sham vs injured Tau58.4 mice.
Bar graph and error bars indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs sham by two-tailed Student's t-test.

diﬀerentially expressed gene sets caused by rmTBI in Tau and WT mice
separately, additional downregulated pathways in axon/dendrite development and synapse organization were found to be enriched in
Tau58.4 mice only (Suppl. Fig. 7b,c).

diﬀerentially altered and sensitized by the Tau transgene. The genes
selectively altered in Tau58.4 rmTBI mice over WT mice were enriched
in pathways for protein modiﬁcation, cellular response to stress, and
apoptotic signaling (Suppl. Fig. 7a). Furthermore, when comparing
9
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Fig. 5. Gene expression signatures of injured optic nerve and tract in both C57BL/6 and Tau58.4 mice.
a) Venn diagram of number of signiﬁcantly changed genes vs respective shams in ONT of injured mice. n = 5/group/genotype. Signiﬁcance was determined by
DESeq2 adjusted p-value < 0.01. b) Hierarchal clustering by UPGMA of ONT samples with genotype and rmTBI status. Red genotype denotes Tau58.4 samples and
red TBI status denotes rmTBI samples. c) Volcano plot of altered genes caused by rmTBI. Itgax, Cd22, and Cst7 were increased genes out of plot range. d) Metascape
pathway analysis of all genes increased over 25% with adjusted p-value < 0.01. e) Metascape pathway analysis of all genes decreased by 25% or more with adjusted
p-value < 0.01. f) Quantiﬁcation of T-cell marker gene expression from the RNAseq dataset. Values were normalized to average RPM of WT sham mice.
Bar graph and error bars indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 vs respective sham by two-tailed Student's t-test.

Fig. 8b).
To determine if there were diﬀerences in expression patterns associated with various stages of oligodendrocyte diﬀerentiation, we investigate the genes enriched in either oligodendrocyte progenitor cells
(OPCs), newly formed oligodendrocytes, or myelinating oligodendrocytes (Zhang et al., 2014). Several OPC and newly formed oligodendrocyte signatures were revealed along with a more robust decrease
in mature myelinating oligodendrocytes (Fig. 6b). This suggests that
rmTBI results in a more selective loss of myelinating oligodendrocytes,
with fewer alterations in OPCs.
Amongst these oligodendrocytic genes, Gpr17 and Gpr37 were signiﬁcantly altered (adjusted p-value < .05) in both cortex and ONT by
rmTBI. Gpr17 was increased while Gpr37 was decreased at 1mo in both
tissues with both genotypes (Fig. 6c). Because Gpr17 and Gpr37 have
links to demyelination and TBI (Chen et al., 2009; Lecca et al., 2008;
Franke et al., 2013; Simon et al., 2015; Yang et al., 2016; Smith et al.,
2017), we probed Mbp, Mog, Gpr37, and the Gpr17 signaling pathway
(Chen et al., 2009; Fumagalli et al., 2011) at 3mo post-injury in ONT of

3.4. rmTBI enhances astrocytic and microglial signatures, while decreasing
oligodendrocytic and neuronal gene signatures in ONT of injured Tau mice
To further elucidate cell type responses to rmTBI in the ONT, gene
signatures pulled from published single-cell and cell-type enriched
RNAseq data (Zeisel et al., 2015; Zhang et al., 2014) were aligned to the
current dataset. This revealed a diﬀerential cell type response which
appears to be enhanced by the Tau transgene (Fig. 6a). Similar to what
was seen by histology, astrocytic and myeloid signatures are generally
increased by rmTBI. Closer examination of astrocyte signatures reveals
an enrichment of pan-astrocyte and reactive “A1” astrocyte signatures
(Liddelow et al., 2017), especially in Tau mice (Suppl. Fig. /8a). Conversely, the gene signatures of oligodendrocytes and neurons trend
towards a decrease, which corroborates our observations of decreased
LFB and increased FJC staining. This decrease is ambiguous in the WT
animals. Because the gene expression data suggested neuronal signature
loss, we stained injured ON from Tau58.4 mice for neuronal βIII-tubulin
and conﬁrmed loss of staining, with evidence of axonal swelling (Suppl.
