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Due largely to the use of improvised explosive devices (IEDs) and other explosives in
recent military conflicts, blast-related TBI has emerged as a prominent injury sustained
by warfighters. In the recent wars in Iraq and Afghanistan, traumatic brain injury (TBI)
has been one of the most common types of injury sustained by soldiers and military
personnel; of the ~380,000 TBIs reported in service members from 2000 to 2017,
82.3% were classified as mild (mTBI). While mTBlI is associated with normal structural
imaging, brief or no loss of consciousness, and rapid recovery of mental state, mTBI
can nevertheless lead to persistent behavioral and cognitive effects. As in other cases of
mTBl, exposure to low-level blast often does not cause immediate overt neurological
effects, but may similarly lead to persistent behavioral and cognitive deficits. These
effects are likely to be compounded when multiple exposures to blast and/or impact
are sustained, since there is increasing evidence that multiple mTBIs can lead to chronic
neurodegeneration. One common form of this deleterious outcome is frontotemporal
lobar degeneration (FTLD), which is a progressive neurodegenerative process marked
by atrophy of the frontal and temporal lobes, leading to frontotemporal dementia, a
common form of dementia affecting behavior, cognition and language. About half of
all cases of FTLD are marked by TAR-DNA binding protein (TDP-43)-positive protein
inclusions. TDP-43, a DNA/RNA binding protein, controls the expression of thousands of
genes and is associated with several neurodegenerative diseases including amyotrophic
lateral sclerosis, Alzheimer’s disease, Huntington’s disease, and chronic traumatic
encephalopathy. TDP-43 abnormalities have also been associated with traumatic brain
injury in both pre-clinical and clinical studies. The role of TDP-43 in the manifestation of
FTLD pathology in military TBI cases is currently unclear, and to date there has been only
a limited number of pre-clinical studies addressing the effects of repeated blast-related
mild TBI (rbTBI) in relation to FTLD and TDP-43. This review will summarize some of
these findings and address the concerns and critical knowledge gaps associated with
FTLD manifestation with military populations, as well as clinical findings on other forms
of mTBI.

Keywords: blast-induced brain injuries, TDP43 proteinopathy, frontotemporal lobar degeneration, TBI,
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INTRODUCTION

Traumatic brain injury (TBI) is one of the most common types of
injuries sustained by military personnel. Between 2000 and 2017,
TBI was reported in more than 380,000 service members, and
more than 82% of these TBIs were classified as mild (mTBI) (1).
mTBI is associated with brief or no loss of consciousness, normal
structural imaging, and rapid recovery of memory and mental
state (2), making it difficult to diagnose, and it is likely that the
incidence of mTBI in military personnel is higher than reported.
A specific problem for the military population is TBI caused
by blast overpressure. Blast injury likely has a different primary
injury mechanism than impact TBI due to different loading
conditions, but there are similar downstream neurocognitive
effects. However, identification of pathological processes and
post-mortem studies are at a relatively nascent stage, as discussed
in this review. Blast-related TBI has been a signature of
Operation Iraqi Freedom and Operation Enduring Freedom,
though DVBIC does not differentiate between mTBI caused by
blast vs. impact, and currently this is based on retrospective
analysis of a smaller cohort of warfighters (3). Concussive and
sub-concussive symptoms resulting from blast exposure are
often associated with unfavorable long-term clinical outcomes
(4, 5). In addition to blast from improvised explosive devices
(IEDs) in combat operations, repetitive mild blast overpressure
exposure sustained during training and breaching exercises
is also of concern. Military and law enforcement personnel
who participate in training for breaching and heavy weapon
systems are often exposed to multiple low-level blast exposures
throughout training (6). In addition, instructors overseeing
these exercises are exposed to even more low-level blasts over
a longer period of time throughout their careers and report
symptomatology similar to that seen following concussion (5, 6).

