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Abstract

Mild traumatic brain injury (mTBI) is common in many populations, including athletes, veterans, and domestic abuse
victims. mTBI can cause chronic symptoms, including depression, irritability, memory problems, and attention deficits. A
history of repetitive mTBI has been epidemiologically associated with developing early-onset dementia and
neurodegenerative diseases and, in particular, is thought to be the underlying cause of chronic traumatic encephalopathy
(CTE)—a progressive tauopathy diagnosed by the presence of perivascular hyperphosphorylated tau protein (p-tau) in the
depths of cortical sulci. However, the scarce and focal pathology often seen in CTE does not correlate with the severity of
symptoms experienced by patients. This paper proposes accumulation of YH2AX, a marker of double-stranded DNA
damage, as a novel pathological marker to identify brain damage post-mTBI. We present two cases of men with history of
mTBI. Immunohistochemistry revealed extensive DNA damage throughout the frontal cortex, hippocampus, and brainstem
areas. Furthermore, gene expression profiling showed increases of ataxia telangiectasia mutated (ATM) and checkpoint
kinase 2 (CHEK?2), two serine/threonine kinases recruited in response to double-strand breaks in the DNA damage response
pathway. These cases highlight the complex pathophysiology of head trauma, and suggest DNA damage as the molecular
mechanism behind mTBI-induced pathology and symptoms.

Introduction

Mild traumatic brain injury (mTBI) can have devastating
effects long-term on brain health. However, the pathophy-
siological mechanism by which mild trauma induces brain
dysfunction remains unknown. Several post-mortem case
series have shown that recurrent mTBI can lead to a neu-
rodegenerative disease called chronic traumatic encephalo-
pathy (CTE) that is characterized by the accumulation of
hyperphosphorylated tau (p-tau) in a specific pattern in the
brain. However, the underlying molecular pathways leading
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to this progressive neurodegenerative disease is very lim-
ited, and there are likely other pathological hallmarks which
may be better markers of brain damage in mTBI and pro-
vide stronger indications on the pathophysiology of the
disease. This paper will summarize the known neuro-
pathology of CTE and will detail two cases of individuals
with a history of mTBI in order to introduce a novel marker
of cellular damage in athletes with history of mTBIL.

Mild traumatic brain injury

Mild traumatic brain injury (mTBI), which includes con-
cussions and subconcussive hits, is defined by the World
Health Organization as an acute brain injury caused by
mechanical force to the head [1]. It has a high incidence and
prevalence throughout the world and, in particular, occurs
frequently and repetitively in subpopulations such as con-
tact sports players (including American football, hockey,
rugby, and boxing), survivors of domestic abuse, and
military veterans [2]. Often mTBIs go unnoticed or unre-
ported, making the true incidence of mTBI likely much
higher than reported in literature [3]. Studies in post-
concussive clinical presentation utilize self-report measures
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[4], and lack consensus due to the fact that mTBI outcomes
vary significantly between individuals [5]. Despite this
variation, chronic exposure to mTBI can be linked to per-
sisting symptoms in some individuals including depression,
anxiety, short-term memory problems, suicidality, sleep
disturbance, attention deficits among others and ultimately
dementia [6, 7].

Epidemiological studies have identified mTBI as a pri-
mary risk factor for early-onset dementia and neurodegen-
erative diseases including Alzheimer’s disease (AD) [8],
Parkinson’s disease (PD) [9], frontotemporal dementia
(FTD) [10], amyotrophic lateral sclerosis (ALS) [11], and
Diffuse Lewy body disease (DLBD) [12]. A 2017 nation-
wide cohort study of over 300,000 individuals in Sweden by
Nordstrom and Nordstrom [13] found a significant associa-
tion between multiple TBIs and dementia diagnosis, and an
increased risk of developing dementia in pairs of siblings
with discordant TBI history. In the US, a study of over
350,000 veterans with history of TBI found that mTBI
without loss of consciousness was associated with more than
a two-fold increase in risk of being diagnosed with dementia
later in life [14]. They reported the risk to develop dementia
jumping from 2.6% without mTBI to 6.1% with mTBL