10
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Fig. 6. Brain cell type-speciﬁc alterations in injured optic nerve and tract in C57BL/6 and Tau58.4 mice.
a) Heat map of diﬀerentially expressed astrocytic, endothelial, microglial (or myeloid), myelinating oligodendrocyte (OD), and neuronal enriched genes in ONT.
Gene list was derived from cell type-speciﬁc signatures common to both Zeisel 2015 and Zhang 2014. Red indicates increase, blue indicates decrease compared to
average z-score across all samples. n = 5/group/genotype. b) Heat map of diﬀerentially expressed oligodendrocyte lineage genes (gene list from Zhang et al. 2014) in
ONT of injured mice. c) Quantiﬁcation of Gpr17 and Gpr37 RPM from RNAseq dataset in ctx and ONT in WT and Tau58.4 mice. Bar graph and error bars indicate
mean ± SEM. *p < 0.05; **p < 0.01 vs respective shams by two-tailed Student's t-test. d) Heat map of CTE progression genes identiﬁed in Seo et al. 2017 aligned
to the ONT of the current data set. Box and whisker plot represents min-max quartiles consisting of average z-score per gene (n = 10 CTE progression genes) per
group. *p < 0.05; ****p < 0.0001 vs respective shams by one-way ANOVA with Tukey post-test. (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)

to signatures of human AD and CTE brain to see if there were conserved
mechanisms of neurodegeneration. We used published human AD cortical data from Zhang 2013 (Zhang et al., 2013) to represent human AD
and Seo 2017 (Seo et al., 2017) represent human CTE. Many upregulated gene signatures in AD were also upregulated in the injured ONT of
both Tau58.4 and WT mice (Suppl. Fig. 10a,b). These included pathways for inﬂammation, cell adhesion, and tissue remodeling. In contrast, downregulated gene signatures of AD were only present in injured
Tau58.4 mice, not WT (Suppl. Fig. 10c). These common enriched
downregulated pathways in AD and rmTBI were primarily associated
with loss of neurons and synaptic function, corresponding with the
pathways sensitized by the tau transgene (Suppl. Fig. 7c). This further
suggests diﬀerential neuronal responses to rmTBI that are aﬀected by

WT and Tau58.4 mice. Mbp and Mog expression were unchanged in
cortex and decreased 40–50% in ONT of both genotypes (Suppl. Fig. 9).
In Tau58.4 mice, the only notable change was Id2, the Gpr17 downstream eﬀector (Chen et al., 2009), which was signiﬁcantly increased in
both brain regions. In WT mice, Gpr37 was decreased in ONT, but
Gpr17, Olig2, and Id2 were all unchanged in cortex and ONT (Suppl.
Fig. 9). These genes could be useful markers of injury to supplement
evidence for myelin loss.
3.5. rmTBI in mouse results in gene signatures that are observed in human
neurodegenerative diseases
The gene expression changes in injured mouse ONT were compared
11
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histology (Fig. 7b,c). We also looked at OLIG2+ oligodendrocytes in
the ON to determine if GSK239512 alters oligodendrocyte lineage
proportions. Despite the increase in ON cellularity with rmTBI (Fig. 7d),
OLIG2+ nuclei represented about 55% of total nuclei in all groups
(Fig. 7e). Near the rmTBI lesions, however, there were proportionally
fewer cells with OLIG2+ nuclei, which was increased by GSK239512
(Fig. 7e,f).
