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Abstract

In humans, the majority of sustained traumatic brain injuries (TBIs) are classified as ‘mild’ and
most often a result of a closed head injury (CHI). The effects of a non-penetrating CHI are not
benign and may lead to chronic pathology and behavioral dysfunction, which could be worsened
by repeated head injury. Clinical-neuropathological correlation studies provide evidence that
conversion of tau into abnormally phosphorylated proteotoxic intermediates (p-tau) could be part
of the pathophysiology triggered by a single TBI and enhanced by repeated TBIs. However, the
link between p-tau and CHI in rodents remains controversial. To address this question
experimentally, we induced a single CHI or two CHIs to WT or rTg4510 mice. We found that 2x
CHI increased tau phosphorylation in WT mice and rTg4510 mice. Behavioral characterization in
WT mice found chronic deficits in the radial arm water maze in 2x CHI mice that had partially
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resolved in the 1x CHI mice. Moreover, using Manganese-Enhanced Magnetic Resonance Imaging
with R1 mapping — a novel functional neuroimaging technique — we found greater deficits in the
rTg4510 mice following 2x CHI compared to 1x CHI. To integrate our findings with prior work in
the field, we conducted a systematic review of rodent mild repetitive CHI studies. Following
Prisma guidelines, we identified 25 original peer-reviewed papers. Results from our experiments,
as well as our systematic review, provide compelling evidence that tau phosphorylation is modified
by experimental mild TBI studies; however, changes in p-tau levels are not universally reported.
Together, our results provide evidence that repetitive TBIs can result in worse and more persistent
neurological deficits compared to a single TBI, but the direct link between the worsened outcome
and elevated p-tau could not be established.
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concussion; CTE; neurodegeneration; rodent behavior; tau; TBI

Introduction

Epidemiological evidence suggests that a single TBI may hasten the onset of
neurodegenerative disorders and dementia, with as much as a 60% greater risk of developing
dementia following a TBI compared with age-matched individuals with no history of TBI
(Barnes et al., 2014). A conservative estimate for the number of Americans that suffer a mild
TBI each year is 1.5 million, with mild TBI accounting for at least 75% of all TBIs (CDC,
2003; Faul et al., 2010). While not all blows to the head lead to neurodegeneration, evidence
suggests that a mild TBI can result in progressive brain atrophy and persistent cognitive
dysfunction (Gardner and Yaffe, 2015; Rabinowitz et al., 2015). Moreover, individuals who
suffer a TBI are often at risk for multiple head injuries: because of hobbies, occupation, age,
or medication use. Therefore, understanding the vulnerability of the brain to single vs.
repetitive non-penetrating closed head injury (CHI) is vital for mitigating the enhanced risk
for developing dementia associated with a TBI.

Abnormal tau hyperphosphorylation and aggregation is a pathological feature of TBI in
athletes, military personnel, and aged individuals (Abisambra and Scheff, 2014). This
suggests that conversion of tau into abnormally phosphorylated proteotoxic intermediates is
a secondary event triggered by a single TBI and enhanced by repeated TBIs. TBI-related
changes in tau mimic many aspects of those seen in Alzheimer’s diease (Abisambra and
Scheff, 2014). In TBI, intracellular tau aggregates develop and progress over time; this
feature is shared by at least 24 neurodegenerative disorders collectively termed tauopathies.
In fact, much like other neurodegenerative disorders of tau aggregation such as AD,
progressive supranuclear palsy, and frontotemporal dementia, small aggregates of
hyperphosphorylated tau emerge early in the disease process and increase in size over time
until they appear as NFTs (Abisambra and Scheff, 2014; Braak and Braak, 1991).
Epidemiological and clinical-pathological correlation studies support the involvement of tau
in the neuropathological changes following single and repetitive CHI, yet how CHI induces
the conversion of tau into abnormally phosphorylated proteotoxic intermediates remains
controversial (Bolton-Hall et al., 2019; Ojo et al., 2016b; Wojnarowicz et al., 2017).
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Therefore, we sought to test the hypothesis that two CHIs would induce worse phenotypic
deficits than a single CHI, and that the increased phenotype seen after a 2x CHI would
correspond to greater p-tau in the animals. To test this hypothesis, we used WT mice and the
rTg4510 tauopathy mouse model.

Collectively, our current findings demonstrate that repeated CHI significantly increases
phosphorylated tau (p-tau) species in the injured cortex of WT mice subacutely. Repeated
CHI did not grossly exaggerate cognitive dysfunction at 14d post-injury (p.i.) compared to
single injury; however, at 30d p.i., 2x CHI WT mice exhibited persistent cognitive deficits
associated with learning and memory retention. Utilizing the same injury paradigm, we
observed a robust decrease in MEMRI AR1 functional imaging in pre-pathological 2x CHI
rTg4510 mice, relative to the single CHI cohort, suggesting abnormal voltage-gated calcium
response to repeated trauma (Antkowiak et al., 2012; Fontaine et al., 2017; Vandsburger et
al., 2012). Similar to our findings in WT mice, our data demonstrate that 2x CHI rTg4510
mice had increased p-tau; however, these changes were not significantly different from
single CHI rTg4510 mice. Overall, our data demonstrate the increased susceptibility in
terms of dysfunctional outcomes of the brain to repeated trauma. Our results, together with a
systematic review of rodent mild repetitive CHI studies, found only modest evidence for
abnormal tau species as a critical interaction point for the worse phenotype seen following
repetitive vs. single CHI.