Neuropathology of CTE

In 2013, McKee et al. produced a large case series of 85
individuals with a history of mTBI and found a spectrum of
distribution of p-tau ranging from perivascular lesions to
neurofibrillary tangles (NFTs) throughout the cortex and
medial temporal lobes, TAR DNA-binding protein 43
(TDP-43) inclusions and neurites, and a spectrum of clinical
symptoms ranging in severity [15]. From this study, McKee
and colleagues suggested that CTE is a progressive neuro-
degenerative disease, for which the degree of pathological
burden corresponded with symptom severity [15]. How-
ever, they did also attribute symptomatology in cases where
the pathology was very scarce and focal. More recently in
2017 Mez et al., also from Boston University, published a
case series of 202 football players of various playing levels,
the largest case series on CTE to date [16]. This study
diagnosed CTE by the presence of perivascular p-tau
lesions in the depths of cortical sulci and found that 177
(87%) subjects presented with CTE.

In 2016, McKee and colleagues published the first ever
consensus criteria, with UNITE and the NINDS/NIBIB
panel, for the neuropathological diagnosis of CTE [17].
These criteria were produced by researchers at Boston
University along with seven neuropathologists experienced
in neurodegenerative diseases. In this meeting, the
pathologists blindly evaluated 25 cases of various tauo-
pathies, including 10 cases of CTE. The panel reached

preliminary consensus regarding the pathology of these
cases and, in particular, agreed on the diagnoses of the 10
CTE cases.

Gross Pathology of CTE

In early CTE, there is generally no evidence of trauma to
the brain and the brain appears normal macroscopically
[15]. In more advanced CTE, macroscopic findings may
include ventricular dilation, a cavum septum pellucidum,
septum fenestration, medial temporal lobe atrophy, and
pallor of the substantia nigra and locus coeruleus [15]. The
diagnosis of CTE, however, is based only on microscopic/
immunohistochemical features of p-tau distribution [17].

Microscopic Pathology of CTE

The 2016 consensus group identified one feature required
for the diagnosis of CTE: the presence of p-tau aggregates
in neurons and astrocytes, specifically in perivascular
regions at the depths of cortical sulci [17]. One focus of
perivascular tau in the depth of a cortical sulcus is sufficient
for post-mortem diagnosis of CTE, as there is no lower
bound to this criteria. In contrast to other tauopathies, such
as AD, where higher stages of the disease are correlated
with clinical symptoms, in CTE any amount of pathology is
proposed to be the underlying driver of neurobehavioral
changes. In CTE tau aggregates are found in neurons and
glial cells rather than solely neurons [15]. The pathology
starts in the depths of sulci in the frontal lobe rather than in
the medial temporal lobes as is the case in AD [18]. It has
been suggested that as the disease progresses, p-tau aggre-
gates spread throughout the cortex and to the medial tem-
poral lobes [15].

This consensus meeting also identified five tau-related
supportive neuropathological features of CTE diagnosis,
and two non-tau-related supportive features. The tau-related
features included the following: (1) p-tau pretangles and/or
NFTs in the cortical superficial layers II-III, (2) p-tau pre-
tangles and/or NFTs preferentially affecting CA2 and den-
dritic swellings in CA4 of the hippocampus, (3)
immunoreactivity in neurons and astrocytes of subcortical
nuclei including the mammillary bodies, amygdala, nucleus
accumbens, thalamus, midbrain tegmentum, nucleus basalis
of Meynert, raphe nuclei, substantia nigra, and locus coer-
uleus, (4) immunoreactivity in astrocytes in the subpial and
periventricular regions, and (5) immunoreactive grain-like
and dot-like structures. The non-tau-related supportive
diagnostic features are as follows: (1) gross microscopic
features as described previously, and (2) TDP-43 neuronal
inclusions and dot-like structures in the hippocampus,
temporal cortex, and the amygdala.
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Beta-amyloid after mTBI

