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Traumatic brain injury (TBI) is one of the most important causes of death and disability in adults and thus an important public health problem.
Following TBI, secondary pathophysiological processes develop over time and condition the development of different neurodegenerative entities.
Previous studies suggest that neurobehavioral changes occurring after a single TBI are the basis for the development of Alzheimer's disease, while
repetitive TBI is considered to be a contributing factor for chronic traumatic encephalopathy development. However, pathophysiological processes
that determine the evolvement of a particular chronic entity are still unclear. Human post-mortem studies have found combinations of amyloid,
tau, Lewi bodies, and TAR DNA-binding protein 43 (TDP-43) pathologies after both single and repetitive TBL. This review focuses on the patho-
logical changes of TDP-43 after single and repetitive brain traumas. Numerous studies have shown that TDP-43 proteinopathy noticeably occurs
after repetitive head trauma. A relatively small number of available preclinical research on single brain injury are not in complete agreement with
the results from the human samples, which makes it difficult to draw specific conclusions. Also, as TBI is considered a heterogeneous type of injury,
different experimental trauma models and injury intensities may cause differences in the cascade of secondary injury, which should be considered
in future studies. Experimental and post-mortem studies of TDP-43 pathobiology should be carried out, preferably in the same laboratories, to de-

termine its involvement in the development of neurodegenerative conditions after one and repetitive TBL, especially in the context of the develop-

ment of new therapeutic options.
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INTRODUCTION

Traumatic brain injury (TBI) occurs as a consequence of the ex-
ternal, mechanical force on the skull, resulting in damage of brain
tissue and changes in mental functions [1]. It is an important pub-
lic health problem and the most common cause of disability and
death among young individuals [2, 3], with an incidence in Europe
of 262 people per 100,000 population [4]. It was estimated that 50

Submitted February 16,2023, Revised July 18,2023,
Accepted August 23,2023

*To whom correspondence should be addressed.
TEL: 385-51-651-242, FAX: 385-51-651-174
e-mail: kristina.pilipovic@uniri.hr

Copyright © Experimental Neurobiology 2023.

www.enjournal.org

million people worldwide experience head trauma each year [5,
6] and that almost half of the world's population will develop TBI
in their lifetime [7]. Each year, 1.7 million US. citizens experience
head trauma [8], and it was estimated that there are 3.5 million
people with disabilities that came from TBI [9]. The most common
causes of brain trauma in the world are traffic accidents (60%), fol-
lowed by falls (20~30%), violent acts (10%), sports and workplace
injuries (10%) [10]. When it comes to long-term consequences,
head trauma is known to significantly increase mortality [11-13].
Individuals that sustained TBI have twice the mortality rate in the
first year after injury when compared to individuals with similar
age, gender and race [14]. It has also been found that TBI shortens
life expectancy by an average of 7 years [14]. In the younger popu-
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lation, males are more commonly TBI victims (55~80%) than
females [15-17]. A possible explanation could be that the most
common causes of brain trauma within this age group are traffic
injuries, violent activities and sports injuries, or activities that sig-
nificantly involve the male population. In the elderly population,
the most common cause of TBI are falls, where the proportion of
male and female patients is equal [16]. Also, lower socioeconomic
status, previous psychiatric disorders, and/or prior drug use, in-
crease the risk of TBI development [18].

The severity of TBI is commonly assessed based on clinical
symptoms using the Glasgow Coma Scale (GCS), which can sub-
classify brain trauma into mild (GCS scale 13~15), moderate (GCS
scale 9~12) and severe (GCS scale <9) [19]. Clinical assessment
using GCS has been in use for more than 45 years [20, 21] and
benefits general practitioners and specialists in assessing patient
recovery [16, 22, 23]. However, some researchers believe that the
post-traumatic amnesia (PTA) is a better TBI severity predictor
[24] with the first studies by Russell and Smith [25] concluding
that PTA lasting less than an hour is a characteristic of mild, PTA
duration 1~24 hours of moderate and PTA of 1~7 days of severe
brain trauma. Regardless of the method of assessing the severity of
TBI, the most common is mild (81%), followed by moderate (11%)
and severe (8%) [26]. Moderate and severe brain traumas most
often occur after traffic accidents and falls [4]. Mild TBI is often
repetitive and occurs in athletes involved in contact sports [27,
28], military personnel [29, 30] and victims of domestic violence
[31, 32]. Mild TBI, also known as concussion [33], often goes un-
recognized because 90~95% of cases resolve on their own within
10 days [34]. However, each subsequent TBI increases the risk of
brain damage and the development of neurological disorders [33].
TBI is significantly different from injury to any other organ be-
cause it leads to chronic changes in the brain and other organs [35].

Whether a person has acquired one or more TBIs, acute brain tis-
sue damage will frequently lead to the development of long-term
neurological disorders [33, 36], including posttraumatic epilepsy
[35, 37] and sleep disorders such as hypersomnia [38]. Epidemio-
logical studies have shown that TBI is a possible risk factor for the
development of neurodegenerative diseases such as Alzheimer's
and Parkinson's disease, amyotrophic lateral sclerosis (ALS),
frontotemporal lobar degeneration (FTLD) [39] and chronic
traumatic encephalopathy (CTE) [40]. Also, neuroendocrine dis-
orders are common (e.g. hypopituitarism [41]), as are psychiatric
disorders, such as obsessive-compulsive disorder, anxiety, mood
swings, depression, addictions, and suicide [35, 42]. In addition
to neurological, several non-neurological disturbances occur as a
result of brain trauma: sexual dysfunction (including hypogonad-
ism, muscle weakness, and osteoporosis [43]), bladder and bowel
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incontinence [44], and musculoskeletal dysfunction [45], fractures
[44] and metabolic dysfunctions (abnormalities in amino acid
metabolism, which may have an impact on some neurological
consequences [35]).

PATHOPHYSIOLOGICAL AND PATHOLOGICAL PROCESSES
DETERMINING THE OUTCOME OF TRAUMATIC BRAIN
INJURY

Primary brain injury

Traumatic brain injury is a complex condition that begins with a
primary injury, while secondary injury develops over time [46,47].
Primary injury occurs due to the action of the mechanical force on
the brain matter directly below the site of trauma, which causes tis-
sue and cerebral vasculature damage [48], and it can result in focal
or diffuse injury [49].

Focal TBI includes intracranial hematomas (subdural and epi-
dural), skull fractures, lacerations, contusions, and penetrating
wounds [47, 50]. Diffuse TBI causes a wider distribution of injury
with intact vascular and neural pathways [22]. Diffuse injury also
causes deregulation of the cytoskeleton, axonal cell membranes
and axonal transport mechanisms [51, 52], but it does not entail
damage of the entire brain as the axonal damage is mostly local-
ized in the brainstem, the parasagittal white matter of the cortex,
corpus callosum, and grey and white matter of the cerebral cortex
[53, 54]. Intriguingly, computed tomography and magnetic reso-
nance imaging, when performed immediately, rarely reveal any
abnormalities after mild diffuse brain trauma [53, 55]. Although
focal and diftuse injuries are usually described separately in the
literature, clinically, TBI most commonly occurs as a combination
of both focal and diffuse injury [49].