Methods and Materials

Animals:

All procedures were approved by the Institutional Animal Care and Use Committee of the
University of Kentucky, and studies were conducted in accordance with the standards of
proper experimentation in the Guide for the Care and Use of Laboratory Animals and
ARRIVE guidelines. Experiments used either 4-month-old C57BL/6J mice or 2-month-old
rTg4510 mice. Experiments included an equal ratio of male and female mice for all
endpoints. Data for both sexes were combined after observing no differences between the
responses of male and female mice tested. However, the study was not statistically powered
to assess sex differences; thus, we cannot conclude that sex differences did not affect our
results. The number of mice used for each endpoint is shown in the figure legend. One
mouse died from apnea after the 2nd CHI surgery, and one mouse was excluded because of
poor healing of the surgical incision; both mice were from the 2x CHI group (1d) in Figure
1. No other mice died or were excluded from the study. Mice were randomized and assigned
groups before the start of the experiment. The study was completed with multiple batches of
mice using a block experimental design, with each batch including all experimental groups
and the order of the group was randomized for each block so that the order of sham and CHI
surgery varied for each cage. Each cage of mice included more than one experimental group.
Each subject was given a unique identification number, which does not identify the
experimental group. The persons conducting the endpoint analysis were blinded to the
treatment conditions.
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Closed head injury (CHI):

The CHI model was performed as previously described (Bachstetter et al., 2015; Webster et
al., 2015). Briefly, mice were anesthetized with isoflurane (3-5%). The head was stabilized
in a stereotaxic frame before a sagittal midline incision was made. A 1ml latex pipette bulb
filled with water was placed under the head. The stereotaxic electromagnetic impactor used
a 5.0mm flat steel tip (Leica Biosystems). It delivered a closed-skull midline impact
(coordinates: mediolateral, 0.0mm; anteroposterior, 1.5mm) 1.0mm deep with a controlled
velocity (5.0£0.2m/s) and a dwell time of (100ms). Sham mice received the incision, but not
the impact. At time 0, all mice received a sham or CHI surgery. At 24h or 168h after the first
surgery, the mice underwent a second sham or CHI surgery.

Nesting Behavior:

The nesting test followed established protocols as previously described (Webster et al.,
2015). Briefly, a 5cm x 5¢cm pressed cotton square was added to the cage between 4-5pm.
After 15-16h, two observers blind to the experimental conditions scored the quality of the
nest following a semi-quantitative 5-point scale (1: >90% of nestlet intact; 2: 50-90% of
nestlet intact; 3: 10-50% of nestlet intact but no identifiable nest site; 4: <10% of nestlet
intact, nest is identifiable but flat; 5: <10% of nestlet intact, nest is identifiable with walls
higher than the mouse body).

Running wheel behavior:

The running wheel assay followed our previously described protocol (Webster et al., 2015).
Briefly, at 12-14h following the CHI or sham injury, the mice were introduced into the
running wheels (Lafayette Instruments; Lafayette, IN) and data was recorded for 5 days.
Computerized counting software (Lafayette Instruments; Lafayette, IN) automatically
recorded the total distance run each hour by each animal, and the 1-hour blocks were
combined into 1d blocks.

Radial Arm Water Maze (RAWM) behavior:

The six-arm RAWM followed the well-established protocol, as previously described
(Bachstetter et al., 2015; Webster et al., 2015). Briefly, in block 1 (first 6 trials) and block 2
(6 trials), mice were trained to identify the platform location by alternating between a visible
and a hidden platform (3 hidden platform trials and 3 visible platform trials for each block).
Block 3 (3 trials) used only a hidden platform. The next one or two day, mice were tested in
3 blocks of 5 trials each (blocks 4-6; 15 total trials), all using only a hidden platform. Data
are presented as the average errors per block during the hidden platform trials. RAWM
performance was recorded and scored using EthoVision XT 8.0 video tracking software
(Noldus Information Technology).

