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Abstract

Tau aggregation is a pathological feature of numerous neurodegenerative disorders and has also been shown to occur

under certain conditions of traumatic brain injury (TBI). Currently, no effective treatments exist for the long-term effects

of TBI. In some cases, TBI not only induces cognitive changes immediately post-injury, but also leads to increased

incidence of neurodegeneration later in life. Growing evidence from our lab and others suggests that the oligomeric forms

of tau initiate the onset and spread of neurodegenerative tauopathies. Previously, we have shown increased levels of brain-

derived tau oligomers in autopsy samples from patients diagnosed with Alzheimer’s disease. We have also shown similar

increases in tau oligomers in animal models of neurodegenerative diseases and TBI. In the current study, we evaluated the

presence of tau oligomers in blast-induced TBI. To test the direct impact of TBI-derived tau oligomer toxicity, we isolated

tau oligomers from brains of rats that underwent either a blast- or a fluid percussion injury–induced TBI. Oligomers were

characterized biochemically and morphologically and were then injected into hippocampi of mice overexpressing human

tau (Htau). Mice were cognitively evaluated and brains were collected for immunological analysis after testing. We found

that tau oligomers form as a result of brain injury in two different models of TBI. Additionally, these oligomers

accelerated onset of cognitive deficits when injected into brains of Htau mice. Tau oligomer levels increased in the

hippocampal injection sites and cerebellum, suggesting that tau oligomers may be responsible for seeding the spread of

pathology post-TBI. Our results suggest that tau oligomers play an important role in the toxicity underlying TBI and may

be a viable therapeutic target.
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Introduction

Each year, there are around 1.5 million new cases of traumatic

brain injury (TBI) in the United States. 1 Of these patients,

more than 200,000 require hospitalization, 80,000 are disabled,

and 50,000 die.1 TBI causes nearly $50 billion in medical ex-

penses and lost productivity annually,2 making it one of the major

health care problems in the United States. There are more than

7.73 and 5.3 million4 people living with disabilities from TBI in

the European Union and United States, respectively.5 Thus,

whereas there are approximately 275,000 new hospitalizations for

TBI in the United States annually,6 there are millions of TBI

survivors in the United States and worldwide. In many patients,

even mild TBI is a chronic disease that contributes to neuro-

logical, neuropsychological, and behavioral deficits for years

post-injury.7 Additionally, TBI is a significant risk factor for

subsequent development of dementia,8–10 even in patients with no

post-traumatic cognitive impairments.11

TBI causes neuronal injury through processes that begin on im-

pact and continue for days to months or years post-injury.12–14 There

have been many hypotheses about the causes of this ongoing

injury,14,15 including involvement of tau pathology.16–20 Recently,

we proposed a possible mechanism, based on accumulation and

spreading of a toxic form of tau protein, known as tau oligomers.21 A

large body of research has suggested recently that toxicity of tau

protein in neurodegenerative disorders, such as Alzheimer’s disease
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(AD), does not depend on the fibrillar aggregates, neurofibrillary

tangles, long known to be hallmarks of the disease. Rather, toxicity

begins earlier when functional tau monomer misfolds to form solu-

ble, oligomeric aggregates.22–27 In an earlier study, we reported rapid

increases in levels of phosphorylated tau and tau oligomers that

persisted in the brain for at least 2 weeks after experimental TBI in

nontransgenic rats.21 However, though we showed that TBI corre-

lates with increased tau oligomers, thus far there have been no studies

to directly investigate the impact of tau oligomers derived from TBI

models on toxicity associated with long-term deficits and neurode-

generation.