Though the acute symptoms of mTBI generally resolve
quickly, mTBI can lead to persistent behavioral and cognitive
deficits, which are thought to be compounded cumulatively
following multiple mTBIs, with a “dose”-response relationship
between number of injuries and symptoms (7-9). Increasingly,
TBI is being causally linked to neurodegenerative diseases.
The possible relationship between repetitive injury from blast
overpressure exposure and chronic neurodegeneration will be
discussed, with focus on clinical and preclinical findings as well
as research gaps that remain to be addressed. This review is
primarily focused on the emerging evidence implicating the
protein marker transactive response DNA binding protein 43
kDa (TDP-43), and its role in impact and blast TBI and
chronic neurodegeneration.

ASSOCIATION OF TDP-43 WITH TBI AND
NEURODEGENERATION

Among the variety of protein mediators that are of interest with
respect to chronic neurodegenerative diseases, the pathological
accumulation of TDP-43 has emerged as a potentially pivotal
contributor. TDP-43, a DNA/RNA binding protein encoded
by the TARDBP gene, controls the expression of thousands

of different genes. In its pathological form, TDP-43 is
hyperphosphorylated, ubiquitinated, cleaved into 25 and 35 kDa
fragments, and mislocalized to cytoplasmic protein inclusions
(10). These inclusions are found in various neurodegenerative
diseases, including chronic traumatic encephalopathy (CTE), and
frontotemporal lobar degeneration (FTLD) (11, 12).

Preliminary research reports have shown that repetitive
mTBI may cause a type of progressive neurodegeneration
now known as CTE (13, 14). Neuropathological hallmarks of
CTE include brain atrophy, white matter loss, and abnormal
protein accumulation (14, 15). The main protein pathology
and diagnostic criterion indicative of CTE is accumulation of
neurofibrillary tangles (NFTs) of hyperphosphorylated tau, a
microtubule-associated protein, in neurons and glia, particularly
in perivascular regions and deep in the sulci (16). In his
1928 paper on “punch-drunk” syndrome in boxers, Martland
described chronic physical deficits and, importantly, cognitive
dysfunction and mental deterioration (13). More recently,
clinical symptoms such as irritability, aggression, depression,
memory deficits, and suicidality have been described (14, 15).
Because diagnosis of CTE, which is most often observed in
chronic impact cases, can only be confirmed by post-mortem
pathological analysis, there is a lack of consensus in the research
field as to how and if the clinical features of CTE relate to
the neuropathological findings, TBI and symptomology (17).
There is also debate about whether CTE can result from
repeated blast exposure or whether blast leads to different chronic
neurodegenerative conditions (18, 19). More epidemiology
studies with comorbidities of TBI and post-mortem brain
pathology could inform classification of disease pathology.

In 2010, McKee et al. found that in 12 cases of CTE-
diagnosed athletes, a disease previously thought of as a tauopathy,
10 individuals showed widespread TDP-43 proteinopathy (12).
They later found that TDP-43 pathology progresses with the
stages of CTE, which are determined based on tau NFT pathology
(20). In stage I CTE, TDP-43-positive neurites can be found in the
subcortical white matter and fornix; in stage II, there are isolated
TDP-43-positive neurites or inclusions in the subcortical white
matter, brainstem, or medial temporal lobe; in stage III, most
cases of CTE show TDP-43-positive neurites in the cortex, medial
temporal lobe, or brainstem; and nearly all cases of stage IV CTE
have TDP-43-positive neurites and inclusions in glia and neurons
in the cortex, medial temporal lobe, diencephalon, basal ganglia,
brainstem, and spinal cord (16). The strong association of CTE
with repetitive impact-related TBI, along with the observation
of TDP-43 pathology in many cases of CTE, may point to some
association between subconcussive brain trauma and TDP-43
pathology (12), though this needs to be further supported and
confirmed by more independent clinical studies.