Brain tissue harvesting, biochemical endpoints:

Mice were deep anesthetized with 5% isoflurane prior to transcardial perfusion with ice-cold
PBS for 5 min. The brains were rapidly removed, dissected, processed, and archived for
subsequent biochemical analysis as previously described (Webster et al., 2015). Brain
homogenates for tau levels were made as previously described (Webster et al., 2015). Levels
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of p-Thr231 and total tau were measured by V-Plex ELISA from Meso Scale Discovery
(MSD) according to the manufacturer’s instructions. Western blots were performed as
previously described with minor modifications (Koren et al., 2019; Meier et al., 2015).
Briefly, protein levels were first determined by BCA. Western blotting was performed with
SDS-PAGE using 10% tris-glycine gels (Biorad). Samples were then transferred onto
polyvinylidene difluoride (PVDF) membrane. Following a 1 hour block in 5% milk in tris-
buffered saline (TBS), blots were incubated with primary antibody in 5% milk/TBS
overnight. The following day, blots were washed in TBS, incubated with horseradish
peroxidase-labeled secondary antibody (ThermoFisher) for one hour, washed again, and then
exposed using West Pico Plus chemiluminescent substrate (ThermoFisher) on the Amersham
680 Imager. Stripping of blots in between probes was performed with incubations in 0.5 M
sodium hydroxide for 15 minutes followed by TBS washes. In this fashion, PHF1 (abcam),
H150 (Santa Cruz), and Actin (Santa Cruz) antibodies were all serially applied to the same
membrane. Western blot images were analyzed using imageJ software.

Magnetic Resonance (MR) Imaging:

MR imaging was performed in the University of Kentucky Magnetic Resonance Imaging
and Spectroscopy Center (MRISC) on a 7-Tesla Clinscan scanner (Bruker, Billerica, MA,
USA) using a cylindrical volume coil for excitation and a cryocoil for detection as
previously described (Fontaine et al., 2017). Briefly, manganese chloride (MnCI2, 30 mM)
prepared in saline was delivered to mice via intraperitoneal injection (66 mg/kg). Imaging
was performed before the injection of MnCI2 (baseline) and repeated at 6 hours after
injection. During the imaging, mice were anesthetized using isoflurane, and vital signs (core
temperature and respirations) were monitored. Look-Locker imaging was performed
following nonselective spin inversion in one slice of the brain containing large regions of
hippocampus. Fifty images were acquired following inversion with image spacing of 100 ms
(total sequence repetition time of 5s) to fully sample the T1 relaxation curve. Additional
image parameters included TR/TE = 5500/1.9, Matrix = 128 x 128, number of averages = 3,
field of view = 17 mm x 17 mm x 0.7 mm. T2-weighted images were acquired covering the
entire brain (excluding the cerebellum and olfactory bulb) using a turbo-spin echo sequence
with TR/TE = 3360/42, Slices = 21, Matrix = 448 x 336, number of averages = 2, field of
view = 25 mm x 25 mm x 0.5 mm. The imaging procedures for scanning a mouse were
completed in 45 minutes.

MR data analysis:

Image mapping and analysis were performed in MATLAB (Mathworks, Natick, MA, USA).
Images from the Look-Locker series were used to reconstruct voxel-by-voxel signal
relaxation curves which were fit to the equation S(TI) = Sy*(1-e"RY*Th, where S(t)
represents the signal at a given inversion time (TI), S, represents the steady-state signal at
maximal TI, and R1 represents the longitudinal relaxation rate. Regions of interest (dentate
gyrus [DG], cornu ammonis 1 [CAL1], cornu ammonis 3 [CA3], and superior medial cortex
[CTX]) were identified using the Allen Brain Mouse Atlas. Within each, the change in R1
relaxation rates (AR1) before and after MnCI2 exposure was calculated as ARL = Rlgp -

RL paseline
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Statistical Analysis:

JMP Software version 12.0 (SAS institute, Cary, NC, USA) was used for statistical analysis.
A repeated-measures ANOVA was used for RAWM. For all other endpoints, a one-way
ANOVA was used comparing injury groups. If a significant main effect was found, post hoc
analysis was used to compare groups. Differences between mean were considered significant
at a=0.05. Graphs were generated using GraphPad Prism version 7.0. Values are expressed
as mean + SEM, unless otherwise noted. Number of mice used for each endpoint are
indicated in the figure or figure legend.

Systematic review:

Results

Search Criteria: Our search criteria were established to be specific for mild TBI models
caused by a closed head injury (Bodnar et al., 2019). Following guidelines established by
PRISMA (Moher et al., 2009), comprehensive searches (on 5/15/2018) of both PubMed and
Web of Science were conducted using the following keyword search: mild TBI, concussion,
closed head injury, rodent, mice, mouse, or rat; excluding controlled cortical impact, fluid
percussion, or review papers. Using the advanced search tools on PubMed and Web of
Science, we searched both title and abstract with the following Boolean search strategy:
[(((((((rodent) OR rat) OR mouse) OR mice)) AND (((mild TBI) OR concussion) OR closed
head injury))) NOT ((CCI) OR fluid percussion)]. From PubMed, 984 articles were given in
the final results and Web of Science produced 1,336 articles. Both of these lists of articles
were combined, and duplicate references were removed leaving 1,890 articles (Figure 1).
The search was repeated on PubMed on 4/3/19 to identify additional articles published in the
previous year. The following MESH Headings were used in the search [brain concussion,
AND (mice or rats)], resulting in 411 articles.