Secondary brain injury

Primary traumatic brain injury is irreversible [56] and cannot be
affected by pharmacological interventions, but within few minutes
commences the activation of cellular processes included in the
secondary injury [47]. These cellular processes contribute further
to brain tissue damage in the following days, months, and even
years after the trauma [57, 58]. This includes the excessive release
of glutamate, overload of the released Ca™", excitotoxicity, oxidative
stress, inflammation and mitochondrial dysfunction [19, 47, 57,
59]. Cellular changes resulting from secondary injury contribute
to additional neuronal damage and synaptic dysfunction [48, 60-
62).

Mechanical injury of blood vessel walls activates the coagulation
cascade with consequent cerebral ischemia at the impact site [63-

65]. Mechanical force during the primary injury predominantly
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causes damage to the cell membranes of neurites and axons, while
perikaryons and myelin sheaths are considered more protected [66,
67]. Brain trauma causes a short imbalance in a physiologically
precisely regulated cell membrane [68]. In the acute phase after
trauma (within the first hour), an excessive number of neurotrans-
mitters, primarily excitatory amino acids (mostly glutamate), are
released from the presynaptic nerve endings, resulting in the acti-
vation of corresponding receptors at postsynaptic terminals, such
as N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazole-propionic acid (AMPA) receptors to which
glutamate binds, causing the changes in K', Na' and Ca®" trans-
membrane conductance [69, 70]. Under these conditions, ATPase
pumps rapidly utilize reserves of cellular ATP in an effort to return
the membrane potential to equilibrium [19,71,72].
Simultaneously with the release of K" after TBI, there is an accu-
mulation of intracellular Ca® [73], which accumulates excessively
in mitochondria, thus affecting its function and consequently
inducing oxidative stress [19, 74, 75]. In addition, high levels of
intracellular Ca® cause activation of numerous cellular enzymes
such as phospholipases that damage cells, proteases that destroy
the cytoskeleton, and endonucleases that trigger apoptosis and ne-
crosis by initiating DNA fragmentation [70, 76]. Inflammation is
considered one of the crucial processes of secondary brain injury
[57,77,78]. Microglial cells, the residual cells of the brains immune
system, are the first cell type activated after trauma, followed by
the activation of astrocytes and endothelial cells [57, 79]. Due to
the damaged blood brain barrier (BBB), the cells of the innate, and
then the acquired peripheral immune system, infiltrate the brain
[22, 57]. Neuroinflammatory processes can last for years after TBI
and promote neurodegeneration [80, 81]. The ultimate mecha-
nisms of brain trauma include initiating cell death of neurons
and glial cells [82]. Neuron death can occur by necrosis, a passive
process that results from the irreversible loss of ionic balance, the
accumulation of water in cellular organelles, which ends in cell
rupture [83]. However, a cell can also initiate programmed cell

death processes that involve energy expenditure [70, 83].

Role of neuroinflammation in the posttraumatic pathology

The central nervous system (CNS) responds to brain trauma by
a local reaction and residual immune cells activation [22, 57, 84]
but also by a systemic immune response [78]. Although the CNS,
unlike other organs, does not have classical lymphatic drainage,
functional lymphatic vessels that can contribute to the develop-
ment of neuroinflammatory and neurodegenerative changes were
found in the sinus of the dura mater [85].

The cascade of immune activities that begins with TBI is com-

monly referred to as sterile immune response [86]. Lagraoui et
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al. [87] found that different levels of brain trauma activate the
expression of similar gene profiles among mild and severe TBL
This finding suggests that, regardless of the intensity of the trauma,
a common, nonspecific type of immune response is activated
[86]. However, the pathophysiology of neuroinflammation is still
unclear and previous studies have shown that inflammation after
TBI can act both harmful and neuroprotective [61, 88, 89]. Further
studies of neuroinflammation and the use of immunomodula-
tory drugs after TBI are necessary because they could completely
change the clinical outcome in patients [45,77].

After a few minutes from trauma-induced meningeal damage,
astrocytes release signaling molecules called alarmins that include
chemokines, heat shock proteins and ATP molecules [57, 88, 90].
Alarmins bind to sensory receptors, such as Toll-like receptors or
purinergic receptors, located on resident immune system cells, mi-
croglial cells and inflammasomes [57, 78, 91]. Inflammasomes are
multiprotein oligomers that are expressed in myeloid cells and can,
as part of the innate immune system, stimulate the production of
proinflammatory cytokines, such as interleukins IL-1f and IL-18
78,88,92,93].

Brain trauma of different severities can cause the proliferation
and activation of astrocytes which is referred to as astrogliosis [91,
94, 95]. Reactive astrocytes have changed morphology and are
transformed into a hypertrophic state with increased glial fibril-
lary acidic protein (GFAP) expression [91, 94, 96, 97]. Astrocytes
play an essential role in the clearance of TBI generated debris [96]
and are considered fast responders to injury by creating the afore-
mentioned signaling molecules [57]. Formation of the astroglial
scar is essential for brain tissue protection, function preservation
and clearance of damaged tissue after TBI [91,98, 99]. Excitotoxic-
ity could be deteriorated by astrocytic excessive release of various
proinflammatory molecules, but also because of their reduced
capacity of glutamate buffering. Namely, reduced EAAT1 and 2 ex-
pressions have been detected in the human [100-102] and animal
TBI samples [103, 104], and could contribute excessive glutamate
concentration which promotes neuronal cell death [91]. Reduc-
tion in the EAAT?2 transporter is also regulated by the nuclear fac-
tor kappa B (NFkB) pathway and reduction in potassium channel
expression [105, 106], which could also contribute the neuroin-
flammation. Also, GFAP breakdown products released into serum
have demonstrated a significant predictive ability of injury severity
[107].