Therefore, in the present study, we characterized the structure

and toxicity of tau oligomers in a second rodent model of TBI using

an advanced blast simulator (ABS) device that produced a blast

overpressure wave. Additionally, to test the hypothesis that tau

oligomers derived from TBI can induce onset of cognitive im-

pairment and spread of pathology, we isolated tau oligomers from

brains of rats subjected to fluid percussion injury (FPI)-induced

TBI, purified the proteins, and then injected the tau oligomers into

brains of young, cognitively normal mice overexpressing non-

mutated human tau protein (Htau mice).28 Here, we report that

these TBI-harvested tau oligomers induced an accelerated onset of

memory impairment. This finding was supported by our previous

work in which tau oligomers harvested from brains of AD patients

and injected into brains of wild-type (WT) and Htau mice produced

significant memory deficits.26,29 Additionally, we observed in-

creased levels of tau oligomers in multiple brain regions of mice

that had been injected with the TBI-harvested tau oligomers. This

increase in other brain regions may be attributed to seeding and a

prion-like spreading effect of toxic tau oligomers.30

Methods

Animals

This study was conducted in a facility accredited by the Amer-
ican Association for the Accreditation of Laboratory Animal Care,
and all experiments were performed in accord with the National
Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use
Committee of the University of Texas Medical Branch (UTMB;
Galveston, TX). Mice were bred at UTMB free of enrichment to
prevent any effect on behavioral test performance. Mice and rats
were housed at the UTMB animal care facility and maintained
according to U.S. Department of Agriculture standards (12-h light/
dark cycle, with food and water ad libitum).

Experimental design

Experimental design is detailed in Figure 1.

Parasagittal fluid percussion injury

Male Sprague-Dawley (Charles River Laboratories, Wilming-
ton, MA) rats (400–500 g) were anesthetized (4% isoflurane), in-
tubated, mechanically ventilated with 1.5% isoflurane in O2/air
(20:80) using a volume ventilator (NEMI Scientific, New England
Medical Instruments, Medway, MA), and prepared for parasagittal
FPI, as described previously.21,31 Rectal and temporalis muscle
temperatures were maintained within a range of 37.5 – 0.5�C. Rats
were placed in a stereotaxic apparatus, and a craniotomy was tre-
phined 1 mm lateral (right) of the sagittal suture midway between
the lambda and bregma just before FPI or sham injury. Isoflurane
was briefly discontinued until the rat displayed a withdrawal re-
sponse to paw pinch. Immediately after the return of the withdrawal
response, the rat was subjected to moderate (2.0 atmospheres [atm])

TBI using an FPI device (Custom Design & Fabrication, Rich-
mond, VA). The transducer housing on our device is connected to
the rat by an 18-mm nylon tube that fits into the cap (modified 20-
gauge needle hub cemented into the craniotomy site with cya-
noacrylic adhesive and hygienic dental acrylic), perpendicular to
the craniotomy site. Sham-injured animals are prepared identically
to TBI animals with the exception of the release of the pendulum.
The height of the pendulum (set at 15.0 cm) determines the inten-
sity of the injury (between 2.0 and 2.2 atm), and the fluid pressure
pulse was recorded on an oscilloscope (TDS1002; Tektronix, Inc.,
Beaverton, OR). The peak pressure pulse was in the range of 250–
360 mV, and the pressure wave duration was 25.0 ms. Post-TBI, the
time it takes for the animal to regain three consecutive righting
reflexes was recorded and then the animal was given isoflurane, and
the skin incision was closed and the rodent was allowed to recover.
Twenty-four hours post-TBI or sham injury, rats were humanely
euthanized and brains were collected and immediately snap frozen
and kept at -80�C.

