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Abstract

Traumatic brain injury (TBI), particularly of greater severity (i.e., moderate-to-severe), has
been identified as a risk factor for all-cause dementia and Parkinson’s disease (PD), with

risk for specific dementia sub-types being more variable. Among the limited studies involving
neuropathological (post-mortem) confirmation, the association between TBI and risk for
neurodegenerative disease increases in complexity, with polypathology often reported on
examination. The heterogeneous clinical and neuropathological outcomes associated with TBI
are likely reflective of the multifaceted post-injury acute and chronic processes that may
contribute to neurodegeneration. Acutely in TBI, axonal injury and disrupted transport influences
molecular mechanisms fundamental to the formation of pathological proteins, such as amyloid
(A) B peptide and hyperphosphorylated tau (pTau). These protein deposits may develop into
AP plaques, pTau positive neurofibrillary tangles and dystrophic neurites. These and other
characteristic neurodegenerative diseases pathologies may then spread across brain regions.
The acute immune and neuroinflammatory response involves alteration of microglia, astrocytes,
oligodendrocytes, and endothelial cells, release of downstream pro- and anti-inflammatory
cytokines and chemokines, and recruitment of peripheral immune cells. Though thought to

be neuroprotective and reparative initially, prolongation of these processes may promote
neurodegeneration. We review the evidence for TBI as a risk factor for neurodegenerative
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disorders, including Alzheimer’s dementia and PD, in clinical and neuropathological studies.
Further, we describe the dynamic interactions between acute response to injury and chronic
processes that may be involved in TBI-related pathogenesis and progression of neurodegeneration.
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Introduction

Systematic reviews have found that TBI of any severity is associated with a 63%-96%
increased risk of all-cause dementia(1-3). However, the specific epidemiological factors
and pathophysiological mechanisms that underlie the association between TBI and specific
neurodegenerative pathologies is poorly understood. This is a challenging area of research
for many reasons, including methodological variability across studies (e.g., differing
diagnostic criteria or injury characterization, heterogeneity of clinical samples, self-report
vs. clinician determined diagnosis), a lack of specific and sensitive biomarkers to detect
and monitor post-TBI neurodegeneration, and a dearth of cohorts with combined reliable,
detailed data that includes TBI exposure, structured clinical assessments with biofluid
banking, and neuropathological evaluation. Acutely following TBI, there is a complex
pathophysiological response to injury that involves neuroprotective and reparative processes,
but prolonged activation of these processes may promote pathogenesis and progression of
neurodegenerative processes. Here, we extend prior broad reviews of associations between
TBI and neurodegeneration by summarizing evidence for risk of dementia and specific
neurodegenerative diseases following TBI across all severities, as well as leading candidate
mechanisms linking TBI and neurodegenerative outcomes.

TBI and neurodegeneration: large-scale studies of clinical diagnoses

All-cause dementia in moderate/severe or all severity TBI with loss of consciousness

(LOC)

The majority of administrative cohort clinical research involving TBI of all severities report
an association between TBI-exposure and increased risk of dementia(2, 4-12). For clarity,
administrative cohort studies typically involve a large dataset, that was conducted using data
derived from administrative system operations, such as patient registration, health record
keeping, billing/payment transactions, etc. Of the four largest studies to date examining
moderate/severe TBI exclusively and risk of all-cause dementia, hazard ratios [(HRs)(95%
confidence interval)] for development of dementia range from 1.35 [(1.26-1.45)(4, 6, 7)]

to 3.77 [3.63-3.91 (11)]. A retrospective population cohort study of ~40,000 working-age
adults identified an association between moderate/severe TBI exposure and increased risk
of developing all-cause dementia, as compared to those who sustained a mild TBI (mTBI),
but TBI was not a significant risk factor for any dementia sub-type when specific dementia
sub-types were examined (7).
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Dementia sub-types and movement disorders in moderate/severe or all severity TBI with
loss of consciousness (LOC)