Microglial cells are highly branched resident immunological
cells that have fine mobile appendages for moving and continuous
search of the brain parenchyma for danger signals [108]. Numer-
ous receptors are used for this purpose, such as TLR and NLR
receptors, receptors for ATP, glutamate, cytokines and growth
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factors [109]. Microglia spread collected information with neu-
rons, but also astrocytes and oligodendrocytes [110, 111]. After
experimental [97, 112] and human [58, 112] TBI, microglia will
undergo a complex transformation into its activated form, which
is characterized by changes in morphology, biochemical compo-
sition and function, depending on the injury type and severity
[91]. Microglia become ramified and increase in size [113] as they
migrate to the trauma site [91]. Depending on the received stimuli,
microglia can be activated into M1 or M2 polarization phenotypes
[113]. M1 phenotype is considered proinflammatory, as this type
of cell secretes proinflammatory cytokines, such as IFN-y, TNF-q,
and IL-1P [91, 113]. Several M2 subtypes (M2a, M2b, M2c) show
complex signaling by promoting both anti-inflammatory and pro-
inflammatory responses [91, 109, 112, 113]. However, the afore-
mentioned polarization of microglia is extremely simplified, as is
it has been shown by transcriptomic analyzes that revealed com-
plex additional polarization states of microglia [114]. In chronic
conditions such as TBL, it is very difficult to discriminate the M1/
M2 microglial response, and brain trauma studies have detected
simultaneous M1 and M2 expression [109]. Also, microglia can
secrete extracellular vesicles containing inflammatory molecules
and spread the inflammation, as has been found in the CSF of TBI
patients [91,115].

In the first few minutes to hours after TBI, microglial cells ac-
tivate the NFkB pathway [116], leading to excessive production
of cytotoxic factors, such as nitric oxide, IL-1p, and TNFa [117],
which contribute to neuronal cell death [118]. Also, the NFxB
signaling pathway promotes inflammation by producing chemo-
kines, cytokines, reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) that contribute to further damage of the brain
tissue [80, 119, 120].

Due to the BBB damage, peripheral immune cells can enter
brain tissue, and neutrophils are considered the first peripheral
immune cells to accumulate in meninges and perivascular tissue
and enter the trauma-damaged brain [77, 78, 88, 90]. At this stage,
the complement system is also activated [78, 121, 122]. In the next
step, but within the first 48 hours of the primary injury, T lympho-
cytes and monocytes begin to accumulate at the site of damage
with T lymphocytes producing anti-inflammatory cytokines that
counteract the action of alarmins and act neuroprotective [88, 123,
124]. Monocytes transformed into macrophages remove the debris
and damaged cells [57, 79, 88], but they, together with microglial
cells, can cause further damage or resolution of the inflamma-
tory process with tissue regeneration [91]. Damaged neurons can
present antigens to antigen-presenting cells and T lymphocytes
[90] that, at best, can lead to the resolution of the inflammatory re-
sponse with the formation of trophic factors and glial scarring [91].
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However, after TBI, chronic neuroinflammation may persist [57].
Namely, Ramlackhansingh et al. [125] found microglia activity in
patients who survived TBI as many as 17 years after the primary
injury.

A cascade of neuroinflammatory processes begins right after
single brain trauma [77]. Acute inflammation after brain trauma
significantly contributes to the overall pathology, but its protective
and regenerative role is also important [58]. Neuroinflammatory
processes in some survivors are not resolved in the acute phase
after the initial trauma but can develop for years, regardless of
its severity [64, 77]. A study by Gentleman et al. [126] confirmed
microglial activity in a limited number of patients who survived
more than one year from the initial trauma. Johnson et al. [58]
reported that 28% of patients who survived more than one year
after TBI have active microgliosis in the white matter of the corpus
callosum. Interestingly, activated amoeboid microglia in this study
was not observed in subjects with acute TBL Also, an increase in
microglia activity in the corpus callosum has been reported im-
munohistologically in a patient who survived 18 years after TBI
[58]. Positron emission tomography showed microglial activity 17
years after focal TBI, bilaterally, in regions distant from the initial
site of trauma, such as the thalamus, putamen, occipital cortex, and
hind limb of the inner capsule of the brain, but not at the injury
site and corpus callosum [125]. Differences in regional microglial
activity between studies can be explained by differences in the
groups of patients examined and the characteristics of the injuries
sustained. It is important to note that microglial activity after brain
trauma must be carefully interpreted in as many subjects as pos-
sible, because some studies have shown variable microglial activity,
i.e, a certain degree of presence of activated microglia in the con-
trol group, especially in the elderly [127]. Neuroinflammation after
single head trauma can occur in the brain tissue, but inflammatory
processes have also been recorded in the periphery [77, 128, 129].
Due to TBI and compromised BBB, elevated levels of cytokines
and chemokines in the brain can lead to a stronger peripheral im-
mune response [130, 131], which can then re-regulate the immune
response in brain tissue [130, 132, 133]. Recent studies that ana-
lyzed the serum or cerebrospinal liquor (CSL) of patients exposed
to a single trauma confirm chronically elevated levels of proin-
flammatory cytokines and associate this proinflammatory milieu
after TBI with posttraumatic stress disorder and suicidal thoughts
[134, 135]. The described chronic inflammatory processes also
contribute to the development of neurodegeneration and conse-
quent dementia [58, 136].

Neuroinflammatory processes have also been reported in indi-
viduals who have developed CTE as a result of repetitive trauma
[137]. Microglial cells are activated already after single brain
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Table 1. Comparison of the chronic cellular, molecular, and clinical pathophysiological changes after single and repetitive TBI

Pathophysiological chronic changes
Both single and repetitive brain trauma lead to development of long-term neurological disorders [33, 35, 36, 39, 80, 81], depending on the

extent of the acute injury

Single TBI (sTBI)
Cellular Molecular Clinical
Glial scaring [91] Accumulation of B-amyloid plaques [142-145], mostly Generalized brain atrophy [137, 154, 155] includes

Hyperactivated microglia [77,
125,126

in grey and less in white brain matter [142], predomi-
nantly with fibrillar characteristics (such as seen in
developed Alzheimer's disease) [137, 146] and possible
genetic predisposition risk [142, 147]

Neurofibrillary tangles (NFT) with a distribution that
matches the one in Alzheimer's disease [141, 148]

Accumulation of a-synuclein in some patients [149,
150]

Loss of synapses and progressive neuronal deficit [142,
151]

TDP-43 proteinopathy? [56, 152, 153]

entire brain parenchyma (including the frontal), grey
and white matter of the cerebrum, cerebellum, and
brainstem [155] with volume reduction of corpus cal-
losum [58, 156]

Cognitive disorders [157] depending on the degree of
degenerated anatomical structures [158]

Increased Alzheimers disease risk [136, 159, 160]

Repetitive TBI (rTBI)

Cellular

Molecular

Clinical

Tau deposits in astrocytes and
neurons [161,162]
Hyperactivated microglia [77]

Hyperphosphorylated tau protein aggregates (NFTs) in
the cortical sulci, perivascular regions of the frontal
lobe, midbrain, thalamus, basal ganglia, amygdala and
hippocampus [137,163]

Beta-amyloid aggregates and Lewis bodies present in
some patients [137, 164]

TDP-43 proteinopathy [152, 154, 164-166]

Localized brain atrophy detected in the frontal and
temporal part of the cortex and the cerebellum [137,
167]; atrophy of the hippocampus and amygdala and
entorhinal cortex [40, 138,168, 169]