In Boston University’s 2017 case series of 202 football
players, 61% of subjects diagnosed with CTE presented
with diffuse or dense core senile AP plaques [16]. Further, a
2015 case series by Stein et al. [19] similarly reported that
52% of CTE subjects presented with AP pathology, either
as diffuse or senile plaques. This paper also found that when
controlling for age, the presence of AP plaques was asso-
ciated with worsened dementia, co-morbid LBD, and more
severe CTE p-tau pathology, although for the latter it is
unclear if they refer to an increase of p-tau burden or to the
number of peri-vascular p-tau foci. This raises the possibi-
lity that cases presenting with both p-tau and AP represent
co-existing AD, and that AD is the true driver of symptoms.
This possibility is supported by the fact that the chances of
an individual in this cohort having dementia was 3.9 times
higher in cases with diffuse Ap plaques and 4.5 times higher
in individuals with neuritic plaques compared to those
without any AP pathology when controlling for age. Indi-
viduals with AP pathology also tended to present with
Parkinsonism and motor symptoms more frequently than
those without AP plaques [19]. Although AP plaques are a
hallmark feature of AD [20] and this data may seem
reflective of comorbidities, it is argued that amyloid pre-
cursor protein (APP) accumulates rapidly in injured axons
after acute TBI and this might be a possible precursor to AP
deposition [21]. However, axonal injury is not a consistent
reported feature of mTBI.

a-synuclein after mTBI

a-synuclein is a soluble protein involved in synaptic
transmission and is found as insoluble aggregates in various
synucleinopathies, including PD [22]. Accumulation of a-
synuclein has been found after acute TBI in mice [23], and
in the cerebro-spinal fluid (CSF) of patients after severe TBI
[24]. In McKee et al,’s case series in 2013, a-synuclein was
found in 15 (22%) of all CTE cases analyzed, primarily in
the olfactory bulb and medulla [15]. In a case series of 269
contact sports players, Adams et al. found that the number
of years an individual is exposed to head trauma in sports
predicted the development of Lewy bodies (LB) in the
neocortex [12]. The neocortical LB was also associated with
increased A plaques and p-tau pathology, and the authors
speculated that LB load accounted for many of the motor
symptoms reported in CTE, although cortical LBs are
typically strong drivers of dementia, as seen in DLBD [25].

TDP-43 after mTBI

TDP-43 is an RNA binding protein which becomes
phosphorylated, ubiquitinated, and cleaved in a disease

SPRINGER NATURE

state, such as ALS or FTD [26]. In CTE, TDP-43
pathology is very common and is considered one of the
supporting features of diagnosis [17]. In their 2013 case
series, McKee et al. found TDP-43 positive cytoplasmic
inclusions in 58/68 (85.3%) of CTE cases [15]. Addi-
tionally, in the 2017 case series out of Boston University
on American football players, 85 (48%) cases of CTE
presented with TDP-43 immunopositive neurites and
inclusions, although they did not specify the distribution of
this pathology [16].