Additionally, GSK239512 had no eﬀect on tauopathy, ON neuronal
staining, or myeloid cell inﬁltration into the white matter when compared to the rmTBI+vehicle group (Suppl. Fig. 11b,c). In the brain,
GSK239512 also failed to inﬂuence OT demyelination and did not inﬂuence myelin in the CC (Suppl. Fig. 11d). Consistent with the cortical
RNAseq data, rmTBI caused a 30% reduction in Mog expression in the
cortex vs sham, with no eﬀect on Mbp. Treatment with GSK239512
increased cortex Mog to sham levels, but was not signiﬁcantly diﬀerent
from rmTBI+vehicle groups (Suppl. Fig. 11e). Together, these data
suggest H3R antagonists that induce OPC diﬀerentiation and remyelination are insuﬃcient to repair white matter lesions caused by
rmTBI, at least at the stage of disease modeled here.

the tau transgene.
Furthermore, Seo et al. identiﬁed 10 downregulated genes related to
tau phosphatases in human CTE that were hypothesized to be CTE
progression genes (Seo et al., 2017). These genes were signiﬁcantly
downregulated by rmTBI in ONT of both WT and Tau58.4 mice, suggesting some overlap in the transcriptional signatures of our injury
model to key CTE modules (Fig. 6d).
3.6. Myelination-promoting compounds activated OPC diﬀerentiation but
did not repair histopathologic lesions
Since histology and gene expression analysis both implicate demyelination as a pathological feature of rmTBI, we wanted to determine
whether induction of remyelination could alter the pathology in
Tau58.4 mice. We tested GSK239512, a histamine receptor H3 (H3R)
antagonist, because of its reported eﬃcacy for remyelinating lesions in
relapsing-remitting multiple sclerosis (Chen et al., 2017; Schwartzbach
et al., 2017). To ﬁrst demonstrate in vitro eﬃcacy, OPCs treated with
10 μM GSK239512 demonstrated a 50% increase in MBP staining vs
DMSO (Suppl. Fig. 11a), which signiﬁes an ability to cause OPC differentiation into mature oligodendrocytes.
Oral dosing of GSK239512 (10mpk b.i.d. in 0.5%MC, 0.1%Tween
80) for 1mo, starting 3 days post-rmTBI, showed an increase in Mog
gene expression vs rmTBI, and brought Mbp and Gpr37 expression in
ONT to sham levels (Fig. 7a). However, GSK239512 treated mice
showed no change in the presence of demyelinated ON lesions by

3.7. Mice lacking T-cells show white matter neuroinﬂammation with fewer
lesions
Due to the lack of remyelination eﬃcacy with GSK239512 in vivo,
we hypothesized that the chronic neuroinﬂammatory environment of
monocytes, microglia, and/or T-cells in white matter tracts exacerbated

Fig. 7. Remyelination-inducing compound failed to repair demyelinated lesions of injured Tau58.4 mice.
a) Quantiﬁcation of gene expression of several myelin related genes and inﬂammation genes by qPCR. Itgax and CD8a were plotted by CT values due to their low
detection threshold, which leads to high variability when normalized to 36B4. n = 6/group. b) Representative images of ON stained with LFB and CD3 from sham,
rmTBI, and rmTBI+GSK239512 (GSK) treated Tau58.4 mice. Scale bar: 250 μm. c) Quantiﬁcation of LFB and CD3 staining data in the ON and ON lesions of sham,
injured, and GSK treated mice. d) Quantiﬁcation of cellularity in the ON. e) Quantiﬁcation of the proportion of Olig2-positive nuclei in the ON across the whole nerve
and around the lesions in rmTBI-exposed mice. f) Representative images of Olig2 staining in the ON with diﬀerent conditions. Scale bar: 100 μm.
Bar graph and error bars indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs shams. #p < .05; ##p < .01 vs rmTBI or rmTBI
lesion. P-values generated by one-way ANOVA with Tukey post-test.