Enlargement of the cavum septum pellucidum (40, 170,
171], with occasional absence of the septum or its
separation from the fornix and the corpus callosum

[40,137,171-176]

Cognitive dysfunction [168, 169, 177] with pyramidal,
extrapyramidal, and cerebellar dysfunction observed
[137]

Increased CTE risk development [164]

trauma, and it is to be expected that each subsequent trauma,
including the mild form, will cause additional hyperactivation of
microglia, additional release of cytokines, chemokines and other
proinflammatory mediators, and consequent neurodegeneration
[77]. Postolache et al. [77] have elaborated a double hit model
that explains TBI as a priming event in which microglia becomes
activated and forms a foundation for an increased inflammatory
response after sustaining the subsequent injury. Repetitive brain
trauma could prevent the transition of microglia from the pro-
inflammatory state (M1) to the neuroprotective state (M2) [77].
This could explain why mild repetitive brain trauma, even when
the next trauma occurs after several months, can cause a higher
incidence of prolonged neurological consequences compared to
a single brain trauma [138]. As after a single TBI, repetitive TBI is
associated with chronic neuroinflammation and the consequent
development of neurodegenerative changes [137-139]. The final
extent of neuroinflammatory changes depends on the intensity
and time interval between each individual brain trauma [77].
Repetitive brain trauma experienced by military personnel is also

https://doi.org/10.5607/en23008

associated with elevated proinflammatory cytokines in serum and
the development of more severe forms of post-traumatic stress
disorder [140]. Cellular and molecular comparison changes after
single and repetitive TBI are shown in Table 1 [33, 35, 36, 39,40, 56,
58,77,80,81,91,125,126,136-138,141-177].

Gross neuropathological changes in traumatic brain injury

Brain atrophy refers to the loss of cells or connections between
cells, resulting in reduced functionality of brain tissue [178]. Volu-
metric studies have shown that generalized brain atrophy develops
among the degenerative changes after a single TBI [137, 154, 155].
Already after a mild TBI, generalized progressive atrophy rapidly
develops and involves the entire brain parenchyma (including the
frontal areas), grey and white matter of the cerebrum, cerebellum,
and brainstem [155]. Johnson et al. [58] detected a 25% reduction
in corpus callosum thickness in patients who survived more than
one year after a single TBI confirming progressive tissue loss. To-
maiuolo et al. [156] published comparable results, as they observed
a progression in volume reduction of corpus callosum eight years
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after the trauma, compared to the volume recorded one year after
the initial insult. Also, studies have shown that memory test results
correlate with the degree of degenerated anatomical structures,
such as the left and right hippocampus, corpus callosum and for-
nix, suggesting diffuse injury characteristics, neural degeneration,
and loss of neural connections after TBI [158]. These changes de-
velop over years and affect the final recovery and reintegration of
the patient into everyday life.

Conversely, in boxers with acquired CTE as a consequence of
repetitive TBI, localized brain atrophy was noted in the frontal
and temporal part of the cortex and the cerebellum [137, 167]. Sig-
nificant regional atrophy of the hippocampus and amygdala with
concomitant cognitive dysfunction has been reported in profes-
sional American football players [168, 169]. In other athletes ex-
posed to recurrent brain traumas, few cases of generalized atrophy
have been reported, which is to be investigated further [137]. The
most significant atrophy in the later stages of CTE was noted in
the entorhinal cortex, hippocampus, and amygdala [40, 138, 168].
Enlargement of the cavum septum pellucidum (CSP) is the most
common post-mortem finding in individuals who have devel-
oped CTE [179], which also arises as a consequence of repetitive
traumas [40, 170, 171]. Although observed in 64 to 99% of cases,
the mechanism by which CSP develops is still unclear. One of the
assumptions is that CSP arises from atrophy of the cerebral cortex
with ventricular dilatation, also a typical neuropathological finding
in CTE. Another hypothesis is that CSP develops due to repeated
increases in intracranial pressure which, in addition to increasing
the septum, also cause ventricular dilatation [137]. In some cases,
fenestrated septum or hydrocephalus were detected in addition
to CSP [40]. Occasionally, the absence of the septum or its separa-
tion from the fornix and the corpus callosum are observed [40,
137, 171-176]. CSP can be detected noninvasively, radiologically,
in individuals exposed to repetitive trauma [180], and increased
CSP has also been observed in neuropsychiatric disorders such
as schizophrenia, posttraumatic stress disorder, and obsessive-
compulsive disorder [181]. Interestingly, increase of the CSP has
not been observed in individuals who have survived a single brain
trauma [137]. Comparison of the gross neuropathological changes
after single and repetitive TBI are also shown in Table 1 [33, 35, 36,
39,40, 56,58,77,80,81,91,125,126,136-138,141-177].

CHRONIC NEUROPATHOLOGY AFTER SINGLE VERSUS
REPETITIVE TRAUMATIC BRAIN INJURY - SIMILARITIES AND
DIFFERENCES

Chronic neuropathological changes after single and repetitive

TBI are highly heterogeneous and individual concerning the ac-
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quired trauma. However, they also share some common clinical
symptoms, which classify them as neurodegenerative disorders
[58,68,77, 137]. According to the classical view, dominant in the
scientific literature, the spectrum of chronic and neurobehavioral
symptoms after a single TBI is considered to be the basis for the
Alzheimer's disease development [159], and the symptoms of
repetitive TBI are thought to be connected with the development
of CTE [164]. However, studies have shown some overlaps in the
clinical presentation of symptoms, regardless of the TBI type ac-
quired during life 164, 182, 183].

Numerous epidemiological studies have shown that even after
only one moderate or severe brain trauma, the risk of developing
progressive cognitive dysfunctions increases, which ultimately
leads to the development of dementia [137, 157, 159, 160, 180,
184, 185]. People who have experienced a single TBI during their
lifetime have an increased incidence of Alzheimers disease and
other dementias, and generally, dementias occur earlier in life in
these patients [136, 160], as it is shown in Table 1 [33, 35, 36, 39, 40,
56,58,77,80,81,91, 125,126, 136-138, 141-177]. A pathobiologi-
cal link between Alzheimer’s disease and a single brain trauma was
first established when it was found that TBI causes early and rapid
accumulation of f-amyloid plaques in the brain [142-145]. The
pathology of Alzheimers disease is characterized by senile plaques,
neurofibrillary tangle (NFT), loss of synapses and progressive neu-
ronal deficit [142, 151], while gliosis, chronic inflammation, excito-
toxicity and oxidative stress, characteristics of secondary TBI, may
contribute to its progression [145, 186]. Namely, senile plaques in
Alzheimers disease predominantly develop in the elderly, while
the occurrence of senile plaques after a single TBI is observed in
all age groups and within a few hours after TBI, mostly in grey and
less in white brain matter [142]. Acute senile plaques after a single
TBI show diffuse characteristics, just like those found in the early
stages of Alzheimer’s disease, while in long-term survivors after
TBI fibrillar plaques, characteristic of developed Alzheimer's dis-
ease, are predominantly observed [137, 146]. The AB42 peptide is
the dominant peptide form found in plaques, and it is also prone
to aggregation [142, 187]. Although these findings have been
confirmed by numerous studies [184], a consensus has not been
reached, mostly because some epidemiological studies have not
revealed a clear link between TBI and the Alzheimer’s disease [188,
189], which is most likely due to smaller case numbers or reliance
on retrospective findings of patients unable to remember whether
they have experienced TBI or not [142]. The connection between
Alzheimer's disease and TBI has been supported by the genetic
predisposition related to the apolipoprotein E protein (APOE).
Namely, it was found that individuals who survive TBI and carry

