1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Exp Neurol. Author manuscript; available in PMC 2017 January 01.

-, HHS Public Access
«

Published in final edited form as:
Exp Neurol. 2016 January ; 275(0 3): 381-388. doi:10.1016/j.expneurol.2015.06.015.

Polypathology and dementia after brain trauma: Does brain
injury trigger distinct neurodegenerative diseases, or should it
be classified together as traumatic encephalopathy?

Patricia M. Washington-2, Sonia Villapol3, and Mark P. Burns3
1Department of Pediatrics and Critical Care Medicine, Columbia University Medical Center, New
York, NY, USA.

°Neurotrauma and Repair Laboratory, Department of Biomedical Engineering, Columbia
University, New York, NY,USA.

SLaboratory for Brain Injury and Dementia, Department of Neuroscience, Georgetown University
Medical Center, Washington, D.C.

Abstract

Neuropathological studies of human traumatic brain injury (TBI) cases have described amyloid
plaques acutely after a single severe TBI, and tau pathology after repeat mild TBI (mTBI). This
has helped drive the hypothesis that a single moderate to severe TBI increases the risk of
developing late-onset Alzheimer’s disease (AD), while mTBI increases the risk of developing
chronic traumatic encephalopathy (CTE). In this review we critically assess this position—
examining epidemiological and case-control human studies, neuropathological evidence, and
preclinical studies.

Epidemiological studies emphasize that TBI is associated with the increased risk of developing
multiple types of dementia, not just AD-type dementia, and that TBI can also trigger other
neurodegenerative conditions such as Parkinson’s disease. Further, human post-mortem studies on
either single TBI and repeat mTBI can show combinations of amyloid, tau, TDP-43, and Lewy
body pathology indicating that the neuropathology of TBI is best described as a ‘polypathology’.
Preclinical studies confirm that multiple proteins associated with the development of
neurodegenerative disease accumulate in the brain after TBI.

The chronic sequelae of both single TBI and repeat mTBI share common neuropathological
features and clinical symptoms of classically defined neurodegenerative disorders. However,
while the spectrum of chronic cognitive and neurobehavioral disorders that occur following repeat
mTBI are viewed as the symptoms of CTE, the spectrum of chronic cognitive and neurobehavioral
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symptoms that occur after a single TBI is considered to represent distinct neurodegenerative
diseases such as AD. These data support the suggestion that the multiple manifestations of TBI-
induced neurodegenerative disorders be classified together as traumatic encephalopathy or trauma-
induced neurodegeneration, regardless of the nature or frequency of the precipitating TBI.
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Introduction

Traumatic brain injury (TBI) increases the likelihood of developing dementia later in life,
including Alzheimer’s disease (AD). Current theories about what drives the development of
dementia after TBI are largely based on observations of AD-associated amyloid and tau
pathologies in the brain after injury, as the presence of these hallmark pathologies provides a
potential pathological link. However, these pathologies are only found in a subset of patients
after TBI and there is little clinical or preclinical evidence supporting a direct link between
these pathological changes, particularly when observed acutely after TBI, and development
of dementia later in life.

In this review we will first summarize epidemiological studies of dementia after TBI to
emphasize the current understanding that TBI is associated with increased risk of developing
multiple types of dementia, not just AD, and highlight potential factors that may increase an
individual’s risk of dementia after TBI. Second, we will critically examine previous studies
of amyloid and tau pathologies in the brain after TBI in humans and animals in order to
similarly identify factors that may explain why these neurodegenerative pathologies are
observed in only a subset of patients after injury. As it remains unclear how
neuropathological findings of TBI relate to the reported increased risk of dementia and AD,
we will speculate on the potential relevance of these pathologies in the brain after TBI and
whether there are similarities between factors influencing pathology and dementia
development after injury. Finally, we will highlight the emerging hypothesis that while
neuropathological features and clinical symptoms following TBI may overlap those
observed in classically defined neurodegenerative disorders, these may be signs of TBI-
induced neurodegeneration, or traumatic encephalopathy, as opposed to the development of
a specific neurodegenerative disease.