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Fig. 8. R2G2 immune deﬁcient mice show blunted optic nerve demyelination without aﬀecting myeloid cell inﬁltration.
a) Quantiﬁcation of GFAP in brain and ON in R2G2 mice. n = 6 sham, n = 9 rmTBI. b) Quantiﬁcation of Iba1 in brain regions and ON Tmem119. c) Quantiﬁcation of
cellularity as nuclei counts/mm2 in several white matter regions. d) Quantiﬁcation of LFB myelin staining in ON and lesions in samples that showed evidence for
lesions (n = 7). e) Representative images of LFB, MBP, and Iba1 staining in sham and rmTBI exposed R2G2 mice. Scale bar: 250 μm. f) Image of an inﬂammatory
“lesion” without signiﬁcant loss of MBP. Scale bar: 100 μm. g) Quantiﬁcation of gene expression for myelin related genes and Gfap vs average sham levels. h)
Quantiﬁcation of gene expression for myeloid cell related genes.
Bar graph and error bars indicate mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 vs shams.
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due to widespread brain damage as opposed to a region-speciﬁc eﬀect.
Most importantly, CTE is deﬁned by progressive neurodegeneration and
inﬂammation of grey and white matter with accompanying increase of
phosphor-tau burden (McKee et al., 2015). Although rmTBI did not
induce or accelerate tauopathy in our model, it is clear that the human
Tau transgene contributed to the progressive chronic outcomes of
rmTBI. Thus, comparisons between WT and human Tau-overexpressing
mice are useful to better bridge the understanding of how human Tau
can contribute to disease pathogenesis and improve rodent model relevance.
Complementing our study with Tau-overexpressing mice, studies
using Tau-knockouts have shown allelic dose-dependent protective
trends for CC axonopathy following 2-hit rmTBI (Cheng et al., 2014).
This comparison is important because rmTBI did not induce any tauopathy in WT mice, which could account for the relatively attenuated
rmTBI histopathology. In the literature, there is inconsistency for rmTBI
to induce tauopathy in rodents, especially in a C57BL/6 background
(Yoshiyama et al., 2005; Mannix et al., 2013; Mouzon et al., 2014;
Kalish and Whalen, 2016; Mouzon et al., 2017). Several studies have
reported induction of phosphor-tau in rmTBI-exposed WT mice using
the AT8 antibody utilized in the current study (Petraglia et al., 2014;
Luo et al., 2014; Kondo et al., 2015). However, AT8 has been reported
to have high non-speciﬁcity (Petry et al., 2014), so caution must be
taken when making interpretations without cross-validation using other
tau antibodies recognizing diﬀerent epitopes. We cannot discount the
possibility that our model may induce other epitopes of phosphorylated
tau such as cis-P-tau, which is an early driver of neurodegeneration in
rmTBI (Kondo et al., 2015). It is also notable that TBI models such as
lateral ﬂuid percussion have resulted in tauopathy and white matter
injury in other mammalian species like rats and pigs (Tan et al., 2016;
Wright et al., 2017; Smith et al., 1999). This adds conﬁdence that white
matter and axonal injury mechanisms manifest similarly amongst
mammals but that tauopathy may vary between modelling species and
injury type or severity. From this context, it is possible that our rmTBI
in the current paradigm did not have suﬃcient biomechanics to induce
tauopathy.
Notably, we have identiﬁed chronic myeloid and T-cell inﬁltration
into the ONT that does not subside by 3mo. This is in contrast to microarray studies of a histopathologically similar optic nerve crush
model where gene expression changes in the ON were largely attenuated by 3mo (Qu and Jakobs, 2013). While the role of microglia has
been characterized in human CTE (Makinde et al., 2017; Cherry et al.,
2016; Lucke-Wold et al., 2014; Coughlin et al., 2017), the role of peripheral macrophages and T-cells is unknown. A recent study reported a
positive correlation between CD8 T-cell presence and human CTE
progression with concomitant negative correlation with CC thickness
(Huber et al., 2018). This would correspond with our gene expression
detection of CD8 and evidence of CC thinning in ONT of injured
Tau58.4 mice, adding a new angle to study CTE pathogenesis. Speciﬁcally, in injured mice, we observed many CD3 T-cells and Iba1-expressing myeloid cells in the choroid plexus, a known immune-brain
gateway during neuroinﬂammation (Wilson et al., 2010; Schwartz and
Baruch, 2014), adjacent to aﬀected white matter tracts. We surmise that
the initial injury leads to transient BBB impairment in the ONT that
permits an inﬂux of peripheral immune cells into the white matter. The
injury may also activate the choroid plexus via cytokines such as Tnfα
(Schwerk et al., 2010) that enables further transmigration of peripheral
cells into the brain. This is supported by the transient increase in ON
lesion IgG at 1d to 1mo post-rmTBI, followed by upregulated of cellular
adhesion genes like vcam1, which are known to increase choroid plexus
traﬃcking (Meeker et al., 2012).