Blast injury

Adult male Sprague-Dawley rats (Charles River Laboratories)
weighing 350–400 g were anesthetized with 4% isoflurane in an
anesthetic chamber, intubated, and mechanically ventilated with
1.5–2.0% isoflurane in O2/room air (20:80) using a volume venti-
lator. After intubation, the top of the scalp was shaved and foam
plugs were placed into each ear. The ABS device is a shock tube
designed by David Ritzel (Dyn-FX Consulting, Ltd., Amherstburg,
Ontario, Canada) and produced by Steve Parks (ORA, Inc., Fre-
dericksburg, VA). The ABS uses a compressed air driver to produce
Friedlander-type shock over-/underpressure waves32 that closely
replicate those recorded in open-field blasts.33 The ABS consists of
a driver chamber, a blast wave expansion chamber, a specimen
chamber, and a blast wave reflection suppressor. The driving
chamber is separated from the expansion chamber by a Mylar
membrane. Amplitudes of shock waves are determined by thick-
ness of the membrane. The shock wave produced when the Mylar
ruptures is propagated down the tube where it interacts with the
experimental animal and then passes into a wave reflection sup-
pressor. Just before the blast, each rat was disconnected from the
ventilator, placed on a specimen tray with its head inside of the ABS
device, and secured with Velcro strips. Immediately after the return
of a withdrawal response to paw pinch, the rat was subjected to ABS
blast injury (17–22 pounds per square inch) and removed from the
specimen tray. The duration of the suppression of the righting reflex
(RR) was measured as an indicator of injury severity, and the av-
erage RR range for mild blast in our lab is between 3 and 6 min.
After the return of the RR, rats were placed in a cage in the labo-
ratory and monitored. Twenty-four hours later, they were deeply
anesthetized, decapitated, and brains were collected and immedi-
ately snap frozen and kept at -80�C.

Preparation of brain-derived tau oligomers

Tau oligomers were immunoprecipitated from brains of injured
Sprague-Dawley rats with FPI (n = 5) and blast injury (n = 5), as
previously described.21,26,31 Immunoprecipitation protocols were
also completed for sham rats from both FPI and blast injury cohorts
as a control (n = 5). Tosyl-activated magnetic Dynabeads (Dynal
Biotech, Lafayette Hill, PA) were coated with 20 lg of antitau
oligomer-specific polyclonal antibody T22 (1.0 mg/mL) diluted in
0.1 M of borate (pH 9.5) overnight at 37�C. Beads were washed (0.2
Mof Tris and 0.1% bovine serum albumin; pH 8.5) and then in-
cubated with TBI rodent brain homogenate (phosphate-buffered
saline [PBS] soluble fraction) with rotation at room temperature
(RT) for 1 h. Beads were washed three times with PBS and eluted
using 0.1 M of glycine (pH 2.8). pH was adjusted using 1 M of Tris
(pH 8.0) and then fractions were centrifuged in a microcon
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centrifugal filter device with a molecular weight cutoff of 25 kDa
(catalog no.: 42415; Millipore, Billerica, MA) at 14,000g for
25 min at 4�C. Oligomers were resuspended in sterile PBS. Protein
concentration was measured using the bicinchoninic acid protein
assay (Pierce Biotechnology, Rockford, IL). Samples were then
centrifuged once more in a microcon centrifugal filter device with a
cutoff of 25 kDa at 14,000g for 25 min at 4�C. Oligomers were
characterized by various methods, including size-exclusion chro-
matography (SEC) and atomic force microscopy (AFM), as pre-
viously described,21,31,34 and stored at -80�C. Oligomers were
resuspended in PBS in order to obtain the desired concentration
(0.18–1.2 mg/mL) and kept at 4�C for 15–30 min, then at RT for
10 min before use.

Stereotaxic injection of brain-derived tau oligomers

Five-month-old homozygous Htau mice (stock no.: 005491; The
Jackson Laboratory, Bar Harbor, ME)28 were anesthetized with
ketamine (80–100 mg/kg, intraperitoneally [i.p.]) and xylazine
(10 mg/kg, i.p.) and placed in a stereotactic apparatus (Motorized
Stereotaxic StereoDrive; Neurostar, Tübingen, Germanyt). The

scalp of each mouse was then shaved and an incision was made
through the midline to expose the skull. A craniotomy was drilled
(–2.06 mm posterior, –1.75 mm lateral, and 2.5 mm ventral to the
bregma) into the skull of each mouse. A 5.0-lL Hamilton syringe
was used to inject 2 lL of either 0.3 mg/mL of brain-derived tau
oligomers or saline (n = 10 for each group) bilaterally into the dorsal
hippocampus at an infusion rate of 0.2 lL/min, as described pre-
viously.26,33,27 The skin incision was closed using Vet-Bond, and
mice were placed on a 37�C isothermal pad and continuously ob-
served post-surgery until recovery. Attrition post-surgery left n = 7
for the control group and n = 9 for the oligomer-injected group.