FTLD is a neurodegenerative process characterized by
selective, progressive degeneration of the frontal and temporal
lobes (21). There are a variety of subtypes of FTLD, characterized
by the type of intracellular protein accumulations found post-
mortem. The most common subtypes have accumulation of
either tau (FTLD-tau) or TPD-43 (FTLD-TDP), while the
remaining 10-15% have accumulation of the protein fused in
sarcoma (FUS) (22).
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Frontotemporal dementia (FTD), the clinical manifestation
of FTLD, has been reported in military Veterans. Various
epidemiological studies have found that FTD is one of the most
common forms of dementia in individuals under 65 years of
age, after Alzheimer’s disease and vascular dementia (23-25). It
is a progressive neurodegenerative disease causing changes in
cognition and behavior, with three clinical variants. Behavioral
variant FTD (bvFTD) is the most common form of FTD
and is characterized by disinhibition, apathy, and impulsivity
(26). The other forms of FTD are non-fluent/agrammatic
variant primary progressive aphasia (nfvPPA), characterized by
difficulty in speech production, and semantic variant primary
progressive aphasia (svPPA), characterized by impaired speech
comprehension (27). About 40% of FTD cases are familial, with a
known family history of the disease, and are caused by a variety of
genetic mutations including in the MAPT, GRN, C9ORF72, and
TARDBP genes (28). The remaining 60% of FTD is sporadic, with
no known family history. There is overlap between the type of
protein accumulation found in the brain and the FTD variant,
such that, for example, FTD-tau and FTD-TDP can both cause
bvFTD (29). Though cases of FID caused by TARDBP mutation
are very rare, FTLD-TDP is the most common form of FTLD and
is seen in both familial and sporadic FTD (28).

Preclinical

Several preclinical studies have examined TDP-43 pathology,
using various impact TBI models. These impact studies identified
alterations in TDP-43 including proteolysis, phosphorylation,
and formation of cytoplasmic TDP-43 granules even after only
one impact. This has been shown in several studies using fluid
percussion injury (FPI) or cortical contusion injury (CCI) in
rodents, where TDP-43 was phosphorylated, mislocalized, and
cleaved into TDP-25 and TDP-35 following injury, leading to
neuronal loss (30-32). The cleavage products are also increased
in astrocytes following a weight drop TBI (33). In general, these
models are of moderate-to-severe impact injury rather than
a mild or blast injury and involve open head surgery and a
severe deformation of the brain tissue after injury. A model
of repetitive mTBI, using 3 daily controlled cortical impacts,
persistently increased TDP-43 expression and aggregation in the
mouse cortex and hippocampus (34).

FTD-relevant behavioral and cognitive changes have also
been observed in various preclinical TBI studies using single
and repetitive models. Rats subjected to a single CCI display
learning and memory deficits as measured by Morris water maze
(30). TDP-434315T transgenic mice had significantly impaired
cognition as measured by the Y maze following FPI (32). While a
single mild impact causes learning impairments, repeated mTBI
causes more generalized progressive impairments in cognition,
learning, and behavior (35). Repetitive mild lateral FPI and
weight drop models have been shown to cause learning and
memory deficits, as measured by Morris water maze, novel object
recognition tasks, Barnes maze, and Y maze (36, 37). Few studies
of repetitive TBI and dementia have been conducted using non-
rodent models, which have more similar head and brain anatomy
to that of humans, leading to difficulty in scaling these studies
to humans. One study using a swine model of acceleration

injury, found that repeated injury causes more severe cognitive
dysfunction than a single injury (38).

While the majority of studies on TBI and FTD-like symptoms
have used impact injury models, there are some using blast
overpressure-related TBI models. In one such study, mice
exposed to low-level (2.5 psi) blast exhibited impaired memory,
as measured by the novel object recognition task (39). Our
research group has similarly demonstrated that blast exposure
can lead to impaired learning and memory along with tau
pathology (40, 41). There are few preclinical longitudinal studies
investigating the relationship between blast-induced TBI, TDP-
43, and FTLD. In one study, mice exposed to blast were found
to develop CTE-like tau pathology and cognitive deficits (42),
though this blast has high accelerative forces that are not
characteristic of primary blast exposure. This study did not
examine TDP-43 pathology, but it does provide a link between
blast exposure and development of CTE-like symptoms. In
another study, mice subjected to blast overpressure exhibited
TDP-43 fragmentation and mislocalization, hallmarks of TDP-
43 proteinopathy (43). A preliminary study using a rat model
of blast TBI demonstrated significantly increased TDP-43 in the
brain following 3 or 4 exposures to 19psi blast (44). This indicates
that repetitive blast exposure may lead to disruption in TDP-
43, which is likely an important aspect of neurodegenerative
processes. Based upon these promising findings, further study is
needed to define the relationships between brain injury sustained
from blast overpressure exposure, TDP-43 proteinopathy, and
the development of FTD-like symptoms. Long-term preclinical
studies, particularly ones focusing on repetitive blast exposure
relevant to training and breaching environment of Warfighters,
are currently lacking in this field and remains an important area
of research.