the APOE &4 allele, have a more severe outcome of Alzheimers dis-
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ease [142,147]. The acute occurrence of NFTs, as well as aggregates
of phosphorylated tau protein, i.e., 4 weeks after brain trauma,
has not been detected [190]. However, in 30% of the subjects who
survived one TBI for more than a year, NFTs were found with a
distribution that matches the one in Alzheimers disease [141, 148].
In a small number of patients who survived more than a year after
brain trauma, NFTs were found in the depths of the sulci, which
is considered a finding more common for repetitive TBI [141].
Single moderate to severe TBI can be associated with individual
coexistence of multiple proteinopathies, such as a-synuclein and
B-Amyloid, depending on the acquired type of injury [149, 150].

It remains controversial whether a single brain trauma can cause
CTE pathology, but some studies suggest such findings [153, 172].
Also, CTE pathology has been identified in some cases without
a history of repetitive TBI, i.e., in drug addicts [191], individuals
with temporal lobe epilepsy [192] and as a comorbidity with other
neurodegenerative diseases [164, 193]. Along with the association
of single TBI and dementia, Plassman et al. [157] found a dose-
response relationship, i.e., a higher risk of dementia developing
in persons who survived one severe TBI, while the ones who sur-
vived one moderate TBI were at a lower risk. Loss of consciousness
after one brain trauma is a risk for dementia progress, compared to
those who have not lost consciousness [137, 185].

The appearance of neurocognitive and motor symptoms after re-
petitive head traumas were first recorded in 1928 in retired boxers
by Martland [194], and this syndrome was termed “punch drunk’
Repetitive TBI research in boxers was continued by Millspaugh
[195], who in 1937 replaced the existing term with “dementia pu-
gilistica” (dementia of professional boxers), due to consequently
developed cognitive problems. However, individuals not associ-
ated with boxing but exposed to mild repetitive TBI, such as
athletes participating in other contact sports (i.e., American foot-
ball, wrestling, ice hockey, etc.), victims of domestic violence, and
military personnel, showed consistent neuropathological findings
[137]. In order to terminologically expand the name for the de-
scribed progressive neuropathological findings, Omalu et al. [173]
first established the idea of CTE, based on the evidence from the
analyses of brains of the professional American football players.
In 2016, neuropathological criteria for CTE has been defined: ac-
cumulation of hyperphosphorylated tau protein in astrocytes and
neurons surrounding small blood vessels at the depths of cortical
sulci [161, 162]. Symptoms include emotional instability with per-
sonality changes, memory difficulties with dementia, aggression,
depression, and suicidal thoughts [196], as it is indicated in Table
1 (33,35, 36, 39,40, 56,58, 77, 80, 81,91, 125, 126, 136-138, 141-
177]. The symptoms of CTE are very similar to those seen in other

dementias, particularly Alzheimer's disease, which complicates
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its clinical diagnosis [183]. Currently, the most reliable diagnosis
is based on post-mortem tissue analysis [196]. CTE is considered
a tauopathy manifested by the presence of hyperphosphorylated
tau protein aggregates, or NFTs [197], which, along with $-amyloid
plaques, are considered primary markers of Alzheimers disease
[163]. NFTs are the most commonly described pathohistological
finding, even in the earliest reported cases of CTE, and have been
recorded in the cortical sulci, perivascular regions of the frontal
lobe, midbrain, thalamus, basal ganglia, amygdala and hippocam-
pus [137, 163]. The composition and structure of NFTs do not dif-
fer in CTE and Alzheimers disease, but there are differences in the
early distribution of the described aggregates [163]. Hof et al. [198]
were the first to describe the finding of a hyperphosphorylated
tau protein in the sulci depths of layers 2 and 3 of the neocortex
in an autistic patient who injured himself by hitting his head. The
brain sulci show sensitivity to the biomechanical consequences
of trauma and are considered a pathognomonic finding of CTE
[137, 198]. However, McKee et al. [164] found, and other studies
in a similar proportion confirmed [137], that in 47% of subjects
diagnosed with CTE, in addition to NFTs, some other pathological
characteristics appear, e.g., beta-amyloid aggregates, Lewis bodies
and TDP-43 proteins whose roles in the pathogenesis of CTE have
yet to be defined. It has also been detected that accumulation of
TDP-43 is greater with increased staging of CTE [199]. Following
repetitive TBI, pyramidal, extrapyramidal, and cerebellar dysfunc-
tion were observed [137]. As well as after a single brain trauma, a
small number of repetitive trauma studies have shown an associa-
tion between “dose and response” in cognitive dystunction [177]
and radiological findings [170]. These may suggest that profes-
sionals exposed to repetitive TBIs have a higher risk of developing
CTE and subsequent neurodegenerative changes than individuals

who are less frequently exposed to recurrent head traumas [137].

THE ROLE OF TAR DNA-BINDING PROTEIN 43
PROTEINOPATHY IN THE CHRONIC POSTTRAUMATIC BRAIN
CHANGES

TDP-43 is a ubiquitous DNA and RNA binding protein of 43
kDa with many physiological functions [200]. It regulates alterna-
tive excision, microRNA formation, mRNA translation and stabil-
ity, and the life cycle of long noncoding RNAs [201-203]. TDP-43
is primarily found in the nucleus, but because of its involvement in
nuclear transport regulation and tracking of the newly transcribed
mRNA, it is also found in the cytoplasm as part of cytoplasmic
mRNA ribonucleoprotein (RNP) granules [149,204]. Studies have
shown that TDP-43 binds to more than 6,000 different RNA mol-
ecules, or 30% of the total transcriptome, indicating its importance
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in mRNA metabolism, including mRNAs important in synaptic
function and plasticity [205]. Disturbances in TDP-43 expression
and localization can lead to deregulation in synaptic transmission,
which may be an early indicator of cognitive dystunctions such as
those occurring in ALS and FTLD [204,206,207], and it is relevant
to note that synaptic toxicity is one of the early signs of neurode-
generation and present in both Alzheimers [208] and Parkinsons
disease [209].