Research focused on moderate/severe TBI exposure and distinct clinically diagnosed
neurodegenerative diseases (e.g., Alzheimer’s disease [AD]) is limited, with most reports

in the literature binning TBIs of all severity, or differentiating between the presence of LOC.
In one study of World War Il veterans using expert consensus clinical diagnostic criteria,
those who sustained a moderate or severe TBI in early adulthood (approximately 40 years
prior) were 2.3 and 4.5 times more likely to develop AD later in life, respectively, compared
to a similar group of veterans with non-TBI histories(13). Other investigations aggregating
TBI of all severities have yielded conflicting results, presumably due to the large degree of
heterogeneity that can exist across samples (e.g., mild to severe TBI range, time since injury,
methodology of investigation [case-control vs. cohort], and rigor of dementia sub-type
diagnosis [ICD code vs. expert consensus vs. biomarker])(12, 14-22).

Two of the largest administrative and population-based cohort studies to date reported

the risk of clinical Parkinson’s disease (PD) to be at least 1.8 times greater among

those with a history of moderate/severe TBI, as compared to those without TBI, over

an average follow-up duration of 4.6 years, adjusting for multiple demographic, medical,
and psychiatric history factors(7, 23). The elevated risk of PD among those with a

history of TBI is supported by meta-analyses involving TBI of all severities(5, 24).
Research on multiple prospective cohorts reported elevated risk of incident PD among
individuals with remote TBI history (moderate-to-severe), which was later consistent with
post-mortem neuropathological examination at follow-up (20). A meta-analysis of 16
studies demonstrated a greater risk of amyotrophic lateral sclerosis (ALS; OR=1.5) among
individuals with a history of TBI (aggregate of all severities), but secondary analyses raised
concern for reverse-causation when taking into account injury time lags of greater than
1-year(25). Limited studies have reported a positive relationship between history of TBI and
frontotemporal dementia (FTD) and more research in this area is needed(26-28).

All-cause dementia in mTBI

Administrative cohort and population-based studies have identified mTBI as a risk factor
for all cause dementia. A recent nationwide Veterans Health Administration (VHA) cohort
study (N> 350,000) with a mean age of 49.5 yrs., and average follow-up duration of 4.2
years, reported a 2.4-fold increased risk for dementia in veterans with mTBI without LOC,
and a 3.2-fold risk in those who experienced TBI with LOC(11). Over periods from 5-25
years, population-based studies have robustly reported mTBI to increase risk of dementia
by factors of 1.2 to 3.3(4, 6, 29, 30). Within these studies, limitations such as reliance

on diagnostic codes lacking specificity or exclusions of subjects with mTBI who did not
seek care may confound estimation of outcome risk. Methodological heterogeneity (e.g.,
exposure misclassification, different diagnostic criteria, dementia diagnosed clinically vs.
via informant, etc.) across studies may also contribute to the range of exposure-outcome risk
estimates across investigations(31).
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Dementia sub-types and movement disorders in mTBI

A cohort of 2,223 individuals, including those with clinically diagnosed probable or definite
AD across three countries, were two times more likely to report a history of mTBI than a
first-degree relative control group(14). Conversely, two large-scale investigations failed to
detect an association between prior mTBI and incidence of AD over shorter durations of
follow-up [(two years or less)(13, 32)]. There is stronger evidence for an association with
PD, with evidence from several large cohorts indicating that a single mTBI may increase
the risk of PD later in life(23, 30, 33, 34). Adjusting for confounds, the VHA study cohort
described above with over 325,000 veterans (half with TBI) reported a significant increase
of incident PD (HR=1.6) among those with a history of mTBI [average follow-up duration
4.6 years)(23)] An independent administrative cohort study over a 25-year period reported
similar findings (a PD incidence rate ratio of 1.6) among those with a history of mTBI.
While retrospective studies have shown associations of mTBI history with other non-AD
dementia sub-types, such as FTD(28), there is insufficient evidence to draw definitive
conclusions.