TBI as a risk factor for dementia

While the detrimental effects of repeat mild TBI (mTBI) in sports has been known since the
1920’s (Martland, 1928), the association between single TBI and dementia is still an active
topic of research. Up to 4 million TBIs occur annually in the United States (Langlois et al.,
2006), with the vast majority being mTBI. The acute and chronic symptoms of head trauma
have been historically documented. In 1927 the existence of chronic postconcussion
symptoms in a cohort of over 100 clinical cases was termed “traumatic encephalitis”
(Osnato and Giliberti, 1927). The “punch-drunk” symptoms of clumsiness, ataxia and
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disorientation found in professional boxers were described shortly thereafter in 1928
(Martland, 1928). While most cases described by Martland were mild, the severe cases were
described with what we would now call parkinsonism-type symptoms and dementia
(Martland, 1928). The term “dementia pugilistica” was first used in 1937 to describe these
stereotypical symptoms in boxers (Millspaugh, 1937), and “chronic post-traumatic
encephalopathy” has been in use since the late 1950s (McCown, 1959). Chronic traumatic
encephalopathy (CTE) is now used by the medical field to describe the neuropathological
changes that occur as a result of repeat concussive or subconcussive blows to the head as
this diseased has since been described in non-boxers.

To date, there has been approximately 160 pathological descriptions of CTE in the brains of
boxers, athletes, soldiers and civilians with a history of repeat mTBI (reviewed in (Smith et
al., 2013)). While this work has helped described the neuropathology of CTE, many
questions still remain and the clinical presentation of CTE has yet to be fully determined.
The patient history of those with pathologically confirmed CTE show that they can present
with a multi-faceted clinical and pathological presentation with aspects of Alzheimer’s
disease (AD), frontotemporal dementia (FTD), Parkinson’s disease (PD), and amyotrophic
lateral sclerosis (ALS) (McKee et al., 2013).

The question of whether a single moderate-to-severe TBI triggers the development of late-
onset dementia remains somewhat controversial. AD accounts for 60-80% of all dementias
and the focus of most studies on TBI and dementia risk have focused specifically on the
development of AD after injury. Several retrospective and prospective trials have been
conducted, and a significant number report that there is no effect of TBI on the development
of AD (Shalat et al., 1987; Katzman et al., 1989; Broe et al., 1990; Fratiglioni et al., 1993;
Tsolaki et al., 1997). Conversely, there are many reports that find a positive interaction
between brain trauma and AD, with reported relative risk varying from two (O'Meara et al.,
1997) to fourteen (Rasmusson et al., 1995). To date, two in-depth meta-analyses have been
conducted (Mortimer et al., 1991; Fleminger et al., 2003). The first analyzed 11 case-
controlled studies (Mortimer et al., 1991), the second analyzed 15 case-controlled studies
(Fleminger et al., 2003). Consistent from these studies was the finding that TBI increased
the risk of developing AD by 58-82% and that males, but not females, were at increased risk
of developing AD after TBI (Mortimer et al., 1991; Fleminger et al., 2003). More focused
studies on gender disparities following TBI are required as it remains unclear why females
have a reduced risk of developing AD after TBI, especially given their general increased risk
of AD compared to males (Bachman et al., 1992).

Brain injury has also been shown to lead to the development of non-AD dementias. A study
of male World War 11 Navy and Marine veterans, 548 with a medically confirmed record of
TBI and 1228 with non-head injury type wounds or infection, assessed patients for AD and
other dementias 50 years after their injuries and found that both moderate and severe TBI
significantly increased the risk of developing either late-onset AD or non-AD dementia.
(Plassman et al., 2000). The increased risk of AD or non-AD dementia was identical after
TBI, clearly showing that a single moderate/severe TBI earlier in life can increase the risk of
multiple types of late-onset dementia, and not just AD (Plassman et al., 2000).
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This view of TBI as a risk factor for multiple types of dementia is supported in another
retrospective cohort study (Gardner et al., 2014). Gardner and colleagues examined the
association between TBI and the development of dementia in 164,661 patients over the age
of 55 years-old with a history of TBI or non-brain trauma in the prior 5-7 years. Their
search criteria of the California State Inpatient Databases and State Emergency Department
Databases included diagnoses of AD, Pick’s disease or FTD and the authors demonstrate
that moderate to severe TBI can increase the risk of dementia for all patients 55 and older
with a minimum hazard ratio of 1.3 (Gardner et al., 2014). Similarly, the view that TBI can
increase specific non-AD dementias is enhanced by studies that focus specifically on FTD
risk after TBI. A retrospective case-control study of 80 FTD patients and 124 controls
demonstrated that TBI increases the risk of developing FTD with an odds ratio of 3.3 (Rosso
et al., 2003). A larger retrospective case-control study of 845 veterans found an association
between TBI and FTD with an odds ratio of 4.4 (Kalkonde et al., 2012) — however it should
be noted that this same study did not find an association between TBI and AD. Finally, a
large retrospective cohort study of 147,510 patients in the Taiwanese Longitudinal Health
Insurance Database found that those patients with a fractured skull and intracranial injury
had a 4.13 times greater risk of developing FTD in the four years following TBI compared
to non-brain injured controls (Wang et al., 2015). This was especially prominent in those
under the age of 65, who had at least a 6-fold greater risk of developing FTD compared to
age matched controls (Wang et al., 2015).