Novel object recognition

The novel object recognition (NOR) task utilizes the natural
tendency of rodents to preferentially explore novel objects and
environments over those that are familiar. This task has been used
previously to detect memory impairment in Htau mice.30,35 One
week after brain-derived tau oligomer injection, animals were ha-
bituated to the NOR task (n = 7–9 mice per group). Mice were
allowed to freely explore a white open-field arena (55 cm in

FIG. 1. Flow chart of experimental design characterizing tau oligomers and toxicity from FPI- and blast-injured rats. AFM, atomic
force microscopy; FPI, fluid percussion injury; IF, immunofluorescence; MTT, methylthiazole tetrazolium; SEC, size-exclusion
chromatography; TOMA, tau oligomer-specific monoclonal antibody.
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diameter; 60 cm in height) for 15 min on the first day. The next day,
mice were placed in the arena for the training phase with two
identical objects, either spheres or cubes, and allowed to explore for
15 min. On the third day, mice were placed again in the arena for
15 min with one familiar object previously explored in the training
phase and one novel object differing in color and shape, but sharing
a common size and volume. After each trial, the apparatus was
thoroughly cleaned using 70% ethanol and allowed to dry before
placement of a new mouse. Trials were recorded and time spent
exploring each object was measured using ANY-Maze software.
Exploration was defined by head orientation within 2 cm of the
object or physical contact with the object. The percentage of total
time spent exploring the familiar object versus the novel object was
measured. In order to control for any differences in exploratory
behavior, the discrimination index was also calculated as the time
spent exploring the familiar object subtracted from the time spent
exploring the novel object, divided by the total time spent exploring
both objects. Object exploration data were analyzed using Graph-
Pad Prism sofware (version 5.04; GraphPad Software Inc., La Jolla,
CA) by one-way t-test with a hypothesized mean of zero for the
discrimination index.

Y-maze task

This task provides a measure of spatial working memory and is
based on the innate preference of mice to alternate arms when
exploring a new environment. At post-injection day 11, mice
(n = 7–9 per group) were placed in a symmetrical Y-shaped maze.
Arms were 40 cm long, 8 cm wide, and 12 cm high (San Diego
Instruments, San Diego, CA), beige in color, nonreflective, and
randomly designated A, B, or C. Each mouse was placed in an arm
facing the center (arm A) and allowed to explore the maze for
8 min. The number of arms entered, as well as the sequence of
entries, was recorded. A correct alternation occurred when the
animal moved from the arm in which it began to the other two arms
without retracing its steps (i.e., ABC or ACB). Spontaneous al-
ternation, expressed as a percentage, was calculated by dividing the
number of entries into all three arms on consecutive choices (cor-
rect choices) by number of arm entries subtracted by two, then
multiplying the quotient by 100. A high spontaneous alternation
rate is indicative of effective working memory given that animals
must remember which arm was entered last in order to know not to
re-enter it.