Dementia, dementia sub-types, and movement disorders in repetitive TBI and
‘subconcussive’ impacts

Repetitive TBI, including subconcussive impacts, are associated with chronic traumatic
encephalopathy (CTE) neuropathologic change at autopsy, but risk for dementia and
movement disorders is less clear. While population studies have shown increased risk

for all-cause dementia with greater number of TBIs sustained(4, 30), the implications of
repetitive TBI for risk of specific dementia/movement disorder sub-types have been less
reliable. Not distinguishing between TBI severity, multiple large-scale studies have failed
to observe a significant elevation in risk for AD(13, 32) and ALS(25) among those with a
history of multiple TBIs, as compared to those with one TBI or no prior head injury. Some
studies have focused on risk of dementia or specific dementia sub-types among contact
sport athletes. In the largest study of former professional American football players to

date (N=2,552), the authors reported a dose response relationship between number of prior
mTBIs and risk of mild cognitive impairment (participant-reported physician diagnosed), but
not AD(35).

Elevated risk of dementia/movement disorders may be attributable to cumulative
subconcussive or repetitive head impacts (RHI) that fall below the relative magnitude of
clinically diagnosed concussive injury (36-39). Combined neurodegenerative disease (AD,
PD, ALS) mortality among former professional American football players is reportedly
increased compared to either the general population or former non-contact sport athletes(40,
41). Results regarding specific disease subtypes in former professional American football
players have been inconclusive, or contradictory in some cases, with one study observing
higher rates of AD and ALS, but not PD(40), and the other study reporting higher rates of
PD, but not AD or ALS(41). Research on former high school football players participating
in sport between 1957-1970 has not observed elevated rates neurodegenerative diseases or
increased cognitive impairment compared to well-matched control groups(42, 43).
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Neuropathological outcomes of TBI

Large-scale studies exploring associations between TBI and neuropathologically-confirmed
neurodegenerative disease have been inconsistent in regard to linking TBI exposure with a
specific disease. While some cohort and retrospective case-control studies reported elevated
risk of AD neuropathology among those with a self-reported history of TBI(44, 45), two of
the largest scale studies to date involving longitudinal cohorts have not observed such an
association(18, 20). Research using /n vivo positron emission tomography (PET) have more
reliably shown an association between remote TBI and tau tracer uptake, as compared to
amyloid tracer uptake, which has been more variable(46-50). In a community-based cohort,
TBI with LOC >1 hour was not significantly associated with AD pathologic burden, but
those individuals were more likely to have Lewy body disease and there was a significant
association between TBI with LOC >1 hour and incident PD, as well as progression rate

of parkinsonism(20). The same group also reported greater microvascular ischemic changes
associated with TBI history(20). The role of vascular pathology is further supported by an
administrative cohort study of individuals with TBI presenting to the ED or hospitalized in
the state of California between 2005 and 2009, which reported TBI to be an independent risk
factor for subsequent stroke over a median follow-up duration of 28 months(51).

Detecting and interpreting relationships between TBI and risk of neurodegenerative disease
is complicated by the high prevalence of polypathology among these samples(45, 52-59).
The notion of polypathology and coexistence of multiple proteinopathies has been reported
across the spectrum of TBI (mild to severe, repetitive mTBI, RHI) in post-mortem
studies(45, 53, 55, 57, 58, 60). Aging is a major consideration for neurodegenerative disease
polypathology, since the incidence for every major neurodegenerative disease increases
with age, and the majority of neuropathological research samples have been from aged
individuals(61). Further understanding of the relationship between TBI, neurodegenerative
disease, aging, and polypathology, will require consideration of many other factors, such as
other environmental exposures, genetic influences (e.g., apolipoprotein E, type €4 allele),
lifestyle (e.g., diet, exercise), and systemic disease (e.g., diabetes, hypertension), etc. which
are also associated with elevated levels of polypathology(61).

Acute to chronic processes and mechanisms associating TBI and

neurodegenerative disease

Many pathological processes have been proposed to contribute to neurodegenerative disease
in general, and also in association with TBI exposure(8, 13, 62, 63). As relationships
between TBI and neurodegenerative disease are clarified, it will be critical to understand the
direct and indirect pathways in which pathophysiological processes initiated or influenced
by TBI exposure may contribute to age-related neurodegenerative disease and dementia(20,
62, 64-70). It is important to consider the structural effects of TBI, acutely and over

time, to understand how neurodegenerative disease processes may unfold post-injury, as
well as the way in which these structural changes interact with chronic processes. Below
we review processes that occur acutely in response to injury and their evolution to the
chronic post-injury phase. These processes are considered to be among the leading candidate
mechanisms that may confer increased risk for dementia post-TBI, but other pathways, such
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as glymphatic dysfunction or vascular damage and dysfunction, also likely contribute to
TBI-related neurodegenerative disease (36).