Inclusion/Exclusion Criteria: Abstracts and titles were screened by CNB to include only
peer-reviewed primary research reports specific for mild, closed head traumatic brain injury
only in rodents. All other types of articles were excluded. Blast injuries were excluded
because although military related blast injuries are a major cause of TBI (DeWitt et al.,
2013), the vast complexity of the different injury models used were beyond the scope of this
review (Courtney and Courtney, 2015).

Characterization of 2-hit CHI model.

A number of repetitive CHI models have been previously reported, with the range between
impacts typically varying between minutes-to-weeks (for review see: (Bolton-Hall et al.,
2019; Ojo et al., 2016b; Wojnarowicz et al., 2017)). To validate a repetitive CHI model in
our hands, we started with only two impacts and selected either a 1 day (d) or 7d interval
between impacts (Fig. 1A). As we did not find a difference between the sham groups with a
1d or 7d interval, or between the single CHI groups with a 1d or 7d interval, those groups
are collapsed into a sham or 1x CHI group, respectively.

Voluntary running wheel behavior was monitored on day 1-5 p.i. to measure a composite
functional outcome that includes variables of motor function, general activity levels, and
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anhedonia (Hibbits et al., 2009; Liebetanz et al., 2007), and thus provides a measure of
overall function after the injury. As shown in Figure 1B, the group with two CHIs separated
by 1d were found to travel significantly less distance in the running wheel, with the 2x CHI
group being statistically different at 1d p.i. compared to sham injured mice (F3 67=3.294;
p=0.0257).

A 2-hit CHI induces alterations in p-tau

A hallmark pathology associated with repetitive TBIs is the accumulation of post-
translationally modified phosphorylated tau protein (Abisambra and Scheff, 2014).
Importantly, elevated levels of phosphorylation of tau at specific epitopes are also seen in
tauopathic neurodegenerative diseases, where it has been shown that these changes correlate
with varying stages of tauopathic disease progression (Augustinack et al., 2002). We sought
to determine if single or repetitive CHI had an effect on phosphorylation and solubility of
tau. As shown in Fig 1C, p-tau levels in the cortex of mice at 7d p.i. were increased in the 2x
CHI groups in the detergent fraction (F3 31=3.294; p=0.0077), whereas there was no
significant change in p-tau levels in the PBS soluble fraction after injury. In addition to
changes in phosphorylated tau levels, the 2x CHI groups showed a significant increase in the
distribution of total tau in the detergent fraction (F3 31=6.119; p=0.0022), and both 2x CHI
groups had less PBS soluble tau than the sham injured group (Fig 1D). As we saw in general
a decrease in the amount of p-tau and total tau in the PBS soluble fraction and an increase in
the PBS insoluble fraction, we determined the ratio of detergent soluble to PBS soluble tau
(Fig 1E). For both p-tau and total tau, we found that the 2x CHI increased the ratio of PBS
insoluble tau to PBS soluble tau. While the trend was similar for both p-tau and total tau, an
overall statistical difference was found only for total tau (F3 30=3.916; p=0.018). Comparing
the ratio of p-tau to total tau, we found a statistical difference in the PBS fraction
(F3.31=3.157; p=0.0385) (Fig 1F).

Repetitive-CHI induces lasting cognitive deficits not seen with a single CHI.

We found only small differences between an inter-injury interval of 1d or 7d; with possibly
the 1d interval showing greater behavioral and tau localization changes compared to the 7d
inter-injury interval (Fig. 1). In addition, we found that re-exposing the skull at the 7d inter-
injury interval required a new scalp incision, as the first incision had closed by 7d post-
surgery, and this second scalp incision was not needed at the 1d inter-injury interval.
Therefore, moving forward with the project, we selected the 1d inter-injury interval for the
rest of the experiments.

We previously reported in WT mice that a single CHI produces robust deficits in the nesting
behavior and the 6-arm radial arm water maze (RAWM), at 1d p.i. and 14d p.i., respectively
(Bachstetter et al., 2015; Webster et al., 2015). As shown in Figure 2A, mice received a
sham or CHI surgery on day 1. Twenty-four hours later, mice received a second sham, the
first CHI, or the second CHI surgery. At 1d after the second surgery, nesting behavior was
measured. Nest-building is a naturalistic mouse behavior, which has components of
thermoregulation, exploration, and is used for camouflage in the wild. We found an overall
effect of injury in the nesting behavioral assay (p=0.0005, Kruskal-Wallis test), with both the
1x CHI and 2x CHI groups building significantly lower quality nests compared to the sham-
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injured group. However, we found no difference between the 1x CHI or 2x CHI groups in
the nesting behavior, suggesting a floor effect in the assay.