Tissue collection and immunofluorescence

One week after behavioral testing, mice injected with FPI brain-
derived tau oligomers (n = 7–9) were anesthetized with CO2 and
brains were collected. Brains from both FPI tau oligomer-treated
mice and blast-injured rats were processed as follows for immu-
nofluorescence (IF) analysis. Brains were embedded in optimal cut-
ting temperature compound and sectioned using a cryostat. All
sections were processed simultaneously under the same conditions.
Sections (7 lm) were fixed in 4% paraformaldehyde. After blocking
in bovine serum albumin for 1 h, sections were incubated overnight
with antitau oligomer-specific polyclonal antibody, T22 (1:250). The
following day, sections were washed in PBS three times for 10 min
each and incubated with goat antirabbit immunoglobulin G (IgG)
Alexa Fluor-488 (1:500; Invitrogen, Carlsbad, CA) for 1 h. Sections
were then washed three times for 10 min each in PBS and either
processed for cover-slipping or incubated overnight with total tau
antibody, Tau-5 (1:100). Sections were washed in PBS three times for
10 min each before incubation with donkey antimouse IgG Alexa
Fluor-568 (1:500; Invitrogen). Sections were washed and mounted
using Fluoromount-G (Southern Biotech, Birmingham, AL) mount-
ing medium with 4¢,6-diamidino-2-phenylindole (Invitrogen). Sec-
tions were imaged using a Zeiss LSM 510 Meta confocal system
(Carl Zeiss GmbH, Jena, Germany). Low-magnification images

(20·) of the hippocampus and cerebellum were acquired for each
sample. Three high-magnification images (100·) were taken at
the hippocampus, frontal cortex, and cerebellum of each sample,
and six cells were randomly selected from each image for quan-
tification using ImageJ software (NIH, Bethesda, MD). The total
level of T22 fluorescence was measured for each cell, as well as
the level of background from three different regions around the
cell without fluorescence. In order to correct the level of fluo-
rescence for background and cell size, the background multiplied
by the area of the cell was subtracted from the total fluorescence,
as described previously.36 The corrected cell fluorescence was
analyzed by one-way analysis of variance (ANOVA).

Cellular toxicity assay

Cell viability after treatment with ABS blast brain-derived tau
oligomers was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) toxicity assay kit (Roche Di-
agnostics, Indianapolis, IN), as previously described.27 SH-SY5Y
human neuroblastoma cells were maintained in Dulbecco’s modified
Eagle’s medium and grown to confluence in a 96-well plate. Cells
(*10,000 per well) were treated with fresh media alone or
containing either 0.5-lM tau oligomers or 0.5-lM tau oligomers
pre-treated with an equal concentration of tau oligomer-specific
monoclonal antibody (TOMA). After incubation for 90 min at
37�C, the cells were assayed using MTT colorimetric assay according
to the manufacturer’s directions. All measurements were made in
triplicate. Results were analyzed by one-way ANOVA. Cells were
also evaluated for morphological changes by microscopy.

Results

Brain tau oligomer levels are increased
in blast-injured rats

We investigated the presence of tau oligomers in the blast injury

rat model 24 h post-injury. Using our novel tau oligomer-specific

antibody, T22, we found that tau oligomers are present in high levels

in the hippocampus of blast-injured rats compared to sham animals,

which show low levels of tau oligomers (Fig. 2A–C). IF staining of

individual cells with T22 was corrected for cell size and background

fluorescence and quantified in blast injury and sham rat samples.

Blast-injured rats exhibited significantly elevated levels of tau olig-

omers when compared to sham ( p = 0.0217; Fig. 2D). In order to

characterize tau oligomers formed after blast TBI, we isolated tau

oligomers from rat brains 24 h post-injury by immunoprecipitation

with the tau oligomer-specific antibody, T22, and analyzed them by

AFM (Fig. 2E–G). The presence of a heterogeneous population of

oligomers, but no fibrils, could be observed in samples im-

munoprecipitated from blast TBI brains, whereas negligible oligo-

mers were found in samples isolated from sham rat brains.

Single injection with traumatic brain injury–derived tau
oligomers induces cognitive deficits in human tau mice

In order to test the cognitive impact of tau oligomers derived

from TBI rodents, we isolated tau oligomers from FPI rats and

characterized them by SEC and AFM.21 We then injected 0.6 lg of

tau oligomers or 2 lL of PBS bilaterally in hippocampi of 5-month-

old Htau mice. One week post-injection, mice were tested for

cognitive deficits using the Y-maze and novel object recognition

tasks. Mice injected with tau oligomers had a significantly lower

percentage of spontaneous alternation than mice injected with PBS

on the spatial memory task, the Y-maze ( p = 0.0091; Fig. 3A), but

differences in the novel object recognition task were not statisti-

cally significant (Fig. 3B).