Potential factors influencing dementia risk after TBI

The risk of dementia following TBI is altered by several external and internal factors
including injury severity, survival time, patient age at time of injury, genotype, and
cognitive reserve. The World War Il Navy and Marine veteran study found an injury
severity-dependent association of TBI with dementia. While no risk was associated with
mTBI occurring 50 years prior to injury, moderate TBI increased the risk of AD or other
dementias by two-fold and severe TBI increased risk by four-fold (Plassman et al., 2000).
Due to the length of time between the recorded injury and dementia onset in the Plassman
study, it may be important to striate the patient population when examining the risk of
dementia using the patient age at time of injury as a variable. Indeed, data shows that the
risk of AD increases as the time between the last brain injury event and the onset of disease
symptoms diminishes (Graves et al., 1990). This is confirmed in a meta-analysis showing
that when TBI occurs more than 10 years prior to disease onset the relative risk of AD is
1.63, but when the TBI occurs within 10 years of disease onset the relative risk increases to
5.33 (Mortimer et al., 1991). This age-discrimination effect is also apparent with mTBI, as
Gardner and colleagues report that mTBI did not increase the risk of dementia in patients
aged under the age of 65, however there was a 20% increase in the risk of dementia for
mTBI patients aged 65 and older (Gardner et al., 2014).

Independent internal risk factors for neurodegenerative disease can also combine with TBI
to increase the overall risk of developing dementia. The APOE4 gene alone increases the
risk of developing AD (Corder et al., 1993) and the synergistic interaction of TBI and
APOEA4 together increases the risk of developing AD above predicted levels (Mayeux et al.,
1995), however this remains controversial (O'Meara et al., 1997) and more study in this area
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is required. A second internal modifier of dementia risk after TBI involves the concept of
cognitive reserve. The protective effect of cognitive reserve is seen in the increased risk of
AD in those with low levels of education (Caamano-Isorna et al., 2006) and cognitive
reserve may also predict long-term outcome after TBI. In a 30-year follow up of Vietnam
veterans with a history of penetrating injury, a lower pre-injury intelligence was predictive
of chronic cognitive decline after trauma (Raymont et al., 2008). This is an interesting area
that requires more exploration.

While TBI is associated with the development of dementia, TBI is also associated with the
risk of developing neurodegenerative diseases outside the umbrella of dementia. A meta-
analysis of 22 case studies revealed that TBI increased the risk of PD by 57% (Jafari et al.,
2013). This is confirmed in a retrospective cohort study of 165,799 patients aged over 55
with a history of TBI 5-7 years prior to disease onset that demonstrated a 44% increase in
PD risk after TBI (Gardner et al., 2015). As this retrospective cohort is essentially the same
group used to look for dementia risk (Gardner et al., 2014), we can determine that TBI is a
risk factor for a diverse group of neurodegenerative diseases.

In light of the emerging evidence it is apparent that TBI should be viewed as a risk factor for
multiple types of neurodegenerative disease. The question becomes whether we should view
TBI as a trigger for individual neurodegenerative disease, or if we should view the chronic
clinical symptoms of TBI as an umbrella disease with multiple possible manifestations.

Pathological protein accumulation after TBI — seeds of a disease or

evidence of cerebral dysfunction?