Once in the injured ON, the inﬁltrating immune cells likely become
tissue resident and may contribute to the increased detection of Ki67+
dividing cells and scarring. Rapid acceleration-deceleration shear forces
such as those present in our TBI model will lead to diﬀuse axonal injury
(Namjoshi et al., 2014; Xu et al., 2016; Evanson et al., 2018; Tzekov

lesions and are prohibitive for repair. As T-cell activation was one of the
most enriched GO terms by rmTBI, we utilized Rag2-Il2rg double
knockout mice (R2G2), which lack lymphocytes (Shinkai et al., 1992),
to test the role of T-cells in rmTBI-mediated lesion formation in the ON.
We ﬁrst conﬁrmed the lack of lymphocytes and assessed the general
leukocyte frequencies in R2G2 vs Tau58.4 mice by mass cytometry at
1mo post-injury. R2G2 mice show leukopenia as they only have 10%
leukocyte counts vs Tau58.4 mice (Suppl. Fig. 12a). There was no eﬀect
of rmTBI on any peripheral leukocyte populations in R2G2 or in
Tau58.4 mice (Suppl. Fig. 12b).
Despite the lack of T-cell lymphocytes, rmTBI still resulted in signiﬁcant neuroinﬂammation of the ONT at 1mo with increases in Iba1expressing myeloid cells, GFAP astrocytes, cellularity, and loss of
Tmem119-expressing homeostatic microglia (Fig. 8a-c). However, there
was not a signiﬁcant loss of myelin by LFB and MBP staining (Fig. 8d,e).
Distinct demyelinated lesions were only detected in ON of 2/9 R2G2
mice, while inﬂammatory lesions characterized by regions of disrupted
nuclei and inﬂammatory cells were detected in 7/9 mice (Fig. 8d-f).
Despite the attenuated myelin loss by histology, gene expression analysis of the ONT revealed similar patterns to what was observed in WT
and Tau58.4 mice. The myelin-related genes Mog, Mbp, Gpr37, and Id2
were decreased by about 40%, while Gfap and Gpr17 were increased
(Fig. 8g). Curiously, although myeloid cells were increased in the ON,
Csf1, a cytokine, and Csf1r, a myeloid cell marker that was upregulated
post-injury in both WT and Tau58.4 mice, were unchanged in injured
R2G2 ONT compared to shams (Fig. 8h). This could indicate an alteration of myeloid cell signaling in R2G2 mice due to lack of lymphocytes. Overall, this data suggests that T-cells may contribute to
chronic white matter injury and myeloid cell signaling during rmTBI.
4. Discussion
In this study, we explore a model of rmTBI that results in initial
white matter inﬂammation, which progresses to chronic demyelination,
neuroinﬂammation, and neurodegeneration with tau-overexpression.
By performing histology and transcriptomic analysis on the white
matter, we were able to identify interesting immune-related pathways
and downregulated myelination, neurite development, and protein
processing pathways associated with CTE. Our results demonstrate that
a single impact is insuﬃcient to induce chronic injury, and that human
tau-overexpression exacerbates rmTBI pathology from 1mo to 3mo
post-injury. The exacerbation of neuroinﬂammation has important
implications for the brain's potential to repair damaged axons and white
matter lesions (Kou and VandeVord, 2014).