Most cases of ALS are sporadic (90~95%), and about 97% of
sporadic cases of ALS includes inherited mutation in the TARDBP
gene [210]. The remaining 5~10% of ALS cases are familial ALS in
which only 5~10% of patients have a TARDBP gene mutation [210,
211]. Also, it was estimated that 50% of FTLD cases are caused
by a mutation in the TDP-43 gene [212, 213]. TDP-43 aggregates
are often present in dementia with Lewy bodies, and Alzheimers,
Parkinsons, and Huntingtons disease as a secondary histopatho-
logical feature [200, 203]. The discovery of the TDP-43 pathologi-
cal characteristics in various multisystem disorders has led to the
development of the concept of TPD-43 proteinopathy [213]. It has
been found that in FTLD and ALS, TDP-43 from neurons and glia
translocates permanently into the cytoplasm, where it undergoes
the processes of hyperphosphorylation and ubiquitination with
the formation of cell inclusions, which is considered a key charac-
teristic of TDP-43 proteinopathy [39, 200,207, 213-215]. An addi-
tional feature of TDP-43 proteinopathy is the cytoplasmic cleavage
of TDP-43 into C-terminal fragments of 20~25 kDa and 35 kDa
size, which can also be phosphorylated, ubiquitinated, and eventu-
ally built in cytoplasmic aggregates [210, 216, 217]. Some studies
have shown that these fragments can be neurotoxic and cause
consequent cell death [39], while other studies consider these frag-
ments to be part of the cells physiological response to an overall
increase in cytoplasmic TDP-43 [212].

The cellular processes that cause TDP-43 proteinopathy have not
been fully elucidated, but it was found that lipopolysaccharide-
induced inflammation can cause TDP-43 translocation and aggre-
gation in vitro and in vivo [218]. Also, neurodegeneration and cell
death can occur after TDP-43 translocation caused by axotomy
[165]. It has been recently noted that in vivo TDP-43 knockdown
reduces neuroinflammatory and neuropathological changes [219].

Previous research has shown similarities in the pathological
changes of amyloid-beta and tau protein after single and repetitive
TBI, while differences in TDP-43 proteinopathy have thus far been
poorly investigated. All the known TDP-43 differences after single
and repetitive TBI are based on the degree of phosphorylation and
translocation of TDP-43 in the cytoplasm, which are considered as
key steps in the development of further pathologies.

One of the few studies that suggest the difference in TDP-43
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proteinopathy after one and repetitive TBI is the study by Johnson
et al. [152]. The authors immunohistologically analyzed numer-
ous brain regions of 23 acute (less than 14 days) and 39 long-term
(1~47 years) survivors of single, moderate to severe TBI to deter-
mine the presence of TDP-43 proteinopathy. Analyses included
the hippocampus, medial temporal lobe, cingulate gyrus, superior
frontal gyrus, and brainstem. The phosphorylated form of TDP-
43, which is thought to be responsible for inclusion formation and
altered DNA interaction, was found only in 3 of the 62 tested pa-
tients, and it was concluded that single brain trauma does not lead
to the development of TDP-43 aggregates even in the long-term
survivors. However, in the same study, increased levels of cytoplas-
mic TDP-43 were detected in almost all post-mortem samples of
acute (86.9%) and long-term single TBI survivors (71.8%), with
the cortex as the most prevalently affected region in the analyzed
groups. Diffuse cytoplasmic TDP-43 staining indicated a change
in neuronal morphology with shrinkage and an angular appear-
ance of the perikaryon. The authors believe that the enhanced
cytoplasmic expression of TDP-43, with the absence of aggregate
formation after single brain trauma, is a consequence of a physi-
ological, rather than a pathological response to injury. What needs
to be added is that some researchers question the determination
of phosphorylated proteins in human post-mortem tissue due
to the observed rapid degradation of numerous phosphorylated
forms [220, 221]. Further on, a case study by Tribett et al. [153]
reported one long-term surviving patient (42 years) with TDP-43
immunoreactivity in the perikaryon and cytoplasmic inclusions
after a single severe TBL. It is interesting to note that the mentioned
case of one TBI was characterized as CTE, due to the presence of
phosphorylated tau protein, which also showed colocalization
with TDP-43. Also, TDP-43 immunoreactivity was found at the
marginal parts of the damaged tissue, in the penumbra, suggest-
ing that TDP-43 deregulation is part of the secondary injury.
Phosphorylated TDP-43 fragments of 35 and 25 kDa, but only
in the nuclei were found in a study by Tan et al. [56] that involved
only six patients surviving up to 3 days after the brain trauma
whose severity was not determined. In these studies, disturbed
nucleocytoplasmic distribution was observed, and that could be
important for the development of TDP-43 cytoplasmic aggregates
and the consequent neuropathological clinical profile. However,
further research is necessary to confirm this, especially in the field
of experimental brain trauma [222]. The changes in the TDP-43
expression, intracellular localization and modifications after single
and repetitive TBI are shown in Fig. 1 [56, 152, 153, 165, 166, 220,
223-226].

When it comes to determining severity and predicting recovery

after TBI, biomarkers in the CSL and plasma are increasingly used
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Fig. 1. The changes in the TDP-43 expression, intracellular localization,
and modifications of neurons under the conditions of single and repeti-
tive TBI. Single TBI induces abundant TDP-43 translocation from the
nucleus to the cytoplasm [223,224]. Fragmentation [224] and phosphory-
lation of TDP-43 [56, 153, 220, 223] in the cytoplasm are poorly pro-
nounced, with the lack of aggregates. After repetitive brain trauma, TDP-
43 shows abundant aggregation in the cytoplasm [165, 166, 225] which is
accompanied by its fragmented [224,226] and phosphorylated forms [152,
220,226].

“« TDP-43 fragments
@ TDP-43 aggregates

[227-229]. A translation study by Yang et al. [230] was the first to
establish the presence of TDP-43 and degradation products of
35 and 25 kDa in human CSL 24 hours after one severe TBI. The
presence of these TDP-43 fragments in the blood after TBI was
also confirmed [231]. Further research is needed to conclude the
association of these biomarkers with the number of brain traumas
and their severity.