At 14d after the second surgery, mice were tested in the 6-arm RAWM. By a repeated
measure ANOVA, we found an overall effect of the CHI (F, 39=18.57; p<0.0001). The group
comparison analysis found that 1x CHI and 2x CHI groups performed more poorly in the
RAWM compared to the sham-injured group (p<0.0001, Tukey test). No difference was
observed between the mice that received a single versus repetitive CHI in the 6-arm RAWM
at 14d p.i. (Fig 2C). The results of the 1x CHI group were in strong agreement with our
previous study showing CHI-induced deficits in the RAWM (Bachstetter et al., 2015;
Webster et al., 2015). The lack of a difference between the 1x and 2x CHI groups again
suggested a floor effect in the assay. As we have previously found in WT mice the CHI-
induced deficits in the 6-arm RAWM are mostly resolved by 30d p.i., we conducted a
second experiment to determine if at 30d p.i. we could see a difference in behavioral
performance between the 1x CHI and 2x CHI groups (Fig. 2D). In addition to the longer
post-injury delay, we added a third day of testing to our RAWM protocol. By a repeated
measure ANOVA, we found an overall effect of the CHI (F, 33=15.41; p<0.0001). We found
that the 2x CHI group performed worse on the RAWM task compared to the sham group
(p<0.0001, Tukey test), and the 1x CHI group (p<0.0042, Tukey test). In agreement with our
previous work (Webster et al.), we found that the 1x CHI mice were able to perform the task
almost as well as sham-injured mice (p=0.076, Tukey test).

Pathologically associated hyperphosphorylated tau is increased by CHI in
2mo rTg4510 mice.—In WT mice, we found changes p-tau at 7d p.i. as well as an
increase in the PBS insoluble tau following a CHI. To directly test the effects of 1x or 2x
CHI in a model predisposed to tauopathy, we used rTg4510 tauopathy mice (Santacruz et al.,
2005). These mice develop aggressive tau pathology in the cortex and hippocampus
beginning around 4 months of age (Ramsden et al., 2005; Santacruz et al., 2005) with
profound changes in whole brain volume by 5.5 months of age (Ramsden et al., 2005). We
chose to injure the rTg4510 mice at 2-months since this age represents a potential tipping
point prior to the robust tau pathology and neurodegeneration. This enabled us to determine
if a 1x CHI or 2x CHI would worsen progression of pathology in these mice (Fig 3A). At 13
days after the second surgery, we found no effect of 1x or 2x CHI on cortex or whole brain
volume as measured by T2 MRI (Fig. 3B-C). Manganese-enhanced magnetic resonance
imaging (MEMRI) is a sensitive /1 vivo neuroimaging method that can provide novel
information about neuronal function and activity (Cloyd et al., 2018; Fontaine et al., 2017;
Saar and Koretsky, 2018). We chose to use MEMRI, instead of other behavior assays,
because of potential confounding behavior phenotypes seen in the rTg4510, including
hyperactivity (Wes et al., 2014). The results of MEMRI revealed an attenuated increase of
52% in cortex R1 rates following MnCI2 infusion in the rTg4510 mice following 2xCHI
compared to sham treated mice (Fig. 3D-E). A decrease in MEMRI-ARL reflects a lower
concentration of manganese accumulation in cells due to lower integrated manganese flux,
and it is thought to correlate with the voltage-gated calcium channel activity (Antkowiak et
al., 2012; Cloyd et al., 2018; Fontaine et al., 2017; Vandsburger et al., 2012). Using MEMRI,
while an indirect measure of brain health, we found that the 2x CHI does have a greater
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effect than a 1x CHI. Future studies will be needed to determine if there is a change in
abundance or activity of the voltage-gated calcium channel following a CHI.

To determine whether MEMRI deficits could be a result of worsened tau-dependent neuron
degeneration we measured by immunoblot the amount of PHF1 (pS396/S404) positive tau,
and total tau. We hypothesized that 2x CHI would enhance tau hyperphosphorylation
compared to 1x CHI, and that increased p-tau levels would correlate with the MEMRI
deficits. We found that compared to sham, 1x CHI (p=0.0496, Tukey test) or 2x CHI
(p=0.0353, Tukey test) increased PHF1 levels in the cortex (Figure 4) (Fp 21=4.402;
p<0.0001). Total tau levels were also increased by 1x CHI or 2x CHI compared to sham
levels; however, the increase was not statistically different. Strikingly, there was no
difference between the 1x CHI or 2x CHI in the amount of PHF1 or total tau. There was no
effect of CHI on the PHF1/total tau ratio. The lack of difference between the 1x CHI or 2x
CHI in the amount of tau pathology suggests that a mechanism independent of direct effects
on increasing p-tau burden must be associated with the differential effects of 1x CHI and 2x
CHI seen by MEMRI.