Overall, these facets of our model share similarities to human CTE,
where repetitive hits to the head are necessary for pathogenesis that
results in chronic progressive neuroinﬂammation and degeneration
over the span of decades. Several clinical studies on human concussion
patients have used diﬀusion tensor imaging (DTI) to establish a link
between impact-injury and acute white matter microstructural changes
that correlate to behavioral alterations (Hellstrøm et al., 2017; Mustaﬁ
et al., 2018; Lancaster et al., 2018). These human studies of acute responses to mild TBI demonstrate that similarly to what was observed in
our model, white matter tracts are amongst the earliest regions to be
aﬀected by injury and can contribute to CTE pathogenesis. Evidence
from deceased CTE-diagnosed patients validate this claim, as even in
Stage I CTE, clusters of reactive microglia are found in white matter
with axonal swellings (McKee et al., 2015), comparable to what is seen
in the CC and ONT of our mouse model. Evidence from early CTE cases
suggests that pathology begins in the perivascular regions of the cerebral sulci, which can include both white and grey matter (Stein et al.,
2014; McKee et al., 2015). While mice do not have comparable cerebral
sulci, it is notable that our model shows neuroinﬂammation in the SC,
which lies beneath the sulci-like transverse ﬁssure. Pertinently, the
white matter tracts of the SC and visual pathway are also aﬀected in
CTE (Armstrong, 2018; Armstrong et al., 2017), although this is likely
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in the injured Tau58.4, but not WT, ONT. This diﬀerence may contribute to the relative attenuation of responses in WT mice. The loss of
TMEM119 staining in the injured ON lesions implies a conversion of
homeostatic microglia into activated phagocytic microglia, and that the
majority of Iba1-expressing cells have peripheral myeloid origins. This
loss of TMEM119 around lesion sites has been described in demyelinating diseases such as MS (Zrzavy et al., 2017; Satoh et al., 2016). This
is indicative of a local inﬂammatory environment that is damaging to
neuronal survival and repair.
While rmTBI in both WT and Tau58.4 mice resulted in upregulation
of inﬂammatory signatures and downregulation of cholesterol biosynthesis signatures, only Tau58.4 mice showed downregulated signatures of axonogenesis, synapse organization, and dendrite development pathways (Suppl. Fig. 7). Additionally, because Tau58.4 mice will
naturally develop progressive tauopathy with concomitant neuroinﬂammation (van Eersel et al., 2015), there are diﬀerent baseline eﬀects
at play that may alter rmTBI responses. However, even after controlling
for these diﬀerences in baseline, Tau58.4 mice show exacerbated and
progressive inﬂammation across both white matter and grey matter
after rmTBI that is not observed in WT mice (Supp Figs. 2 & 5). Thus,
we hypothesize that there are fundamental diﬀerences in the neurites
with human P301S Tau mutation that make them more susceptible to
traumatic axonal injury and cellular stress after rmTBI, which can lead
to more axonal swelling, myelin debris, apoptosis, and an exacerbated
inﬂammatory response. The ensuing deposition of phosphor-tau positive neurons in the cortex or hippocampus are also more sensitive to
injury and activate local microglia, which eventually leads to a chronic
neuroinﬂammatory and neurodegenerative state. These factors are not
present in WT mice, hence the attenuated response.