Axonal injury, white matter changes, and potential degeneration

Axonal damage is highly common in TBI(71), with extensive axonal severance (i.e.,
axotomy), and secondary axonal swelling and disruption of axonal transport in more severe
injuries (72-75). Over time this manifests as degeneration of white matter with severe loss
of neurons and alterations in glial populations(76). Chronic, progressive changes of white
matter following TBI are supported in multiple studies(77, 78). Graham et al. reported

that alterations in white matter microstructure using diffusion tensor imaging (DTI) were
predictive of white matter atrophy in patients in the chronic phase of moderate-to-severe
TBI(73). Similar microstructural alterations occur in the absence of macroscopic pathology
(approximately 1/3 of moderate-to-severe TBI cases) and inversely correlate with cognitive
and functional outcomes. Progressive white matter changes (i.e., decline in white matter
neurite density) among patients wither lower injury severity (mTBI) have also been reported
in a prospective cohort (approximately 50% with TBI-related MRI findings) presenting to
the ED(79).

In younger athletes who sustain an mTBI, where neuroradiological findings are significantly
less common, decreased neurite density white matter alterations can persist beyond clinical
recovery, but recover more completely compared to control-group levels(80, 81). The
longitudinal significance of this is unclear; but at older ages, diffuse white matter tract
abnormalities on DTI have been recorded in clinically unimpaired former professional
American football players with a history of remote sport concussion(s)(82). A study
showing a U-shaped trajectory of diffusion-related changes (i.e., initial improvement in
recovery with later decline) at subacute, 1-year and 5-year time points following combat
concussive blast trauma may help explain the discrepancy between initial recovery and long-
term white matter changes(83). Together, this research supports the notion that TBI exposure
can lead to progressive white matter degeneration, possibly through secondary effects of
oxidative stress, cellular hyperexcitability, and vasogenic, cytotoxic edema, inflammation,
and Wallerian degeneration (reviewed in-depth elsewhere).(84) Interestingly, changes on
DTI are not predictive of grey matter atrophy in the same patients, which suggests other
mechanisms beyond axonal white matter changes, such as the processes reviewed below,
may be involved in alterations of cortex(78).

Acutely upregulated amyloid precursor protein evolving to beta-amyloid (AB) plaques

The upregulation of amyloid precursor protein (APP) acutely after TBI is well-established
in experimental and human neuropathological studies (66, 67). Since amyloid precursor
protein contains the peptide sequence for AB(85), the potential link between TBI and AD is
clear. From days to months post-injury, initial accumulation of APP evolves with elevated
co-accumulation of AR peptide and enzymes, including B-secretase 1 (BACEL), presenilin-1
(PS-1), and caspase-3(68), that contribute to A generation in axons of white and grey
matter(86). Ap peptide accumulation following axonal injury may occur during transport
disruption via decreased kinesin-1, a motor protein that transports cargo [(in this case, APP,
BACEL1, and PS-1)(87-89)]. Accumulating Ap may be released into the extracellular space
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as axons and their cell bodies degenerate, either as consequence of Ap accumulation itself,
or directly due to trauma. It is not known whether this can lead to AD neuropathologic
change, but studies of severe TBI ranging from 4 hours to 2.5 years post-injury have
reported a prevalence of 30-38% of post-mortem and surgical tissues containing the presence
of A plaques(62, 65, 69). Similar rates of Ap plaque accumulation were reported in a

study of longer-term survivors of severe TBI ranging from 1-47 years (45), suggesting there
may be a threshold at which the AP cascade is initiated, and potentially that Ap pathology

in TBI may not be inherently progressive. Prospective cohort studies with sensitive and
specific Ap biomarker (neuroimaging and/or biofluid) monitoring are required to understand
relationships between TBI and development and progression of Ap pathology.