TBI TAU OLIGOMERS ACCELERATE TAUOPATHY PHENOTYPE 2037



Tau oligomer levels increase outside the site
of injection in human tau mice

In order to determine whether tau oligomer levels differ between

control and injected animals in specific brain regions, brain sections

from Htau mice were analyzed by IF with T22 and Tau-5. Tau

oligomers were present in the hippocampus of control Htau mice,

but were significantly increased in hippocampi of mice injected with

tau oligomers, as measured by the corrected total cell fluorescence

of randomly selected cells in each sample ( p = 0.0053; Fig. 4).

Negligible levels of tau oligomers were detected in the cere-

bellum of control Htau mice, but were significantly increased in the

cerebellum of mice injected with tau oligomers, as measured by the

corrected total cell fluorescence of randomly selected cells in each

sample ( p = 0.0005; Fig. 5). In order to test whether toxicity in-

duced by injection with TBI brain-derived tau oligomers was de-

pendent upon cell death, we analyzed brain sections from injected

mice using Fluorojade, a dye that recognizes injured neurons. We

found no effects of injection on the level on Fluorojade-positive

cells (results not shown).

FIG. 3. Htau mice injected with TBI-derived tau oligomers exhibit significantly a lower percentage of spontaneous alternation of the
Y-maze task compared to Htau mice injected with saline ( p = 0.0091) (A). Mice injected with tau oligomers were not significantly
impaired on the novel object recognition task (B). Htau, human tau; Olig, oligomer; TBI, traumatic brain injury.

FIG. 2. Immunofluorescence with tau oligomer-specific antibody, T22 in hippocampal sections at 20· (100· magnification images
inset) of sham (A) and blast-injured rats (B and C). Tau oligomers are significantly elevated in the hippocampus of blast-injured rats (B
and C), when compared to sham animals (A), as measured by corrected total cell fluorescence analysis ( p = 0.0217) (D). Tau oligomers
immunoprecipitated with T22 from blast-injured rat brain homogenate can be seen by AFM (E and F), whereas sham animals do not
exhibit characteristic oligomeric structures (G). AFM, atomic force microscopy; TBI, traumatic brain injury.
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Blast traumatic brain injury–derived tau oligomers
induce toxicity inhibited by tau oligomer-specific
antibody

We treated SH-SY5Y neuroblastoma cells with tau oligomers

isolated and characterized from blast TBI rats. We found that after

90 min, tau oligomer treatment led to a significant decrease in

cell viability measured by the MTT cell toxicity assay when

compared with cells given fresh media containing no tau oligomers

( p = 0.0005). Moreover, we pre-incubated isolated tau oligomers

with a TOMA and found that antibody treatment prevented the

toxic effects of tau oligomers and cell viability did not differ from

control cells given fresh media. Moreover, cells treated with blast

TBI-derived tau oligomers exhibited an altered cellular morphology

when compared to cells treated with tau oligomers pre-incubated

with TOMA (Fig. 6).