A common factor between different neurodegenerative disorders is abnormal aggregation,
misfolding and/or accumulation of proteins in the brain. Amyloid-beta (Ap) plaques and p-
tau tangles are the hallmark proteinopathies of AD (Hardy and Selkoe, 2002), a-synuclein
accumulates in PD (Polymeropoulos et al., 1997), and transactive response DNA-binding
protein 43 kDa (TDP-43) accumulates in FTD and ALS (Neumann et al., 2006). While the
role of these proteins in the initiation of disease is still under debate, it is clear that this
abnormal accumulation is indicative of abnormal cellular processes and cerebral
dysfunction. A unifying feature of acute and chronic pathology after TBI or repeat mTBI is
the abnormal accumulation of pathological proteins related to neurodegenerative disease.
Acutely TBI brains can present with A, p-tau, and a-synuclein pathology (Uryu et al.,
2007). Chronically TBI brains can present with A, p-tau, TDP-43 and a-synuclein
pathology (Johnson et al., 2012; McKee et al., 2013). In this review we will focus on Ap and
tau pathologies after TBI.

AB pathology after TBI

AP accumulation and deposition into plaque after TBI has been widely studied in both
humans and animal models, providing insight into the common but complex
neurodegenerative pathways that can be triggered after TBI. The presence of Ap plaques in
the brain acutely after severe TBI was first reported in a small post-mortem study by Roberts
etal. in 1991 (Roberts et al., 1991). Analysis of 16 TBI cases with survival of 6-18 days
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post-injury found deposition of diffuse AB-positive plaques in 38% of injured brains. While
TBI cases ranging in age from 10-63 years-old were analyzed, 4 of the 6 plaque-positive
cases were older than 50 years old (Roberts et al., 1991), an age range at which plaques can
occur in the normally aging population (Braak and Braak, 1997). This study was repeated
with a much larger cohort of TBI cases in 1994 (Roberts et al., 1994). In this analysis of 152
post-mortem TBI brains from people aged 8 weeks to 85 years old and surviving 4h-2.5
years after injury, a total of 46 cases (30%) were positive for A deposition. When teased
apart, there was a 20% incidence of amyloid plaque in the brains aged less than 50, and 60%
of the TBI brains aged 51-60, compared to 0% of controls. Both control and TBI brains
above the age of 60 displayed amyloid deposits, but the TBI brains always had a higher
incidence. These data indicate that those above the age of 50 years-old may be more
susceptible to amyloid deposition after TBI (Roberts et al., 1994).

While these post-mortem studies demonstrate the incidence of plaque formation following
TBI, a small study on surgically resected tissue from living patients demonstrated just how
fast this plaque deposition occurs (Ikonomovic et al., 2004). 18 living TBI patients suffering
from severe TBI were examined, and A plaque deposition was found in cortical tissue from
6 patients (33%). Three of these six patients were in their 30’s, again indicating that TBI can
reduce the age at which amyloid accumulation is normally observed. Further, with the time
between injury and surgery ranging from only 2—12h post-TBI, this study demonstrates just
how rapidly AB can accumulate and aggregate after TBI (Ikonomovic et al., 2004).

Ap pathology has also been detected in long-term survivors of TBI. Post-mortem analysis of
brains from patients surviving 1-47 years after a single TBI again identified plaques in
approximately 30% of long-term survivors (Johnson et al., 2012). While Ap plaques were
also found in 30% of control cases, a comparison of plaque density and Thioflavin-S
staining revealed a trend towards greater plaque density in the brains of long-term TBI
survivors and the appearance of more fibrillar, Thioflavin-S positive Ap plaques (Johnson et
al., 2012).

These neuropathological studies are invaluable to our understanding of Af deposition in the
brain after TBI and have provided the scientific basis for current studies investigating Ap as
a potential biomarker for brain trauma. However, a major limitation of neuropathological
studies is that they can only provide a snapshot of what is occurring in the brain. The
development of amyloid-imaging tracers for positron emission tomography (PET) which
have had success in imaging amyloid in AD patients may provide the type of temporal
resolution that has been previously impossible in TBI patients. Comparison of an AB-
binding agent called Pittsburgh compound B (PiB) (Wu et al., 2005) in 15 moderate and
severe TBI patients and 11 controls revealed increased PiB-binding in the cortical gray
matter and striatum of TBI patients when imaged less than 1 year post-injury (Hong et al.,
2014). Future longitudinal AB-imaging in TBI patients will be able to address questions
about the fate of TBI-induced A plaque—including whether acute plaques are cleared from
the brain, and whether TBI patients are more susceptible to early or more aggressive
amyloid deposition as they age.

Exp Neurol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Washington et al.