Proteinopathies are end-points and do not define
underlying pathophysiology

Despite the fact that the diagnostic criteria for CTE only
requires perivascular p-tau accumulation in the depths of
cortical sulci, it is clear from the literature that the pathology
of CTE is much more complex. Accumulation of misfolded
proteins is quite common in neurodegenerative diseases
[27], for example beta amyloid (Af) in AD [20], a-
synuclein in PD [28], and TDP-43 in FTD and ALS [29].
Interestingly, brains of individuals with history of mTBI
display all three of these proteinopathies [23, 30, 31],
making the neuropathology of head trauma broad and
diverse in nature. It may therefore be helpful to look at CTE
and mTBI-induced brain damage as a condition presenting
with polypathology with co-existence of different protei-
nopathies [32]. It is possible that mTBI induces, in some
people, a neurodegenerative process characterized by mis-
folded proteins but not limited to tauopathy. The peri-
vascular tau pathology as the unique signature of mTBI-
induced brain disease appears non-specific as this pattern is
described in brains with no history of trauma [33] and could
be confused with other non-mTBI related pathologies such
aging-related tau astrogliopathy (ARTAG) [34]. Moreover,
when the pathology is minimal and focal, it becomes very
implausible to explain all the patient’s symptoms. Epide-
miological studies as stated above do link mTBI to a higher
risk of developing a form of neurodegenerative disease later
in life either as a classical disease such as AD or a more
complex mixed disease with numerous abnormal protein
aggregates such as p-tau, TDP-43, alpha-synuclein and Ap.
We propose that the abnormal proteinopathies reflect the
endpoint of more complex underlying pathophysiological
process that remains to be determined. Extensive focus on
abnormal proteins is limiting the development of proper
biomarkers and potential treatments in living individuals.
Indeed, clinically, most of the symptoms associated with
trauma induced brain pathology are not unique to the dis-
ease and could be reflective of other conditions [35],
making diagnosis in a living person unattainable. Identifi-
cation of the initiating molecular process(es) that may
evolve to lead to neurodegenerative disease will open the
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door to more effective interventions in patients suffering
from ill-effects of multiple concussions.

DNA damage as a marker of mTBl-induced brain
damage

The p-tau pathology reported in early stages of CTE tends to
be extremely focal and scarce [15] and is therefore unlikely
to be the cause of widespread, severe symptoms reported by
affected individuals [36]. It is possible, that there is another
pathological phenomenon underlying the clinical presenta-
tion of individuals with mTBI-induced brain dysfunction
which either precedes or is independent of p-tau pathology.

In general, DNA repair deficiency underlies many neu-
rological diseases in both humans and mice [37]. Deficient
DNA repair pathways have been implicated in neuronal
dysfunction [38] and has been proposed as an important
factor in premature aging and neurodegeneration [18]. For
example, in a postmortem study on 11 AD patients and eight
controls, Mullaart and colleagues found two times more
DNA damage in the cortex of individuals with AD than
controls [39]. Similarly, AD brains have been shown to have
decreased base-excision repair activity and accumulation of
double-stranded DNA breaks [40]. In multiple neurodegen-
erative diseases including AD, PD, and ALS, not only is the
accumulation of DNA damage found, but has been suggested
as a contributing factor to the progression of disease [41].

Following double-stranded DNA breaks, H2A histone
family member X (H2AX) becomes phosphorylated at
Ser139 to become YH2AX [42]. This event is one part of the
DNA damage response (DDR), an endogenous molecular
cascade which exists to repair the thousands of DNA lesions
cells experience daily [43]. DNA damage can occur as a
result of exogenous factors like UV radiation, toxic che-
micals, and oxidative stress, and endogenously through
replication errors and metabolic reactive oxygen species
(ROS) production [18]. Although accumulation of DNA
damage after mTBI has not yet been explored in humans, it
has been shown that repeated blast exposures lead to
widespread DNA damage in mice [44] and that accumula-
tion of cell-free DNA in blood can be used as a predictor of
neurological outcome after mTBI in rats [45]. Accumulation
of DNA damage after mTBI may therefore be sufficient to
explain the symptoms in individuals who are found to have
relatively scarce proteinopathy.

yH2AX has been shown to be a sensitive and specific
marker of DSBs both in vitro and in vivo [46], and its
detection to mark DNA damage is considered superior to
many other techniques, including comet assays and pulse-
field gel electrophoresis [47]. Background levels of YH2AX
have also been observed in populations of dividing cells
[48], reflecting accumulation of DNA breaks during S-
phase [49], although this is not the case in non-dividing