Discussion

Blast exposure is the most common cause of combat-related

TBIs among military personnel in the conflicts in Iraq and Af-

ghanistan,37–39 and blast-induced neurotrauma may be associated

with the subsequent development of chronic traumatic encepha-

lopathy.40 Blast injury in humans and experimental animals is as-

sociated with increased levels of total and phosphorylated tau

protein.18,40–42 We have previously shown that an increase in levels

of tau oligomers results from fluid percussion TBI rats.21 However,

the contribution of tau oligomers to blast TBI has not yet been

investigated. Moreover, whether tau oligomers in TBI directly

contribute to cognitive deficits and risk for neurodegenerative

disease later in life is unknown. In this study, we characterized tau

oligomer pathology in blast-injured rats. Tau oligomers detected

with our novel tau oligomer-specific antibody, T22, are increased in

FIG. 4. Tau oligomers detected with T22 (green) and total tau levels labeled with Tau-5 (red) in the hippocampus of control Htau (A–C)
and TBI oligomer-injected Htau mice (D–F). Total fluorescence of individual cells labeled with T22, corrected for cell size and background
fluorescence, showed that TBI tau oligomer-injected Htau brain samples had significantly higher levels of tau oligomers in the hippo-
campus ( p = 0.0053) (G). Htau, human tau; Olig, oligomer; TBI, traumatic brain injury.
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the hippocampus of rats 24 h after blast injury. We were able to

visualize tau oligomers immunoprecipitated from brains of blast-

injured rats, but not in sham animals. Therefore, tau oligomers are

an important component to blast injury pathology and may be a

beneficial biomarker and therapeutic target. Moreover, an inde-

pendent study of TBI found that tau oligomers were detected in

brain samples at 12–24 h post-injury and by decreasing levels of

phosphorylated and oligomeric, using an antibody against cis-p-

tau, prevented the toxic effects of injury, further highlighting the

potential role of tau oligomers in TBI.43

Tau has been highlighted as an important protein of interest in

neurodegenerative diseases, such as AD and frontotemporal lobar

dementia; however, it is clear that it may also be critical for in-

duction of long-term effects of TBI and increased incidence of

neurodegeneration later in life. Whereas the majority of tau mouse

models express a mutated form of tau, tau pathology in AD and TBI

occur in humans independent of any mutations. Therefore, more

useful information relevant to TBI and increased incidence of AD

could be gleaned using mice that do not express mutated tau leading

to drastic neurodegeneration phenotypes early in age. Previously,

we isolated oligomers from brains that had AD and other tauo-

pathies27,36,44 and found that tau oligomers injected in WT mice

exhibit toxic effects that can be protected with tau oligomer-specific

antibodies, whereas treatment with tau monomer and fibrils does

not lead to any phenotypic differences.27,30 However, WT mice

maintain protection after antibody treatment for significantly

longer periods than mice expressing human tau rather than mouse

tau.30 This difference in benefit between WT and Htau mice

FIG. 5. Tau oligomers detected with T22 (green) and total tau levels labeled with Tau-5 (red) in the cerebellum of control Htau (A–C)
and TBI oligomer-injected Htau mice (D–F). Total fluorescence of individual cells labeled with T22, corrected for cell size and
background fluorescence, showed that TBI tau oligomer-injected Htau brain samples had significantly higher levels of tau oligomers in
the cerebellum ( p = 0.0005) (G). Htau, human tau; Olig, oligomer; TBI, traumatic brain injury.
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suggests that brain-derived tau oligomers may have a lower ability to

seed the misfolding of endogenous mouse tau when compared to

human tau. Therefore, the Htau mouse model that expresses non-

mutated human tau is a particularly good model for these conditions.