Page 7

While only approximately 30% of severe TBI brains present with acute amyloid plaques, the
study of cortical tissue resected from 18 living TBI patients found increased intracellular
staining of AB in 80% cases (Ikonomovic et al., 2004), suggesting that intracellular
accumulation of non-plaque species of AB is more common than plaque deposition after
TBI. This is also true for accumulation of AB in axons after TBI, which occurs in a majority
of injured brain samples, regardless of the presence or absence of plague (Smith et al.,
2003b; Chen et al., 2009). Prefibrillar, but aggregating, amyloid species have been detected
in TBI patients, with high molecular weight Ap oligomers detected in the cerebrospinal fluid
of a subgroup of TBI patients within 72 hours of injury (Gatson et al., 2013). Together, these
data suggest that TBI causes increased accumulation of AB peptides in the brain, but
aggregation and deposition only occurs in a subset of patients.

One potential source of abnormal Ap accumulation after TBI is increased production in the
traumatized axon (Uryu et al., 2007; Chen et al., 2009). APP accumulates along the lengths
of damaged axons in areas of diffuse axonal injury in humans up to 3 years post-injury, and
co-localizes with B-secretase (BACEL) and the presenilin subunit (PS1) of y-secretase,
proteins essential for cleavage of APP into Af (Chen et al., 2009). Comparison of antibodies
recognizing AB40 or Ap42 found that the species accumulating in the axonal bulbs of
injured brains is Ap42 (Uryu et al., 2007). Ap accumulation after injury has also been
reproduced in animal models of TBI by several groups (Chen et al., 2004; Conte et al., 2004;
Abrahamson et al., 2006; Abrahamson et al., 2009; Loane et al., 2009; Laskowitz et al.,
2010; Tran et al., 2011a; Washington et al., 2013) and these studies have proven useful for
investigating the source of increased Ap after TBI. Levels of the proteins involved in AR
production (BACEL, PS1 and APP) are increased in the injured cortex after TBI, and follow
a timecourse similar to that of Af (Loane et al., 2009; Washington et al., 2014). Preclinical
studies confirm that damaged axons are a hotspot of amyloid production after rotational
injury in swine (Chen et al., 2004), and cortical impact in mice (Tran et al., 2011d;
Washington et al., 2014), and targeting the APP secretase enzymes can prevent the increase
in AP after TBI (Loane et al., 2009; Winston et al., 2013) indicating that increased
production of AP after TBI is the driver of acute amyloid accumulation after injury.

Potential factors influencing Ap pathology after TBI

Given that human and preclinical evidence points to increased production of AB after TBI, it
is somewhat confusing that amyloid plaques are not observed in the majority of human TBI
post-mortem brains (70%) (Roberts et al., 1991; Roberts et al., 1994; Ikonomovic et al.,
2004). This suggests that there are factors influencing Af accumulation in the brain after
TBI. Two potential factors mentioned earlier are age at time of injury and length of survival,
as the incidence of AP plaques is higher after acute severe TBI in older patients (Roberts et
al., 1994), and longer survival appears to lead to greater extent and more mature Ap
pathology (Johnson et al., 2012). Another potential factor is genetics. Polymorphisms in the
gene for neprilysin, an enzymatic protein associated with degradation of Af in the brain
(Ilwata et al., 2000) have been shown to effect AB plaque deposition acutely after TBI, with
extended GT repeats in the neprilysin allele associated with increased risk of AB plaques,
and a separate polymorphism associated with decreased risk of plaques after TBI (Johnson
et al., 2009). In long-term survivors of TBI, neprilysin accumulates in axons and in the same
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axonal bulbs as APP and AP - indicating that it may be important for the local clearance of
TBI-induced AB (Chen et al., 2009). Furthermore, levels of neprilysin are reduced in
patients with traumatic encephalopathy compared to non-demented controls (Kokjohn et al.,
2013).