To further demonstrate human relevance, we compared diﬀerentially expressed genes in our study to published data of human AD and
CTE. The most important diﬀerences between our data and human
patient data are the species and tissues compared. Our reference human
transcriptomic studies have been conducted primarily in cortical tissue,
with large variabilities in sample age and number of concussions

et al., 2016), characterized by axonal beading and broken myelin
fragments. These myelin fragments may be phagocytosed by microglia
and macrophages over the course of Wallerian degeneration of the injured retinal ganglion axons in the ON (Hirata and Kawabuchi, 2002;
Neumann et al., 2009; Kopper and Gensel, 2018). T-cells then may be
activated by these microglia, macrophages, and other antigen presenting cells that are present at the lesion (Nizamutdinov and Shapiro,
2017; Schetters et al., 2018). While it is unclear whether the lesionassociated T-cells in our model are autoreactive to antigens like myelin,
autoreactive T-cells to CNS antigens have been recovered from TBI
patients (Cox et al., 2006). Similarly, in a model of ON crush, T cells
were also found to accumulate in the injured ON regardless of antigenic
speciﬁcity to MBP (Hirschberg et al., 1998). In this study, we saw
evidence of CD8 T-cell gene expression at 1mo post-injury in both WT
and Tau58.4 mice, which may reﬂect active cell killing (i.e. of oligodendrocytes and neurons) and exacerbated cytokine secretion leading
to a positive feedback loop for more leukocyte inﬁltration. Furthermore, the observation that injured Tau58.4 mice had increased OPC
gene signatures and decreased mature oligodendrocyte signatures
suggests possible impairment of OPC diﬀerentiation or maturation at
the lesion site due to the local cellular and inﬂammatory environment.
It is also noteworthy that Tau58.4 mice had larger decreases in myelinating oligodendrocyte gene signatures than WT mice in the ONT,
even at baseline. In fact, Tau58.4 mice have been reported to show
hypomyelination in other white matter nerve tracts such as the sciatic
nerve by 12mo of age (Yin et al., 2017). Although our data does not
suggest hypomyelination in Tau58.4 vs WT shams at the age of sacriﬁce
(~4-5mo), this age-dependent nerve hypomyelination in Tau58.4 mice
could be a potential sensitizer to rmTBI damage. This mechanism of
rmTBI-mediated injury is schematically summarized in Fig. 9.
In addition to alterations of oligodendroglia, there were also
changes to glial homeostasis as we saw a loss of microglial TMEM119
and an increase of reactive astrocyte signatures in the ONT. Reactive
“A1” astrocytes are neurotoxic and can be induced by microglial C1q,
Tnfα, and Il1α (Liddelow et al., 2017). These factors were all increased

Fig. 9. Schematic summary of rmTBI mediated white matter damage.
rmTBI can lead to acute injury described in steps 1–4, where shear forces damage axons and myelin in white matter tracts such as the ONT. Impacts to the top of the
head could lead to more exacerbated movement and injury of the ON due to its anatomical location under the brain. Many inﬁltrating cells become resident and
continue to propagate inﬂammatory signaling and injury, leading to chronic inﬂammation, degeneration and demyelination over time (shown in steps 5–6). Tau58.4
mice are more prone to these processes.
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subtle changes in CC that we were unable to detect in WT mice via
histopathology. Lastly, an important limitation of the current study is
the lack of behavioral testing. Behavioral testing is an important functional readout for TBI models and can provide insights to subtle
memory, cognitive, and motor deﬁcits that may be applicable to how
humans develop neurobehavioral issues post-TBI. Future studies are
needed to document the neurobehavioral sequalae of disease in our
model.

experienced (Zhang et al., 2013; Seo et al., 2017). Despite these important distinctions, we saw associations with AD in our dataset, driven
by changes in immune and adhesion-related gene pathways. While we
did not see the same degree of association of our data to human CTE,
human brains are gyrencephalic with many folds, while mouse brains
are lissencephalic without folds. The presence of gyri and sulci in
human brains is hypothesized to play a major role in development of
CTE, as experimental and computational models suggest that brain
sulcal depths are most vulnerable to the biomechanics of TBI events
(McKee et al., 2015; Kornguth et al., 2017). Despite this, our data show
similarities to key CTE module hubs where tauopathy sensitizes rmTBI
damage through alterations of protein processing (Suppl. Fig). Tau
phosphatases such as calcineurin-associated Ppp3ca were consistently
decreased with rmTBI in Tau58.4 mice and may reﬂect similar pathology. Of interest, these protein phosphatases are also associated with
neuroﬁbrillary tangle formation and AD progression (Braithwaite et al.,
2013). Overall, our data show important overlaps with human neurodegenerative disease.