cells such as neurons. Although H2AX has more than one
serine residue capable of phosphorylation, phosphorylation
at Ser139 to form yH2AX is specific to DNA damage [46],
and up to thousands of YH2AX proteins are formed for
every DSB [50]. YH2AX is therefore a specific marker of
DNA damage and does not represent other phosphorylation
events. It is important to note that the appearance of YH2AX
foci differs between techniques. For example, YH2AX foci
tend to appear punctuated and dot-like when using immu-
nofluorescence [51], whereas the stain appears fairly diffuse
and uniform when performed with immunoperoxidase [52],
as used here. A limitation of using immunohistochemistry is
the inability to count individual DSBs, as is possible with
immunofluorescence, however it is still considered a reli-
able marker of DNA damage [46] especially when com-
bined with the detection of other markers of DNA damage.
Phosphorylation of H2AX into YH2AX occurs through the
actions of two serine/threonine kinases, ataxia telangiectasia
mutated (ATM) and ATM-RAD3-related (ATR), both of
which are activated following DNA damage and cellular
stressors [53]. ATM is the main mediator of the DDR and is
promptly activated via auto-phosphorylation following
DNA damage, specifically in the form of DSBs, and acti-
vates downstream serine/threonine kinase chekpoint kinase
2 (CHEK?2) to mediate DNA repair pathways [54, 55]. Up-
regulation of ATM, CHEK2, and simultaneous presence of
yH2AX foci are strong, specific, and sensitive indicator of
DNA damage in the form of DSBs.

Here, through two cases as examples, we propose that
repetitive mTBI causes widespread DNA damage, which
may be the underlying explanation of neurological symp-
toms, and that markers of DNA damage are better suited for
evaluating brain damage after mTBI. DNA damage can
become persistent, spread to more areas and lead to neu-
rodegenerative disease later in life, most likely dependent
on different individual capabilities to efficiently repair the
DNA damage.

Case examples

The complexity of neuropathologically diagnosing CTE and
establishing the cause of this pathology can be illustrated
with the following post-mortem human cases. The brains of
these individuals were received for neuropathological con-
sultation and underwent full neuropathological assessment.
Clinical history

Case 1

This subject was a 33 year old man with a history of mTBI
due to his long-term involvement with mixed martial arts.
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Fig. 1 Gross and microscopic
features of case 1. Panels a—c
show macroscopic features of
the brain with bilateral old
orbito-frontal contusions. Panel
¢ shows a coronal cut of the
brain without any evident gross
pathological changes. Panel d
shows a whole slide scan of the
hippocampus with “a” and “b”
showing the location of p-tau
positive profiles and further
shown respectively in panels (e
and f) at high power. Scale in (e)
is 200 ym and in (f) is 2 mm

The individual was detained by police after a low-velocity
car collision, and died suddenly due to cardiac arrest with
acute concussion sustained during a brief altercation during
his arrest. Resuscitation was unsuccessful and there was no
survival or hospitalization. He also had a history of drug
abuse (cocaine) and alcohol abuse. At autopsy he was
diagnosed with cardiomegaly (abnormal enlargement of the
heart) and cause of death attributed to a cardiac event.

Case 2

This subject was an 82 year old man with a long-term
history of traumatic brain injury due to his long-term career
in the Canadian Football League (CFL). He had a history of
hypertension, hyperlipidemia, and diabetes. He presented
with behavioral changes and short-term memory impair-
ment. He was diagnosed with mild cognitive impairment
(MCI) and, later, dementia at the age of 69. He passed away
in a nursing home from complications of pneumonia.

Neuropathology
Methods

The brains were fixed in formalin and sampled from cor-
tical, subcortical, cerebellar, and brainstem areas according
to National Institute on Aging-Alzheimer’s Association
(NIA-AA), as per the CTE diagnosis consensus paper [17].
Tissue blocks were processed and embedded in paraffin. Six
micron sections were stained with Luxol fast blue and
hematoxylin and eosin (H&E/LFB) and by immunohis-
tochemistry with YH2AX (monoclonal mouse, 1:1000,
Ser139, #05-636;Millipore, MA, USA), phospho-tau
(Ser199, Ser202) (polyclonal rabbit, #44-768G: Thermo
Scientific, 1:1000), and TDP-43 (polyclonal rabbit, #PAS-
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29949, Thermo Scientific 1:500), p-amyloid (monoclonal
mouse, DAKO, M0872, 1:50), and a-synuclein (mono-
clonal rabbit, Thermo Scientific #701085, 1:500).