Htau mice begin to shown memory deficits at around 12 months of

age, but do not exhibit any detriments to motor skills, sensory abil-

ities, or overall health.35 Whether tau oligomers from TBI lead to

similar consequences as those derived from neurodegenerative

tauopathies was unclear. Therefore, we examined the hypothesis

that tau oligomers derived from TBI can induce onset of behav-

ioral impairment and spread of pathology when injected into

cognitively intact animals. We isolated tau oligomers from rats

that underwent TBI and injected them into hippocampi of young,

cognitively intact Htau mice. We found that injection of TBI-

derived tau oligomers led to the rapid induction of deficits of

spatial memory in mice, providing direct evidence supporting our

hypothesis that tau oligomers induce many of the symptoms of

TBI. We also detected tau oligomers in brain regions that were

apart from the injection site, suggesting they may have spread to

other areas of the brain. These results also provide a direct con-

nection between occurrence of TBI and the increased prevalence

of acquiring neurodegenerative disease later in life. Toxicity in-

curred in injected mice was found to be independent of cell death,

indicating that toxicity from tau oligomers is likely attributed to

effects occurring in the absence of cell death, such as synaptic and

mitochondrial toxicity, as has been shown previously in tau

models of neurodegeneration.26

Previously, we thoroughly examined the effects of recombinant

tau oligomers as well as tau oligomers derived from neurodegen-

erative disease on neuroblastoma cells—a cell model used exten-

sively to examine toxicity of amyloidogenic proteins—in

comparison to tau monomer and tau fibrils. We have shown in

repeated experiments that tau oligomers induce significantly higher

levels of toxicity in these cells when compared to control as well as

other forms of tau.25,29,34,45 In order to determine the toxicity of tau

oligomers isolated from our ABS blast TBI model and whether

toxicity can be prevented by pre-treatment with TOMA, we utilized

the same procedure that we have established previously. We treated

SH-SY5Y neuroblastoma cells with TBI brain-derived tau oligo-

mers and saw a significant decrease in cell viability that was re-

versed when tau oligomers were pre-incubated with TOMA.

In addition to their role in toxicity in disease, tau oligomers are

thought to contribute to the spread of pathology from affected re-

gions of the brain to unaffected regions in neurodegenerative dis-

ease.30 We have shown that tau oligomers derived from AD are

capable of propagating pathology from the injection site to con-

nected brain regions,27 suggesting that oligomeric tau in TBI may

similarly lead to proliferation of toxic forms of tau from the site of

injury to other areas in the brain, leading to a worsening of

symptoms in the time post-trauma. Here, we investigated tau

oligomer levels in the hippocampal injection sites, as well as the

frontal cortex and cerebellum. We found that tau oligomers begin to

accumulate in the hippocampus and frontal cortex of control Htau

mice, but are present in significantly higher levels throughout the

hippocampus of injected mice ( p = 0.0053). Importantly, tau olig-

omer levels were significantly increased in the cerebellum, but

were not different in the frontal cortex (data not shown). Though

more-extensive evaluation of brain regions will be needed in the

future, these results suggest that tau oligomers in TBI may be ca-

pable of seeding the misfolding and aggregation of endogenous tau

in the brain and spreading from one region to another. Previous

studies have shown that tau aggregates are capable of propagating

across synaptically connected, as well as neighboring, brain re-

gions.46–48 Our data support the finding in neurodegenerative

FIG. 6. Cell viability measured as a fraction of the absorbance detected by the MTT toxicity assay, in comparison to control cells, was
analyzed for SH-SY5Y neuroblastoma cells treated with blast TBI-derived tau oligomers with and without TOMA (A). Cells given tau
oligomers pre-incubated with TOMA had significantly higher cell viability when compared to TBI-derived tau oligomers alone
( p = 0.0005). Cells administered TBI-derived tau oligomers alone (B) were compared to cells treated with tau oligomers pre-incubated
with TOMA (C) and evaluated for morphological differences. MTT, methylthiazole tetrazolium; TBI, traumatic brain injury; TOMA,
tau oligomer-specific monoclonal antibody.
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disease research that tau oligomers are associated with the en-

dosomal/exosomal pathway and can be transferred from cell to cell

in vitro,49 making them a likely source for initiation of the spread of

pathology.

Our results highlight the importance of tau oligomers in TBI and

suggest that TBI may share a common mechanism of toxicity with

neurodegenerative tauopathies. Moreover, these data suggest that the

increased prevalence of acquiring AD many years after occurrence of

TBI may be attributed to the seeding and spread of tau oligomers

released after neuronal injury. This has important implications for

both treatment of TBI and for prevention of neurodegeneration late

in life. We have previously shown that accelerated onset of cog-

nitive dysfunction in Htau mice induced by the injection of AD-

derived tau oligomers can be prevented by treating mice with a

TOMA.30 Further study is warranted to determine whether tar-

geting tau oligomers in TBI may be an effective therapeutic strategy.
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