Based on the model characterization ﬁndings, we attempted to
modulate pathology by inducing remyelination and by genetic-based
immunosuppression. We tested an H3R antagonist for remyelination
because it had shown some eﬃcacy in human MS trials (Schwartzbach
et al., 2017) and reduced tauopathy in a transgenic mouse model following chronic dosing (Delay-Goyet et al., 2016). Despite this, our data
showed no evidence that 1mo oral dosing of GSK239512 altered the
course of tauopathy, which could be due to the relative short timeframe
of treatment. In addition, GSK239512 showed no eﬀect on improving
myelination, inﬂammation, and axonal degeneration despite increasing
OLIG2+ cell counts at lesions and restoring Mbp + Mog gene expression to sham levels in the ONT (Fig. 7a,e). This suggests that
GSK239512 may promote OPC diﬀerentiation into MBP-expressing
oligodendrocytes across the ONT, but not at the lesion. However, there
is also the possibility that axonal degeneration is too severe and that
there is insuﬃcient material to remyelinate by the time compound
dosing begins.
Finally, from our histology and expression proﬁling data, we hypothesized that T-cells may play a signiﬁcant role in traumatic demyelination and the failure of lesion remyelination. Literature reports
of T-cell deﬁcient mice undergoing diﬀerent models of TBI have shown
contrasting results from protection to exacerbation to no eﬀect (Gold
et al., 2018; Alonso-Escalante et al., 2017; Weckbach et al., 2012).
While our data suggests that T-cells do not signiﬁcantly aﬀect neuropathology, the attenuated Csf1r induction in injured R2G2 mice is interesting because it suggests that T-cells may play a role in secreting
cytokines like Csf1 that can promote myeloid cell survival and activation (Zisman et al., 1993). In an immune-competent mouse, the T-cells
that become resident after injury may signal to these inﬁltrating myeloid cells and macrophages for chronic recruitment and continued
phagocytosis of myelin debris and cells, which leads to larger demyelinated lesions over time (Suppl. Fig. 5e). This dynamic may account for
the attenuation of demyelinated lesions in injured R2G2 mice at 1mo.
There are several limitations and caveats to our study. Most importantly in mice, 1-3mo post-injury as assessed in the current study is a
relatively short timeframe compared to the decades CTE takes to develop in humans. No conclusions can be made as to whether tauopathy
may develop or accelerate at later time points. Regardless, our model
should be viewed as an eﬀective tool to better understand the pathogenesis of chronic rmTBI diseases such as CTE. Additionally, a common
observation in other comparable rmTBI models that was not observed
here is the presence of CC damage for WT mice (Petraglia et al., 2014;
Ojo et al., 2016; Tagge et al., 2018; Namjoshi et al., 2014). We suspect
our model is milder as we do not anesthetize and stabilize the mice
head in ear bars prior to impacts. The ear bars may prevent the head
from moving during impact and increase the pressure felt by the brain,
leading to more severe injury. We also cannot discount the possibility
that tools such as MRI or diﬀusion tensor imaging may be able to detect

5. Conclusions
We have a developed a simple-to-execute, reproducible rodent
model of rmTBI that argues for the usage of human Tau transgenic mice
in future studies for their increased relevance to human CTE. While
rmTBI resulted in white matter damage and demyelination in all models
tested, only Tau58.4 mice showed evidence for progressive neuroinﬂammation, neuronal loss, and grey matter damage, which are all key
components of human CTE. Ultimately, this study provides a useful
model in which therapeutic modalities can be tested to help identify
possible pathways that can improve CTE outcomes, especially concerning white matter damage. Future studies will be conducted to study
the alterations of neuronal responses in Tau58.4 mice, with emphasis
on neuroprotection post-rmTBI and resolution of chronic neuroinﬂammation.
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