Gross pathology

The fresh brain weight of case 1 was normal (1430g) and
presented with bilateral cortical contusions in the orbito-
frontal areas (plaque jaune) (Fig. la, b). This scarring
included, bilaterally, the olfactory bulb and tracts (Fig. 1b).
On coronal sections there was no evidence of brain atrophy
and ventricles were of normal size (Fig. 1c). Case 2 had
reduced brain weight (1243.5 g) and presented with ather-
osclerosis of the circle of Willis, mild atrophy of the frontal
lobes bilaterally, atrophy of the mammillary bodies, dilation
of the lateral and third ventricles, fenestrated septum pel-
lucidum and hippocampal atrophy (Fig. 3a—c).

Microscopic pathology

Case 1 presented with congested microvasculature and
patchy, mild perivascular tissue edema with occasional
perivascular calcification in the basal ganglia (not shown).
Perivascular tau deposits were focal and noted in the para-
hippocampal gyrus (Fig. 1d (square “a”) and E) NFTs were
also seen in CA3/4-CA2 (Fig. 1d (square “b”) and F). There
was no beta-amyloid or TDP-43 aggregates. YH2AX was
widely distributed in neurons and glial cells, in numerous
cortical areas (Fig. 2a) with predominance of perivascular
distribution (Fig. 2b—d). It was also detected in the brain-
stem and cerebellum (not shown).

In case 2, there was pallor of white matter on H&E/LFB
stain (Fig. 3d), severe and widespread p-tau accumulation in
neurons and glia without amyloid pathology (Fig. 3e-h,
j—m). Neuronal tau pathology was located primarily in the
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Fig. 2 Distribution of YH2AX in
the frontal cortex of case 1. B
Panel a shows predominantly 9
perivascular distribution of

DNA damage in the cortical

(sulcus identified with an arrow RRasriiess o

in sub-panel a). Asterisks in ] & 7 e

panel A mark blood vessels to 5 St ok

highlight clustering of YH2AX s -
positive cells near cortical BT o 3
vasculature. Panels b—e show e O i

various higher power images of R ] i

the clustering of YH2AX in
perivascular foci within the
frontal cortex

Fig. 3 Gross and microscopic features of case 2. Panels a—c¢ show
macroscopic features of the brain with mild cortical atrophy, absence
of septum pellucidum and ventricular dilatation (panels b, ¢). Panels d,
e show low power scans of a hippocampal section stained with H&E/
luxol fast blue (d) and immuno-labeled with p-tau (e). Panel f shows a
low power scan of p-tau distribution in the orbito-frontal cortex. Panel

temporal and frontal cortices, deep gray nuclei, brainstem,
and dentate nucleus of the cerebellum. Within the neo-
cortex, neuronal p-tau did not only distribute at the depths
of cortical sulci or specific cortical layers, but also at the
crown of the gyry (Fig. 3f). Perivascular and sub-pial p-tau
deposits were also noted (Fig. 3g, j). Within glial cells, p-
tau was in the neocortex, temporal structures, deep gray
nuclei, and brainstem. The distribution of glial p-tau was in
the depths of sulci, subependymal cells, gray matter, white

g shows p-tau perivascular deposits in the isocortex. Panel h shows
widespread distribution of p-tau in the hippocampus with high power
details in CA3/4 (panel 1) and dentate gyrus (panel m). Panel I shows
cytoplasmic TDP-43 aggregates in the dentate gyrus. Panel j shows
sub-pial p-tau distribution in the isocortex. Panel k shows punctate p-
tau deposits in the subcortical white matter

matter, and perivascular regions. There were widespread
neuropil threads and diffuse granular staining in the white
matter. This individual also had TDP-43 neurites in the
superficial cortical layers and neuronal cytoplasmic inclu-
sions in the dentate gyrus (Fig. 3i). YH2AX was extensive
throughout cortical, subcortical, and brainstem regions and
was seen in the majority of oligodendrocytes in the white
matter, peri-neuronal satellite glial cells, ependymal cells,
and sub-ependymal cells (Fig. 4a—d).