Discussion

We report here three key findings that deepen the understanding of the role of tau as a
mediator of mechanisms associated with cognitive impairment following repetitive closed
head TBI in mice. First, in support for a role of tau, we found that unlike a single CHI, 2x
CHI was sufficient to increase the amount of p-tau in the detergent-soluble fraction of the
cortex of WT mice. Correspondingly, learning and memory deficits were more persistent in
the 2x CHI compared to the 1x CHI. Second, using the rTg4510 model of tauopathy, we
found that 1x CHI and 2x CHI were both sufficient to increase PBS-soluble PHF1-tau (*p =
0.0496 and p=0.0353, respectively). Interestingly, 2x CHI, but not 1x CHI decreased an
indirect measure of neuronal activity in the form of MEMRI. These results suggest that in a
mouse prone to neuronal degeneration as a result of soluble tau accumulation, repetitive
closed head injuries can worsen neuronal health. Importantly, the relationship between
neuronal function and PBS-soluble PHF1-tau accumulation does not appear to be a linear
one, as MEMRI was only decreased by 2x CHI, but 2x CHI did not induce a further
significant increase in PHF1-tau beyond the increase caused by 1x CHI. This suggests that
while tau may be affected as part of the pathological sequelae following CHI, it is likely not
a reliable biomarker for severity of injury. Neurofibrillary tangles are known to correlate best
with cognitive impairment in Alzheimer’s disease (Braak and Braak, 1991). However,
tauopathy in the absence of amyloid beta plaques, as observed in primary age-related
tauopathy (PART), is seen in most elderly individuals and is often not associated with
profound cognitive changes (Crary et al., 2014); thus, neuronal tauopathy, as seen in PART,
is not sufficient to present clinically with dementia.

Our study is not the first to explore the connection between p-tau and repetitive CHI in
rodents. Therefore, to place our research in context with prior work in the field, and to
understand differences in the common data elements associated with the injury models, we
conducted a systematic review (Fig 5, and Table 1). Using broad search criteria, we
identified over 2000 publications, which were screened for inclusion in our review. From
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this screen, we identified 132 original peer-reviewed publications of repetitive CHI models
in rodents. Twenty five of these measured changes in tau. The primary goals of the review
were to determine: (1) the time course of tau changes induced by repetitive CHI; (2) if there
was a difference between a single vs. repetitive CHI; (3) if there was a difference dependent
on the number of CHIs; and (4) what influence species difference or human tau transgenes
have on tau changes.

We identified 25 studies that were included in our review (Figure 5). In regards to the time
course of tau changes after the injury, there was little consensus with 50% of the studies
greater than 1-week post-injury finding an increase in tau with the CHI. Of the studies that
investigated multiple time points post-injury, only one study did not see an increase in p-tau
at an acute post-injury time point, while finding an increase in p-tau at a chronic post-injury
time point (Corrigan et al., 2017). In contrast, one study found the opposite with only an
acute change and no lasting changes in p-tau after the repetitive CHI (Mei et al., 2018). Most
of the time course studies found that p-tau was consistently not seen or remained elevated at
all the time points investigated (Table 1). Therefore, it is not possible to conclude if the p-tau
changes seen after a repetitive CHI in rodents are progressive or will regress with time.

Next, we searched whether the increase in p-tau was greater following a repetitive CHI vs. a
single CHI. We found that 9 of the 25 papers compared the effects of a single vs. repetitive
CHI. Two studies did not quantify the changes in tau, so it is not possible to determine if
there was a difference between single or repetitive CHI (Luo et al., 2014; Yang et al., 2015).
In agreement with our study here in WT mice, three studies found that repetitive TBI
increased tau levels more than a single TBI (McAteer et al., 2016; Petraglia et al., 2014; Xu
et al., 2015). In contrast, five studies found that a single or repetitive TBI did not increase tau
levels over sham-injured mice (Bolton and Saatman, 2014; Bolton Hall et al., 2016;
Mountney et al., 2017; Mouzon et al., 2014; Xu et al., 2016). In the rTg4510 mice, we did
not find a difference between a single vs. repetitive TBI, which was in contrast to our results
in WT mice. It is possible that because of the aggressive pathology of the rTg4510 mice,
there was a ceiling-effect in the 2x CHI mice. However, the P301S tau mouse line also has
aggressive pathology, and a repetitive CHI increased the p-tau burden in this line compared
to a single CHI (Xu et al., 2015). While there are many differences between the current
study and Xu et al., (2015), one notable difference was the number of impacts. Xu et al.,
(2015), using a weight drop method of CHI, gave up to 12 impacts spaced four days apart,
while we only gave two impacts. Therefore, it is possible that a large degree of pre-existing
pathology is needed to detect differences between single vs. repetitive injury because there is
a higher background of tau pathology associated with the tau transgene mutation. The
increasing number of impacts, however, did not necessarily correspond to increasing
hyperphosphorylated-Tau: even after 30 impacts, 3xTg-AD mice did not present changes in
a comprehensive panel of pathological-associated tau markers (Winston et al., 2016).