Acute hyperphosphorylation of tau evolving to neurofibrillary tangles (NFTSs)

Hyperphosphorylation of microtubule-associated protein (MAP) tau has been observed
acutely (24 hours) and up to 7-days post-TBI in experimental models and post-mortem
samples 4 hours to 5 weeks post-injury(64, 65, 90, 91). Neurofibrillary tangles (NFTs), an
advanced form of hyperphosphorylated tau and a hallmark pathological lesion in AD and
other tauopathies, are rarely observed in the acute/subacute post-injury period. This might
suggest that post-injury pathological tau (pTau) later progresses to NFT pathology, or that
acute TBI-related pTau and long-term NFT pathology are unrelated(36, 65, 90-92).

Liberation of microtubule-dissociated tau, from axonal shearing injury and potentially
other TBI-related mechanisms, may promote hyperphosphorylation and accumulation of
pathogenic tau proteoforms(36, 91, 93). Multiple protein kinases and phosphatases regulate
tau hyperphosphorylation(94); experimental studies have recorded elevated levels of delta-
secretase, glycogen synthase kinase-3p, and c-Jun N-terminal kinase following TBI in
regions of tau hyperphosphorylation(95, 96). Reduction or elimination of the above enzymes
can reduce hyperphosphorylation and accumulation of tau hyperphosphorylation post-
TBI(95, 96). Delta-secretase results in tau cleavage at N368, producing tau fragments that
are more amenable to hyperphosphorylation(96). Diverse lifestyle, genetic, environmental,
and health factors (sleep, stress, viral/bacterial infection, bridging integrator 1 gene status)
can influence these and other processes associated with pathological tau production
[(reviewed elsewhere)(94)].

There is mounting evidence supporting pathways of transcellular tau progression, which
could underlie extensive pTau burden in some neurodegenerative settings, and which may
be important in post-TBI neurodegeneration. In a recent study, wild type mice inoculated
with brain homogenates from mice who underwent experimental severe TBI (closed
cortical impact - CClI) exhibited diffuse, progressive tau pathology along with behavioral
and synaptic dysfunction suggesting that a self-sustained neurodegenerative process could
occur following TBI-related accumulation of hyperphosphorylated tau (92). Transcellular
spreading may occur through neuronal internalization of tau released from injured cells,
or potentially through trans-synaptic, exosomal, secretory (interstitial fluid, CSF, etc.), or
glymphatic pathways(97-101).
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Inflammatory and Immune response post-TBI (acute to chronic)

A neuroinflammatory response occurs following acute injury, which includes release

of pro- and anti-inflammatory cytokines, neurotrophic factor modulation, cell migration

and phagocytosis and other processes, to clear debris and heal the damaged cells and
tissues(102). Neuroinflammatory responses are tightly regulated and evolve rapidly, ideally
with resolution soon after the injury, when homeostasis is restored and major structural
damage is resolved. However, the human brain is limited in its capacity to heal significant
structural injury, and some post-TBI neuroinflammatory processes can persist(103-108).
This pro-inflammatory state is mediated primarily by microglia/macrophages and astrocytes,
and their communication through cytokine and cell-surface markers(109).

Microglia are important for synaptic pruning, immune surveillance, post-injury immune
response coordination, debris clearance, and regeneration (particularly synaptic). Chronic
microglia changes can be widespread long after TBI and are correlated with structural

brain changes over time(103, 105, 110, 111). Astrocytes could function to preserve neurons
post-TBI through processes such as repair of the blood-brain-barrier (BBB)/recalibration of
neurovascular coupling, neuronal recovery including synaptogenesis, and neurotransmitter
metabolism(112, 113). While the above acute glia activation may have beneficial effects

on attenuating injury effects and initial repair, prolonged and chronic activation of these
processes contribute to deleterious effects of aging and neurodegeneration(114, 115). For
example, following demarcation and “sealing off” of injury, reactive astrocytes could
contribute to adverse long-term problems, as they hinder a number of growth-related
functions including inhibition of synaptic formation, integration of new neurons, and axonal
growth(116, 117).