Clinical

There has been limited clinical research associating chronic TBI,
TDP-43 and neurodegeneration, but there is some preliminary
evidence that links these factors. The clinical behavioral
symptoms associated with bvFTD, such as apathy and social
dysfunction, are also frequently reported in cases of TBI and
CTE (45) and there have been multiple studies correlating TBI
with increased risk of developing FTD. Patients with a history of
TBI had earlier ages of onset for symptoms and were 3.3 times
more likely to develop FTD than patients with no head trauma
(30, 46, 47) In a study of Veterans diagnosed with dementia,
the prevalence of TBI history was significantly greater in those
with FTD than in those with other types of dementia (48). A
systematic review of 47 original research studies on concussion
found that multiple concussions are a risk factor for development
of cognitive impairment (49). A meta-analysis of 18 journal
articles on the risk of neurodegeneration after TBI found that
TBI is a risk factor for development of dementia (odds ratio
(OR) of 1.93), TDP-43-associated diseases (OR of 4.44), and
FTD (OR of 2.97), showing an association between TBI, TDP-
43, and FTD (50). While there is a growing body of literature
describing observations of FTD in military Veterans (48, 51),
the cause, onset, and prognosis of disease is currently unclear
in military populations. Similarly, although current research
trends show that brain trauma could be associated with FTD
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and possibly a risk factor toward sporadic FTD, a clearly defined
cause-effect relationship between FID and brain trauma is at
present unclear.

A common link between repetitive impact TBI and FID
is mislocalization and aggregation of TDP-43 in neurons and
glial cells. In a study of human subjects who sustained a single
moderate/severe TBI, TDP-43 expression was increased in the
cytoplasm, though no increase in TDP-43 phosphorylation was
observed (52). A case study of a woman who sustained a single
severe TBI found that she subsequently developed symptoms
of dementia as well as intraneuronal TDP-43 inclusions in the
frontal and temporal lobes (53). The existing reports on TDP-43
pathology following TBI are limited in both scope and number
of patients, and further examination of TDP-43 in various TBI
populations is necessary to establish a causal link between TBI
and TDP-43 pathology.

In cases of CTE with severe TDP-43 pathology, the pattern
of TDP-43 expression mimics the pattern of expression seen in
FTLD-TDP, with TDP-43 proteinopathy found in all layers of
the cortex, particularly in layer II, and in the dentate fascia of
the hippocampus (12, 16). Additionally, among individuals with
a history of repetitive mTBI who were diagnosed with CTE, 6%
were diagnosed with CTE-FTLD. Of these, half had FTLD-TDP
and half had FTLD-tau (20). This demonstrates that brain trauma
may be a risk factor contributing to chronic neurodegeneration,
potentially mediated by TDP-43 proteinopathy.

Longitudinal studies which comprehensively monitor blast
overpressure exposure and resultant chronic debilitations are

currently lacking in the clinical literature. In a study of
individuals with a history of repetitive mTBI, 16 of 21 military
Veterans were diagnosed with CTE, three of whom were exposed
to blast from IEDs (20). Of those three, one was found to have
TDP-43 pathology in the brain (20). Similarly, another study
of military Veterans with a history of blast exposure and/or
concussion found tau pathology in the brain (42). In such studies
of blast-exposed Veterans, it is difficult to ensure that the subjects
have only been exposed to blast and do not have a history of
impact TBI. The individuals in the McKee et al. study with a CTE
diagnosis and history of IED blast exposure also had a history of
playing high school football and/or motor vehicle accidents (20),
and therefore likely had sustained impact mTBI(s). Likewise,
in the Goldstein et al., study, the military Veterans had a
history of “blast exposure and/or concussive injury” (42) and
therefore, it is impossible to attribute the findings to blast
exposure itself. The current state of blast/neurodegeneration
literature is greatly limited by a small number of subjects and
many confounding factors. There have been studies showing
a divergence in CTE diagnosis and blast exposure. One study
reported a unique pathological finding in chronic blast-exposed
Veterans: significant perivascular astrogliosis and glial scarring at
boundaries between the brain and CSF and between the gray and
white matter (18). This pathology was not found in individuals
with chronic impact TBI, indicating that it might be a unique
consequence of blast-related brain injury (18). Further, this glial
scarring is in the absence of any tau pathology, which is the
current diagnostic hallmark of CTE (19). This lack of consensus

TABLE 1 | Summary of previous research conducted on TBI, TDP-43, and FTD.