An interesting finding that warrants a further investigation is the difference between WT
mice and rats in terms of the likelihood that elevated p-tau would be seen after a repetitive
CHI. While on average fewer than 50% of the studies using WT mice found increased p-tau
after a repetitive TBI, 80% of the studies using WT rats found that repetitive CHI increased
p-tau. The difference between the mice and the rats does not appear to be associated with
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differences in the number of hits, or injury mechanics as similar injury paradigms were used
in both species. Rat tau, unlike mouse tau, is more similar to humans, in that rats express all
six tau isoforms present in humans (Hanes et al., 2009; McMillan et al., 2008), while mice
do not. The presence of six tau human isoforms may not be sufficient to explain the
difference between the rats and mice, as CHI studies using the hTau mouse, which has all six
human tau isoforms, did not consistently find increases in p-tau with the repetitive CHI.

In summary, our results suggest that tau may play a role in the pathogenic mechanisms
leading to cognitive impairment, but the precise link remains unknown. Further studies are
required to elucidate the mechanisms whereby increased p-tau caused by a CHI leads to
pathological neurofibrillary tangles, neuronal loss and cogntive decline.
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Highlights

Chronic cognitive deficits are worsened following repetitive CHIs in WT
mice.

Functional neuroimaging deficits were found in the rTg4510 mice following a
repetitive but not single CHI.

Evidence that p-tau was a driver in the repetitive CHI phenotypes could not be
established.
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Figure 1: Characterization of 2-hit CHI model in WT mice
(A) Graphical summary of the overall experimental design is shown. The white boxes

indicating a sham surgery, with the red boxes indicating a CHI surgery. (B) Mice were tested
in the voluntary running wheel assay and the total distance traveled per day is shown in the
bar graph. At 1d post injury (p.i.) the mice 2x CHI (1d) ran significantly less than the sham
injured mice. *sham vs. 2x CHI (1d) p=0.032. A Mesoscale discovery Elisa was used to
measure p-tau and total tau in a PBS soluble and detergent (TPER) soluble fraction of the
cortex brain homogenate at 7d post injury (C) An increase in detergent soluble p-tau (*sham
vs. 2x CHI (7d) p=0.017), (D) and total tau (**sham vs. 2x CHI (1d) p=0.0027. *sham vs.
2x CHI (7d) p=0.0257) was seen in the 2x CHI groups. (E) A shift in the ratio of detergent
soluble to PBS was found in the 2x CHI groups. (*sham vs. 2x CHI (1d) p=0.045). (F) Ratio
of p-tau to total tau is increased in the PBS soluble fraction (*sham vs. 2x CHI (7d)
p=0.033). Sham n=11, 1x CHI n=12, 2x CHI (1d) n=4, 2x CHI (7d) n=8.
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Figure 2: Cognitive deficit associated with 2-hit CHI model in WT mice
(A) Graphical summary of the overall experimental design is shown. The white boxes

indicate a sham surgery, and the red boxes indicate a CHI surgery. (B) Nesting behavior was
measured at 1d after the second surgery (p.i.). ** p<0.005, compared to sham (Dunn’s
multiple comparisons test). (n=10 per group) (C) The 6-arm radial arm water maze
(RAWM) was run over 2 consecutive days starting at day 14 after the second injury. The
number of entries into arms, without finding the escape platform, was recorded as an error.
** p<0.005, *** p<0.0001 compared to sham (Tukey test). Sham n=15, 1x CHI n=14, 2x
CHI n=14. (D) Graphical summary of the overall experimental design is shown. (E) The 6-
arm RAWM was run over 3 consecutive days starting on day 28 after the second surgery. *
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p<0.05, ** p<0.005, *** p<0.0001 compared to sham (Tukey test). + p<0.05, +;+ p<0.005
compared to 1x CHI (Tukey test). Sham n=14, 1x CHI n=13, 2x CHI n=9.
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Figure 3: Neuroimaging deficit associated with 2-hit CHI model in Tg4510 mice.
(A) Graphical summary of the overall experimental design is shown. The white boxes

indicate a sham surgery, and the red boxes indicate a CHI surgery. (B) representative
example of T2 MR, and (C) quantification of the volume of the cortex in the mice (n= 4 per
group). (D) representative example of the MEMRI, and (E) quantification of the AR1
relaxation rate in the cortex (n=3 per group).

Exp Neurol. Author manuscript; available in PMC 2021 April 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bachstetter et al. Page 20

i B
Sham 1xCHI 2xCHI T 20- * ok
= g 2
psveisis MPHPPNRENNERNRENNaneege 5 5| 5 &
]
5 10{ R
Tota|TauW e & o
.-“-.C....ﬂnﬂ... &8 = 0
ACHn - — - - - - — - —— - — — - — - - - E 0.0- \
AN q;\‘

Figure 4: Effects of 2-hit CHI on p-tau in the Tg4510 mice.
(A) Western blot for PHF1 (pS396/pS404 tau), and total tau in the PBS fraction of cortex

homogenate. (B) Quantification of the PHF1 tau normalized to the actin loading control in
the cortex of the Tg4510 mice. * p<0.05 compared to sham (Tukey test).