A second protein known to be involved in A clearance from the brain is apolipoprotein E.
Polymorphisms in this proteins gene results in three common alleles: APOE2, APOE3 and
APOEA4, with the APOE4 allele associated with impaired Ap clearance from the brain
(Deane et al., 2008; Jiang et al., 2008). Retrospective analysis of cases from the Roberts et al
1994 study found increased incidence of AP plaque deposition acutely after TBI in APOE4
carriers (Nicoll et al., 1995). This occurred in an APOE4 allele dose-dependent manner, so
that while plaques were found in only 10% of those with no APOEA4 allele (5 of 50 cases),
AP plaques were found in 35% of those heterozygous for APOE4 (12 of 34 cases) and 100%
of those homozygous for APOE4 (6 of 6 cases) (Nicoll et al., 1995). Similarly, in mice
expressing human APOE isoforms there is increased amyloid deposition, including fibrillar
AP deposits in PDAPP/APOE4 mice 3 months after TBI compared to PDAPP/APOE3 mice
(Hartman et al., 2002), and greater intracellular AB accumulation occurs in PDAPP/APOE4
from 1 week to 12 weeks post-injury compared to PDAPP/APOE3 mice (Laskowitz et al.,
2010). Together these data demonstrate that polymorphisms in two genes associated with Ap
clearance may alter removal of TBI-induced A and predispose certain individuals to greater
Ap accumulation and aggregation in the brain acutely after injury.

Lastly, it is important to note that there are similarities and differences between the plaques
described in the brain after TBI and in AD. Similar to the composition of plaques in AD,
AP42 has been identified as the primary AP species in amyloid deposits in TBI brains
(Gentleman et al., 1997; Ikonomovic et al., 2004). However, the plaques found in the brain
acutely after TBI are more diffuse than the dense-cored neuritic plaque, or senile plaque,
found in advanced-staged AD (Roberts et al., 1991; Roberts et al., 1994; Ikonomovic et al.,
2004) — indicating that the plaques deposited after TBI are a rapidly and recently formed
aggregate. While neuritic plaques have been found in a few TBI brains, these were restricted
to the oldest cases in the study of acute single TBI (Roberts et al., 1994) and Thioflavin-S
staining for beta-sheet structure in aggregated plaques was found in only one of 18 acute
cases (Ikonomovic et al., 2004). Again, this may be a factor of time, either from increased
age at injury or increased survival time, as more fibrillar, Thioflavin-S positive plaques were
seen following long-term survival after TBI (Johnson et al., 2012).

Tau pathology after TBI

Tau pathology has also been studied after acute and chronic survival following single TBI.
Evidence of tau phosphorylation at the advanced Ser396/Ser404 epitope is seen in axons and
white matter of excised TBI brain tissue within 24h of injury, but somatodendritic p-tau
staining is rare (Ikonomovic et al., 2004), suggesting that hyperphosphorylation, but not
tangle formation, occurs acutely after TBI. Sporadic cases of p-tau immunoreactivity have
been reported in acute postmortem TBI brains, but only in 11% of cases (Uryu et al., 2007).
Tau-positive glia also occur in up to 20% of severe TBI post-mortem brains (Smith et al.,
2003a; Uryu et al., 2007). More recently the appearance of tau pathology has been examined

Exp Neurol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Washington et al.

Page 9

in 39 severe TBI brains with survival times of 1-47 years after injury, and compared to 47
control brains (Johnson et al., 2012). In TBI brains aged below 60 years-old, 34% of TBI
brains presented with tau pathology compared to only 9% of controls. The distribution of tau
pathology in TBI brains was different to that seen in control brains with abnormal tau
staining in the sulcal depths and superficial layers of the cortex (Johnson et al., 2012). Tau
pathology in TBI brains was widespread and could be observed in the cingulate gyrus,
superior frontal gyrus, and insular cortex, but pathology in control brains was limited to the
entorhinal cortex and hippocampus (Johnson et al., 2012).

Most reports of tau pathology after TBI have been in repeat mTBI brains with CTE.
Suggesting that repeat exposure may be a potential factor influencing development of tau
pathology after TBI. While the majority of historical reports have focused on boxers
(Constantinidis and Tissot, 1967; Corsellis et al., 1973; Allsop et al., 1990; Dale et al., 1991,
Tokuda et al., 1991; Hof et al., 1992; Geddes et al., 1996; Geddes et al., 1999; Schmidt et
al., 2001; Areza-Fegyveres et al., 2007; McKee et al., 2009; Saing et al., 2012; McKee et al.,
2013; McKee et al., 2015), in the last 5 years there have been multiple cases of tau
pathology in players of impact sports (McKee et al., 2009; Omalu et al., 2011; Goldstein et
al., 2012; McKee et al., 2013). Recent studies of post-mortem brains of former military
personnel with a history of blast- and military-related concussion have also revealed tau
pathology (Goldstein et al., 2012), suggesting that a variety of injury types can drive tau
pathology. While CTE is viewed as primarily a tauopathy, the evidence for polypathology in
CTE is highlighted by a recent report where 52% of 114 neuropathologically confirmed
CTE brains demonstrated concomitant AP plaque deposition (Stein et al., 2015). TDP-43
and a-synuclein have also been identified in CTE brains (McKee et al., 2013).