Clinical TBI

Preclinical TBI

Cause/evidence of Civilian TBI

disease progression studies only)

Military TBI (blast exposure

Models of civilian TBI Models of blast exposure

FTD/FTD-like
behavioral deficits

History of TBl is linked to FTD

(30, 47)

TBI history leads to earlier-onset bv
FTD (46)

Veterans with dementia: TBI

blast showed a

than other dementias (48) needed on
Meta-analysis: TBl is a risk factor
for FTD with an odds ratio of

4.44 (50)

Repetitive mild TBI was associated
with CTE (12, 14, 20)
More independent studies are

CTE/CTE-like
symptoms

dose-response relationship
between number of exposures ® Repeated injury causes more
and symptoms (9)

prevalence higher in those with FTD e More clinical studies are

blast-specific injury

o Military personnel exposed to e Repetitive impact TBl causes ~ ® Mice exposed to low-level blast

cognitive and behavioral
deficits (34-38)

exhibited impaired memory (39)
Preclinical studies on
repetitive bTBI are lacking

severe cognitive dysfunction
than single injury (38)
TDP-43A315T transgenic mice
have impaired cognition
following TBI (30, 32)

e \eterans exposed to blast can e Repetitive impact injury in mice e Lack of preclinical studies
develop CTE" (20, 42)
*subjects also had history of

causes CTE-like
neuropathologic changes (34)

linking repetitive blast and
CTE neuropathology

lacking impact TBI
* Multiple concussions are a risk
factor for cognitive impairment (49)
TDP-43 proteinopathy e Repetitive mild TBI leads to TDP-43 e CTE is found in humans ® Repetitive impact TBl leads to e Single blast lead to TDP-43

proteinopathy, including protein
inclusions, cytoplasmic (20)
mislocalization, phosphorylation,
and cleavage (12, 20, 32)

A single TBI causes increased
expression and intraneuronal
inclusions of TDP-43 (52, 53)

TBl is a risk factor for TDP-43
associated diseases with an odds
ratio of 1.93 (50)

impact TBI

exposed to blast from I[EDs*

*subjects also had history of

TDP-43 aggregation (34) cleavage (43)

A single impact injury causes ¢ Lack of preclinical studies
TDP-43 pathology, including on repetitive blast and
cleavage, phosphorylation, TDP-43 proteinopathy
mislocalization, and

cytoplasmic aggregation

(30-33, 43, 54)

This proteinopathy is

exacerbated in transgenic

mice (32, 54)
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of whether blast exposure can lead to CTE is an important
knowledge gap to be addressed.

SUMMARY

While there is ample evidence that multiple impact head traumas
resulting in TBIs can lead to neurodegeneration, longitudinal
studies addressing Warfighter needs in this domain are
currently lacking, despite the emergence of evidence in Veteran
populations that FTD is a primary concern. Studies targeting
mechanisms underlying the pathogenesis of neurodegeneration
using pre-clinical models addressing this Warfighter population
are largely non-existent in the literature. Table 1 summarizes the
work that has been conducted in this field to date and illustrates
pertinent research gaps to be addressed in the future, including
a need for more clinical research on blast-related TBI and
independent studies to demonstrate CTE pathology. Although
a number of studies have focused on repetitive impact TBI
experienced by civilians, they generally do not include military
populations and tend to not differentiate between TBI resulting
from impact and blast. Moreover, those that do address blast
exposure generally rely on self-reported history of blast exposure,
which creates shortcomings due to recall and diagnostic error.
There is also an increasingly recognized need to study multiple
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