Exp Neurol. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Bachstetter et al.

Page 21

(n=25)

Records identified on Records identified
Web of Science & Pubmed on Pubmed
(May, 2018) (April, 2019
(n=1890) (n=411)
Records screened Records
(n=2,301) — | excluded
(n=2,169)
. Full-text articles
Full-text articles excluded
(n=132) measurements
l (n=107)
Studies included in systematic review

(Included ) (Eligibility ) (Screening) [ Identification )

Figure 5: Methods flow chart.

Identification through searches on two separate web-based platforms yielded 2,301 articles.
Abstracts were screened with 2,169 articles excluded. The full-text examination of the

remaining 132, resulted in 107 excluded for not tau protei

n measurements. A total of 25

repetitive mTBI articles that measured tau changes were included in our review.
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Table 1:
systematic review of p-tau in rodent repetitive CHI studies.
Ref Tau Tg Age model # of HI Oh- | 1d- | 1w- | Im- | 3m- | 6m- | Method: tau n=
hits antibody
Rats
(Corrigan et al., n.d. WD 3 5d & Id 1B: AT180, 4-6
2017) T22
(McAteer et al., n.d. WD 3 5d Pt Pt IHC AT180 5-6
2016)
(Mountney et al., n.d. proj 4 1h & IB: pTau202 6-8
2017)
(Thomsen et al., 60d piston 2-5 7d 7* | IHC: AT8 3-8
2017)
(Thomsen et al., n.d. piston 2-5 7d 7 IHC: AT8 4-7
2016) (n.g.)
Mice
(Namjoshi et al., 8w chimera | 2 1d & IB: CP13, 4
2016) RZ3, PHF1
(Namjoshi et al., 9-15m chimera | 2 1d 7 1* & IB: CP13, n.d.
RZ3, PHF1
(Laurer etal., 8-10w piston 2 1d R & IHC: total n.d.
2001) Tau
(Luoetal, 2-3m piston 2 1d & IHC: AT8 n.d.
2014)
Current (this 4m piston 2 1-7d 1+ ELISA: 4-12
study) pTau231
(Zhang et al., 6-10w piston 3 1d 1* 1+ IB: p-tau 6
2015)
(Mei etal., 8w WD 4 1d 1* & IB: pTau231 8
2018)
(Yang et al., 3-4m piston 4 2d 7 1 IHC CP13 n.d.
2015) (n.q.)
(Bolton and 3-4m piston 5 1-2d & & IHC: PHF1 n.d.
Saatman, 2014)
(Bolton Hall et 2-3m piston 5 1-2d & IHC: PHF1 n.d.
al., 2016)
(Mouzon et al., 9-15m piston 5 2d & & ELISA: 4
2014) CP13, RZ3,
PHF1
(Yuetal., 2017) 8w piston 5 1d & IHC: AT8
(Mannix et al., 3m WD 7 1-3d ~ ELISA: pTau 2-6
2013)
(Xu etal., 2016) 5w WD 4-12 | 4d & & IHC: ATS, 4
PHF1, CP13,
Ser422
(Briggs et al., 7-8w WD 30 1-3d 1+ IHC: AT8 2-5
2016)
(Petraglia et al., 12w piston 42 1-3d Pt 1+ r# | IHC: AT8 n.d.
2014)
Current (this rTg4510 | 2m piston 2 1d r* IB: PHF1 7-9
study)
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Ref Tau Tg Age model # of HI Oh- | 1d- | 1w- | Im- | 3m- | 6m- | Method: tau n=
hits antibody

(Xuetal., 2015) | P301S 5w WD 4-12 | 4d po# IHC: Ser-422 | 4
(Ferguson et al., hTau 2m, piston 5 2 & IB: CP13, 4
2017) 11m PHF1
(Ojoetal., hTau 12w piston 24~ 3-4d 7+ | 1B: DA9RZ3, | 6-8
2016a) 32 Tocl
(Tzekov et al., hTau 10-15w | piston 5 2 7 IHC: CP13 n.d.
2016) (n.g.)
(Winston et al., 3xTg 18mo piston 30 1-3d ~ & I1B: AT270, 5-6
2016) AD CP13,

Thr205,

AT8, Taul,

Ser199,

AT180,

PHF1, Ser422

reference (Ref); between hit interval (HI); not defined (n.d.); not quantified (n.q.); immunoblot (IB); immunohistochemistry (IHC); enzyme-linked
immunosorbent assay (ELISA); weight drop (WD)

*
significant compared to sham,

#significant compared to single hit;

1
increased;

not seen, or no change from sham
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