In experimental brain trauma research, the results from the lim-
ited number of studies differ depending on the used models and
the severity of the injury. In an in vitro neuronal cell culture model
of a mild TBI, the accumulation of the phosphorylated and ubig-
uitinated TDP-43 cytosolic aggregates was demonstrated, suggest-
ing a consequential effect on neuronal function [220]. Also, it was
shown that after two traumas, the amount of the phosphorylated
cytosolic TDP-43 increases more than two times, and by more
than three times after three traumas [220]. In an animal stab injury
focal brain trauma model in the motor cortex, an increase in phos-
phorylated TDP-43 inclusions three and seven days after injury
with a return to basal values 40 days after TBI was observed im-
munohistologically [232]. It is interesting to note that the authors
of the same study, using Flierls [233] weight drop model of diffuse
brain trauma on the exposed skull, came to opposite results be-
cause phosphorylated TDP-43 granules [232] were not recorded at
the same time points. That indicates that this type of injury plays
an important role in the development of TDP-43 proteinopathy.

https://doi.org/10.5607/en23008

Wiesner et al. [232] compared the effect of single and repetitive
focal stab brain injury and on the third day after repetitive TBI ob-
served more phosphorylated TDP-43 inclusions comparing to the
single TBL. In an experimental focal brain trauma, using Feeney’s
weight drop model to the forebrain, Huang et al. [234] demon-
strated TDP-43 proteolysis and astrocyte hypertrophy. Namely, in
cell lysates from the injury site, an increase in TDP-43 fragments of
25 kDa size on the seventh day and 35 kDa on the third and sev-
enth day after trauma was detected, with a concomitant decrease
in total cell TDP-43 on the first, third and seventh day after TBL
Using urea fractions, aggregation of these fragments was recorded
seven days after brain trauma. Although cell fractions were not
used in this study, the translocation of TDP-43 from the nucleus to
the cytoplasm of astrocytes was immunohistologically confirmed,
suggesting the development of TDP-43 proteinopathy under these
experimental conditions. In a focal model of controlled cortical
impact (CCI), Wang et al. [39] also detected the decomposition of
TDP-43 into 25 and 35 kDa fragments in cell lysates of the dam-
aged cortex, seven days after trauma with a return to basal values
14 days after trauma, which was associated with the short-term
impaired motor ability of tested experimental rats. Two months
after the trauma, they recorded the accumulation of TDP-43 and
its 25 and 35 kDa fragments and associated the obtained results
with impaired learning and memory of experimental animals. In
the described experimental design, it was proven that single focal
TBI causes TDP-43 proteinopathy that could promote neurode-
generative changes [39]. Yang et al. [230] showed a redistribution
of TDP-43 from the nucleus to the cytosol in the ipsilateral but not
contralateral mouse cortex 24 hours after focal TBI caused by the
CCI'model and an increase in the levels of TDP-43 fragments that
contribute to aggregation. In the same study, in a separate cohort
of mice, overpressure blast-wave-induced brain injury caused an
increased level of TDP-43 degradation products on the first and
seventh day after TBI, and translocation of TDP-43 from frontal
cortex neurons in both ipsilateral and contralateral cortex [230].
Saykally et al. [235], in a focal weight drop model on the exposed
right side of the skull, demonstrated an increase of TDP-43 with
the appearance of 25, 35, 60, and 100 kDa fragments in cell lysates
12 days after injury, which coincides with previous focal TBI stud-
ies.

In a single lateral fluid percussion injury (LFPI) model, which is
widely considered as the best characterized preclinical model of
combined TBI [236], three studies have been published thus far. In
rats with moderate trauma, Wright et al. [223] immunohistologi-
cally demonstrated translocation of TDP-43 from the neuronal
nucleus after seven days and 12 weeks after LFPI. Contrary to pre-
viously described human post-mortem studies, they also showed
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an increase in phosphorylated TDP-43 at seven days and 12 weeks
after trauma in cellular lysates of the cortex. In the mild mouse
LFPI trauma [56], the 35 kDa TDP-43 products were found in cy-
tosolic cell fractions, and 25 and 35 kDa ones in the nuclear frac-
tions of the ipsilateral cortex, one and seven days after trauma. A
total increase in TDP-43 and the presence of 25 and 35 kDa phos-
phorylated fragments were also detected in the nucleus, one and
seven days after brain trauma which also opposes the results of
post-mortem analyzes by Johnson et al. [152]. In a recent study by
our group, pathological changes of TDP-43 were found on the 14"
day after trauma, only in the hippocampus of the mice subjected
to single moderate LFPI, but not repetitive mild traumas [224].

Studies of mild repetitive TBI, or concussion, show that TDP-43
proteinopathy is a common part of the pathological manifestation
of the disease [137, 164, 166, 225]. McKee et al. [165] showed that
80% of examined retired boxers, football and hockey players had
TDP-43 proteinopathy, which manifested as cytoplasmic inclu-
sions of TDP-43 in neurons and glia, brainstem, basal ganglia, and
diencephalon, medial temporal lobe, frontal and temporal cortex,
and subcortical white matter. In some individuals, TDP-43 pro-
teinopathy extends into the spinal cord and clinically manifests
as motor neuron disease [165]. Although considered the most
relevant, this study examined a relatively small group of athletes
(71 respondents) of mentioned sports. Certainly, it is necessary to
explore the incidence of TDP-43 inclusions in more detail, i.e., in
other athletes of these and other sports, in which repetitive head
trauma frequently occurs. In further research on TDP-43 pro-
teinopathy;, it is also necessary to include persons who have been
exposed to physical violence and military personnel.

TDP-43 proteinopathy has been analyzed in a limited number
of experimental repetitive TBI studies. As well as after a single TBI,
the results vary significantly depending on the type and severity
of the injury and the number of suffered traumas. Anderson et
al. [237] performed a study of mild to severe repetitive TBI in the
Drosophillae model, and demonstrated the formation of TDP-43
positive stress granules whose density correlated with injury sever-
ity. Interestingly, TDP-43 positive stress granules were not identi-
fied after one trauma or 24 hours after the last repetitive trauma.
They were only detected in a group of animals sacrificed imme-
diately after the last repetitive trauma, which may suggest their re-
moval and recovery. Animals with mutations in ALS-related genes
had a more severe clinical presentation and higher mortality even
after mild TBI, and an autophagy disorder prevented the removal
of accumulated TDP-43 [237].

In a mouse focal mild repetitive CCI model, Zhang et al. [238]
found an increase of TDP-43 immunohistochemically and in cell
lysates of the cortex and hippocampus, eight days after the first of
204
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three repetitive TBIs. The results were identical 30 days after the
first trauma, which suggests the formation of aggregates. Saykally
etal. [235] used a focal weight drop model, in which mice received
five traumas over five days and observed an increase of TDP-
43 in cell lysates of the ipsilateral cortex, acutely, on the third day
after the last trauma. On days 30 and 60, a return to basal values
is visible. In the ipsilateral hippocampus, an increase in TDP-43
expression was observed only on the day 60 of the last TBI. These
results indicate the difference in TDP-43 pathology in the cortex
and hippocampus, and the observed decrease in autophagy factors
suggests that they are influenced by difficulties in removing exces-
sive levels of TDP-43. In a study published by our group [226], in
a model of repetitive diffuse TBI in mouse, TDP-43 translocation,
fragmentation, and phosphorylation of the full length TDP-43 in
the frontal cortex was found one day after the last brain trauma,
with the return to basal values after three and seven days, respec-
tively. In a rat repetitive TBI model caused by an explosion [239],a
decrease in TDP-43 levels was observed after two traumas regard-
less of the severity and location of the trauma acquired. After three
and four traumas, variations in the increased TDP-43 levels were
observed depending on whether the trauma was applied laterally
or from the front of the head and depending on the intensity of
the trauma. These results indicate that a greater number of TBIs
causes deregulation of TDP-43, which is the basis for the develop-
ment of TDP-43 proteinopathy and consequent neurodegenera-
tive pathology. A disorder of protein removal mechanisms after
TBI is considered to be the cause [237].