Persistent neuroinflammation (characterized by elevated MHCII, CR3/43, CD68, NADPH
oxidase [NOX2], and GFAP) has been observed for up to 1-year post-TBI in animal

studies (rats and mice) using different experimental injury models(103, 118). Reactive
microglia post-mortem (CR3/43* & CD68") and /n vivo (higher PK-11195 binding detected
by PET scans in TBI patients) have been reported up to 18 years after TBI(106, 119).
Recent RNA profiling studies show a robust pro-inflammatory response with increased
expression of Nfxb driven cytokines and chemokines occurring acutely. The subacute phase
of inflammation was dominated by interferon (IFN) type | signaling. “Primed” microglia
with associated alterations in Iba-1 morphology have also been detected chronically post-
TBI(120, 121). The transition to persistent neuroinflammation noted above correlates with
extensive brain injury including hippocampal cell death and neurodegeneration, lesion site
expansion, cortical atrophy, and myelin loss(103, 118, 121-123). Microglia depletion at
1-month post-CCI decreased hippocampal neurodegeneration, cortical lesion expansion, and
neurobehavioral deficits (107, 124).

Persistent glial inflammation or glia priming following TBI may adversely affect the

ability of microglia to appropriately respond to future immune challenges such as infection
(producing higher levels of inflammatory cytokines). In the injured mouse brain (30 days
post-injury), primed MHCII* microglia are hyper-reactive to acute challenge with LPS(121).
Specifically, peripheral LPS administration resulted in exaggerated expression of I1L-1p,
impaired cognitive performance, and protracted sickness and depressive-like behavior(121,
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125). Following TBI in humans, secondary insults across the lifespan can include a repeat
head injury, peripheral immune challenge, or even aging-related changes and pre-clinical
neurodegenerative disease(126, 127).

Independent of TBI, chronic glial activation has been implicated in the pathogenesis and
progression of diverse neurodegenerative diseases [(AD, PD, ALS)(128)]. For example,
reactive astrocytes may elevate risk of various neurodegenerative diseases through pro-
inflammatory processes, disruption of BBB integrity, and glymphatic system dysfunction
(via changes in aquaporin-4 expression and activation of matrix metalloproteinases
[MMPs-3 and —9]), all of which have also been observed following TBI(129-133).

The neurodegenerative disease pathological peptides, and their associated toxicities, may
also perpetuate the glial response to injury, exacerbating secondary injury, promoting
pathological deposits, and perpetuating neurodegeneration(134). Together, this supports
the notion that neuroinflammation can persist and progress diffusely as part of

Wallerian degeneration, exacerbate neuropathological deposits, and contribute to risk of
neurodegenerative disease.

Future directions

There are major gaps in knowledge with regard to the relationships between TBI and diverse
neurodegenerative disease. Post-mortem assessments, by definition, represent a single point
in time, and therefore inferences on sequence, rate, and magnitude of progression and/or
regression of pathological processes are inherently speculative without sensitive and specific
biomarkers. The influences of genetic, biological, and environmental contributors to the
development and progression of neurodegenerative disease are at best poorly understood.
Sensitive and specific biomarkers for TBI-related neurodegeneration are lacking, but will be
required not just to monitor for progression but to understand potential interactions across
comorbidities and polypathologies. Secondary injury resulting from prolonged activation of
reactive processes, such as neuroinflammation, adds further uncertainty. Research in each of
these important areas is ongoing and essential to fill critical gaps in knowledge.

Neuroimaging and biomarkers

Given the complex spatial and temporal interactions of injury-related processes and the
role of diverse modifying factors (e.g., age, genetics, lifestyle activities), investigations
into the mechanism and course of neurodegenerative disease following TBI require a
range of multimodal neuroimaging and fluid biomarkers. Structural [(e.g., volumetric

and diffusion tensor imaging)(73, 78, 135)], functional [(e.g., functional connectivity and
cerebral blood flow)(136, 137)], and molecular [(PET)(46, 48-50, 106, 110)], imaging
findings have been reported in acute and long-term TBI. These modalities will be essential
to provide complimentary information regarding the longitudinal temporal course of changes
that can occur post-TBI. For example, greater PET ligand signal of neuroinflammation
has been observed as co-localizing in regions with the greatest disease progression (e.g.,
neuropathological deposition in primary progressive aphasia) in longitudinal non-TBI
samples(138, 139).
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As a non-invasive and cost-effective method of measurement, systemic biofluid biomarkers
(cerebral spinal fluid or serum/plasma) provide a cost-effective approach for serial sampling
and monitoring, as well as opportunity for correlation with neuroimaging studies, to