As occurs with AB, there are similarities and differences between the tau pathology observed
after TBI compared to AD. The tau-positive somatodendritic inclusions seen in CTE are
morphologically similar to those found in AD, however there is much more astrocytic tau in
CTE compared to AD. Another distinct difference is the distribution of neocortical tangles.
As seen in long term survivors of a single TBI (Johnson et al., 2012), tau immunoreactivity
in CTE characteristically presents with preferential deposition in layers 11 and 111 of the
cortex compared to preferential deposition in layers V and VI in AD (Hof et al., 1992).
However, there are still many unanswered questions about tau pathology after TBl—we
know little about the biochemical profiles of the tau that accumulates after injury, such as
the inclusion type (paired helical filaments, straight, or ribbon filaments), the primary
phosphorylation sites, or the roles of different tau isoforms. To date, there are only 2 studies
of CTE in the literature that examine the ratio of 4 repeat (4R) to 3 repeat (3R) tau. In the
first case, biochemical analysis reveal that both 3R and 4R tau are hyperphosphorylated in
brain extracts from two boxers (Schmidt et al., 2001). In the second case,
immunohistological staining demonstrates both 4R and 3R staining in a human CTE case,
with 4R tau thought to be predominant in astrocytic tau inclusions (McKee et al., 2013). No
biochemical analysis has occurred on the chronic tau pathology observed in single TBI
brain.

A major obstacle to gaining a better understanding of tau pathology after TBI is the lack of
an animal model of repeat mTBI that recapitulates the tau pathology observed in CTE. The
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acute accumulation of p-tau in more severe TBI models is similar to that described for TBI-
induced AB, with an acute increase of abnormal p-tau observed in in areas of axonal injury.
Following cortical impact in the 3xTg AD model mouse (harboring a human P301L tau
mutation), the accumulation of p-tau in multiple brain regions was punctate and primarily
axonal (Tran et al., 2011a), and was also reportedly increased in the somatodendritic
compartments of the contralateral CA1 neuronal cells (Tran et al., 2011a). Other groups
have also demonstrated that endogenous mouse tau can be acutely phosphorylated at
multiple sites following blast (Goldstein et al., 2012) and closed head injury (Laskowitz et
al., 2010; Namjoshi et al., 2014). However, driving chronic accumulation of p-tau, even in
tau transgenic mice, has proven to be difficult. A study of repeat mTBI using mice
overexpressing the shortest tau isoform (T44 mice), mice were exposed to four mTBI/day,
once a week for four weeks (16 impacts over 4 weeks), with a recovery time of 9 months
and only one mouse was found to have accelerated tau deposition (Yoshiyama et al., 2005).
A similar study using aged (18-month) human tau mice (hTau mice, which express all 6 tau
isoforms) exposed to 5 mTBIs over a 9-day period and had accelerated tau pathology 3
weeks after injury compared to sham or single mTBI hTau mice (Ojo et al., 2013). In
general, the mechanisms of action driving this accelerated tau pathology remains unclear
and recapitulating the pathology of repeat mTBI in animals remains challenging. It is
unclear if an brain injury has to be above a certain velocity, in a specific brain region, or if a
certain number of impacts are required to begin the destructive cascade that results in
chronic tau accumulation. Other practical issues such as skin deflection, tissue necrosis, and
repeat anesthesia further complicate the development of repeat mTBI models.

Demonstrating polypathology after TBI

While there are human studies that examine discrete neurodegenerative pathology after TBI,
and descriptive or smaller studies looking at multiple pathologies in individual cases, the
field is lacking a systematic analysis of multiple pathologies in individual cases in a large
TBI and control population. Such a comprehensive study could help identify factors that
lead to different neuropathological phenotypes after TBI, and help explain the
“polypathology” that has been reported in acute and chronic TBI brains (Newell et al., 1999;
Johnson et al., 2011; Johnson et al., 2012; McKee et al., 2013; Smith et al., 2013; McKee et
al., 2015). Such widespread studies may provide a more accurate sense of the actual
incidence of neurodegenerative pathology after TBI. Current studies looking for a single
pathology report the incidence of amyloid and tau at approximately 30%, however the
incidence of neurodegenerative pathology in the brain after TBI could be considerably
higher if all the possible disease-related proteins are studied in the same controlled cohorts.