Overall, the results of a relatively small number of available pre-
clinical research are not in complete agreement with the results
from the human samples, which is why further experimental and
post-mortem studies of TDP-43 pathology after one and repetitive
TBI are necessary. Current knowledge on TDP-43 proteinopathy
after single and repetitive TBI is summarized in Table 2 [39, 56,
152,153,164-166,220,223-226,230,232,234,235,237-239].

CONCLUSION

Based on the previous research, we can conclude that the best
way to describe TBI is as polypathology. Namely, human post-
mortem studies have found combinations of amyloid, tau, Lewi
bodies, and TDP-43 pathologies after both single and repetitive
TBI. A single TBI does not indicate an absolute predisposition to
develop Alzheimers disease, just as not all individuals exposed to
repetitive trauma will develop CTE symptoms. In addition, TBI
can stimulate the development of other neurodegenerative condi-
tions such as FTLD and Parkinsons disease, and brain trauma,

either single or repetitive, increases the incidence of these patho-
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Table 2. Current knowledge on TDP-43 proteinopathy after single and repetitive traumatic brain injury available from in in vitro, in vivo, and human
studies

Single TBI (sTBI) Repetitive TBI (rTBI)
In vitro models

Accumulation of the P-TDP-43 and U-TDP-43 cytosolic aggregates in Two TBIs increase cytosolic P-TDP43 two-fold and three TBIs three-fold
neurons [220] in neurons [220]

In vivo models

Drosophillae model
TDP-43 stress granules were not identified [237] TDP-43 stress granules not found 24 h after the last rTBI; only detected in
animals sacrificed immediately after the last repetitive trauma [237]
Blast TBI
Cortical TDP-43 translocation to cytoplasm 1 dpi with TDP-43 frag- Decrease in the TDP-43 expression after two TBIs and an increase in the
mentation 1and 7 dpi in the cortex [230] expression of TDP-43 after three or four TBIs in the injured cortex 1 dpi,

depending on the site of trauma application [239]
Changes in the TDP-43 expression in the injured cortex 1 dpi only at 16
psi blast overpressure over side; TDP-43 changes in other single TBI
severities not detected [239]

Diffuse TBI
P-TDP-43 granules not found in the motor cortex [232] TDP-43 translocation in neurons and microglia; TDP-43 fragmentation 1
dpi with phosphorylation 1 and 3 dpi in the frontal cortex [226]
TDP-43 translocation, fragmentation and phosphorylation changes not
detected in the hippocampus 14 dpi [224]
Focal TBI
P-TDP-43 inclusions in the motor cortex at 3 dpi [232] Increased TDP-43 expression in the cortical and hippocampal tissue 8 dpi

[238]
TDP-43 fragmentation 3 and 7 dpi with decrease in total cell TDP-43 on  P-TDP-43 inclusions in the motor cortex at 3 and 7 dpi [232]
1,3,7 dpi; TDP-43 aggregates at 7 dpi in the cortical tissue with TDP-
43 translocation in the astrocytes at 7 dpi [234]
TDP-43 fragmentation at 7 dpi and accumulation of cytosolic TDP-43 TDP-43 increase at 3 dpi in the cortex and 60 dpi in the hippocampus [235]
and its fragments two mpi in the injured cortex [39]
TDP-43 translocation to cytoplasm at 1 dpi and TDP-43 fragmentation
at3and 7 dpi in the ipsilateral cortex [230]
Increase in TDP-43 expression and its fragmentation at 12 dpi in the
ipsilateral cortex [235]
Lateral fluid percussion injury (LFPI)
TDP-43 translocation in the cortical neurons and formation of P- 10 the best our knowledge, such studies have not been conducted thus far.
TDP-43 at 7 dpi and 12 wpi in the cortex [223]
TDP-43 fragmentation and phosphorylation of fragments at 1 and 7 dpi
in the cortex [56]
TDP-43 translocation in the cortical microglia and neurons at 3 dpi with
TDP-43 fragmentation; P-TDP-43 formation at 14 dpi in the ipsilateral
hippocampus [224]

Human studies

Phosphorylated TDP-43 aggregates in 3/62 acute and long-term TBI TDP-43 proteinopathy in 80% of the 12 post-mortem samples of retired
survivors, increased cytoplasmic TDP-43 in 86.9% post-mortem boxers, football and hockey players; cytoplasmic TDP-43 inclusions in
samples of acute and 71.8% of long-term single TBI survivors [152] neurons and glia [165]

TDP-43 immunoreactivity and cytoplasmic inclusions in a case of a Focal to widespread TDP-43 pathology found in 85% of 85 subjects with
single severe TBI with phosphorylated tau protein co-localized with history of mild rTBI [164]
TDP-43 [153]

Nuclear phosphorylated TDP-43 fragments in patients survivingupto3 ~ TDP-43 pathology with neuronal cytoplasmic inclusions detected in all
days after TBI [56] post-mortem cases of retired football players [225]

TDP-43 inclusions in neurons and glia in a case of CTE in a former foot-
ball player [166]

P-TDP-43, phosphorylated TAR DNA binding protein 43; U-TDP-43, ubiquitinated TAR DNA binding protein 43; dpi, days post injury; wpi, weeks post
injury; mpi, months post injury; TBI, traumatic brain injury; CTE, chronic traumatic encephalopathy.
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logical conditions.

A significant role of neuroinflammatory processes and TDP-
43 pathology has been revealed in the development of cognitive
and neural changes after TBI. While most studies focus on the
study of only single or repetitive trauma, the discrepancy in the
available results suggests the importance of standardization in all
experimental protocols in one type of injury. As TBI is a particu-
larly heterogeneous type of injury, it is possible that, depending
on the trauma model and injury intensity, there are differences in
the cascade of reactions during secondary injury. Because of this,
animal research needs to be conducted in different TBI models
and conditions of different types of experimental TBI. It would be
desirable to conduct this research within the same laboratories, so
that the differences are based only on the applied brain trauma,

and not on the sample processing.
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