learn about the dynamic course of TBI progression. In clinically normal and cognitive
impaired non-TBI samples, serum levels of tau [(p-tau181)(140)], amyloid [(AB1-42)(141)],
axonal damage [(i.e., neurofilament light chain)(142)], and inflammation [(C-reactive
protein, interleukin-6)(143)], have demonstrated utility in predicting disease progression
and decline of age-related neurodegenerative disease. Validation of these markers reflecting
pathological processing occurring in the brain (i.e., corresponding tracer uptake on PET
imaging) has also been demonstrated(140, 141). Combined with multimodal neuroimaging,
functional/cognitive assessment, and neuropathological validation, continued studies of fluid
biomarkers will be critical to detect and intervene in TBI-associated neurodegeneration.

targets and prospects

Development of effective interventions for neurodegenerative diseases has largely proven
to be unsuccessful to this point, with hundreds of failed clinical trials for AD alone.
Although clinical trials of anti-amyloid therapy have not been optimal for the treatment
of AD (144), this approach may have potential utility in mitigating the effect of TBI
given the consistent upregulation of amyloid precursor protein in acute injury and future
risk for dementia. Anti-pathological tau therapies hold promise as another treatment for
AD and other tauopathies and are under development [(Phase 1 and 2 trials)(145)]. Given
the prevalence of polypathology described above, future treatment approaches will likely
involve combination therapy(146).

Summary and conclusion

TBI is widely regarded as a risk factor for all-cause dementia, particularly when sustained
at older ages. TBI-mediated risk for specific neurodegenerative disease sub-types is less
clear. Some administrative and population-based cohort studies have reported higher rates
of dementia among those with a history of mTBI, though studies that use structured
psychometric assessments and standardized diagnostic criteria and include subjects with
less severe injuries (i.e., those not requiring acute care), are needed. Well-controlled,
prospective cohort studies of outcomes following TBI, with neuropathological verification
are lacking but underway(147). Polypathology in the context of a remote TBI is extremely
challenging and fraught with opportunities for over-interpretation. While neuropathology is
the gold standard for diagnosis of neurodegeneration, sensitive and specific psychometric,
biofluid and/or imaging biomarkers are desperately needed to finally enable detection

and monitoring of neurodegenerative disease processes during life. This will improve
understanding of genetic, biological, and environmental drivers behind TBI-related acute
and chronic changes in the brain and the potential for neurodegeneration.
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Figure 1.
Conceptual representation of the post—traumatic brain injury evolution of acute to chronic

response, potentially including neurodegenerative disease pathways. 1) Initial protective
activation of astrocytes persists toward chronic morphology, contributing to deleterious
effects of advanced aging and neurodegeneration, including prolonged proinflammatory
cytokine release, disruption of BBB integrity, and glymphatic system disturbance.

2) Resident microglia react, potentially exacerbating neurotoxicity through prolonged
activation or primed morphology, resulting in local and diffuse proinflammatory cytokine
release (represented by blue dots), contributing to longer-term secondary injury. 3) Insult
because of injury results in structural and myelin damage to the axon. Progressive Wallerian
degeneration occurs through axonal transport disruption and secondary disconnection. 4)
Sheering forces result in microtubule-dissociated tau and aberrant phosphorylation, possibly
through coaccumulation of multiple protein kinases and phosphatases that regulate tau
hyperphosphorylation, such as delta-secretase, glycogen synthase kinase-3, and c-Jun N-
terminal kinase. Progressive accumulation of phosphorylated tau exacerbates mitochondrial
transport disruption and cell apoptosis. 5) APP is acutely increased, potentially leading

to coaccumulation of Ap peptide, BACEL, and PS1 in axons of white and gray matter
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over time after injury. A, amyloid-p; APP, amyloid precursor protein; BACEL, B-secretase
1; BBB, blood-brain barrier; NFT, neurofibrillary tangle; PS1, presenilin-1. Created with
BioRender.com.
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