Animal studies would also benefit from investigating the presence of multiple pathologies
simultaneously in individual mice. This could help determine whether different pathologies
follow different timecourses after injury, and whether a particular pathology is more
associated with injury than others. For example the studies by Tran et al., investigated both
AP and tau pathologies after cortical impact injury in the 3xTg-AD model mouse (Tran et
al., 2011a, Tran et al., 2011b). An example of acute AB and p-tau polypathology after TBI in
3xTg-AD mice is shown in Figure 1. Future studies can begin incorporating the factors that
appear to influence the phenotype of neurodegenerative pathology after TBI, including

Exp Neurol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Washington et al. Page 11

injury severity, age at injury, length of survival, and APOE genotype and look for mixed
pathology.

Does disease pathology after TBI relate to dementia risk?

Similar to the case in other neurodegenerative diseases we are forced to ask what does the
presence of neurodegenerative disease pathology in a subset of patients after TBI mean? Is it
related to dementia risk? Does it drive further neurodegeneration or accelerate brain aging?
Indeed, the appearance of neuritic AB plaques in CTE brains is associated with advanced
CTE disease staging and dementia (Stein et al., 2015), suggesting that this amyloid may
accelerate or drive disease state following repeat mTBI. Looking ahead at potential
influencing factors of dementia risk after TBI and the appearance of pathology does seem to
be the largest associating factor. Other factors include age at the time of injury, duration of
survival, repeated exposure or increased severity of injury, and APOE4 genotype. The
establishment of large, case- controlled cohorts of TBI brains will be essential for teasing
apart the impact of these factors on dementia onset after injury.

Conclusion

As the TBI field continues to grow, a clearer picture is emerging of the array of
neuropathological changes and clinical symptoms that can occur. The chronic sequelae of
both single TBI and repeat mTBI are as heterogeneous and personalized to the individual
patient as other aspects of brain trauma, however they share common neuropathological
features and clinical symptoms of classically defined neurodegenerative disorders. While the
spectrum of chronic cognitive and neurobehavioral disorders that occur following repeat
mTBI are viewed as the symptoms of CTE, the spectrum of chronic cognitive and
neurobehavioral symptoms that occur after a single TBI is considered to represent distinct
neurodegenerative diseases such as AD. These data support the suggestion that the multiple
manifestations of TBI-induced neurodegenerative disorders be classified together as
traumatic encephalopathy or trauma-induced neurodegeneration, regardless of the nature or
frequency of the precipitating TBI (Figure 2).
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Figure 1. Acute polypathology after experimental TBI in AD transgenic mice
3xTg-AD mice received a unilateral controlled cortical impact injury. A. Axon injury after

TBI is characterized by APP-positive axonal bulbs. This abnormal APP staining after TBI
reflects damage to the microtubule network and accumulation of proteins conveyed by
axonal transport. B. The timecourse of axonal APP accumulation occurring in the internal
capsule of C57/BI6 mice after cortical impact. APP accumulation can be seen within 30
minutes of TBI, and is still visible 7d post-injury. C. AB42 positive staining occurs in the
white matter tracts of 3xTg-AD mice 24h after TBI. D and E. Intraxonal accumulation of

Exp Neurol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Washington et al.

Page 18
AT8-positive phosphorylated tau (ptau) occurs in the fimbria and corpus callosum of 3xTg

mice 24h post-injury. Scale bar for A, C, D, E =20 um, and for B = 500 um (central image)
and 50 pm (surrounding images). cx = cortex, hp = hippocampus.
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The traditional view of the chronic effects of TBI classifies brain injury as a risk factor for
the precipitation of individual neurodegenerative diseases. The emerging view supported in
this review is that TBI-induced neurodegenerative disease, or traumatic encephalopathy, is a

spectrum disorder that shares clinical and neuropathological hallmarks with other

neurodegenerative disorders.

Exp Neurol. Author manuscript; available in PMC 2017 January 01.