SPRINGER NATURE
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Fig. 4 Immunohistochemistry of
YH2AX in case 2. Panel a shows
a low power view of YH2AX
distribution throughout the
hippocampus. Panel b shows a
high power view of widespread
yH2AX in oligodendrocytes of
the white matter in the
hippocampal section shown in
panel a. Panel ¢ shows a high
power view of DNA damage in
the isocortex. YH2AX is positive
in para-neuronal satellite cells
(sub-panel C). Panel d shows
strong YH2AX expression in
ependymal cells and sub-
ventricular glial cells

Expression of DDR signaling genes
Methods

Our brain samples with a history of mTBI and aged-
matched control brains with no mTBI history were selected
for gene expression analysis using NanoString Technology,
an RNA microarray, well-suited for formalin-fixed tissue
and that utilizes molecular "barcodes" to detect and count
up to several hundred unique transcripts in one hybridiza-
tion reaction. Shavings from the hippocampus of each case
were used to compare gene expression between cases and
controls. Total RNA was isolated from the fixed tissue
using the RNeasy FFPE Kit by Qiagen (Qiagen Inc., Tor-
onto, ON, Canada) using the manufacturer’s protocol. Total
RNA was quantified using the Nanodrop 2000 spectro-
photometer (NanoDrop Technologies, Wilmington, DE,
USA). Using the digital multiplexed NanoString nCounter
analysis system (NanoString Technologies, Seattle, WA,
USA), gene expression profiling was then performed on
200 ng RNA from each sample. Raw data was normalized
against six housekeeping genes and subsequently analyzed
using nSolver solfware (NanoString Technologies). Statis-
tical significance was calculated using normalized RNA
count numbers with an unpaired student’s 7-test with sta-
tistical significance considered at p-values <0.05. The mean
log2 fold change was then calculated for each gene.

Increased expression of ATM and CHEK2 in mTBI brains
The hippocampi of brains with a history of mTBI showed

significant upregulation of ATM, the serine/threonine
kinase which is activated immediately after DSBs to
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Fig. 5 Mean log?2 fold change of ATM (p = 0.0097) and CHEK?2 (p =
0.0458) expression between hippocampi with a history of mTBI and
non-mTBI controls. Statistical significance determined with an
unpaired student’s t-test with significance cut-off at p <0.05

CHEK2

orchestrate the DDR and phosphorylate H2AX into
YH2AX. ATM showed an average of a 0.59-fold increase in
expression (p = 0.0097) in mTBI brains compared to heal-
thy controls with no history of mTBI (Fig. 5). CHEK2, a
serine/threonine kinase activated by ATM in response to
DSBs, was also significantly upregulated in mTBI hippo-
campi, with an average 2.60-fold increase in expression (p
=0.0458) across mTBI brains compared to controls
(Fig. 5).

Discussion

The effects of repeated mTBI can be devastating, and some
groups such as American football players and boxers can be
more affected than others [56, 57]. CTE is therefore an
important issue of concern to many athletes, families, and
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clinicians, and a genuine understanding of the underlying
molecular driver of concussion pathology will help the
development of proper tools for detection of disease in
living individuals and targeted effective treatments.

Using YH2AX, we have shown extensive and pro-
gressive DNA damage in brains of individuals with recent
or remote history of mTBI. We have also provided addi-
tional evidence in support of DNA damage. ATM is con-
sidered the central component of the DDR, with rapid
activation by autophosphorylation immediately after
detection of DSBs in the DNA [58]. ATM is therefore a
strong marker of the DDR in vivo. This is reflected in the
results of our gene expression assay, as both the expression
of ATM and its downstream effector CHEK2 were sig-
nificantly upregulated in mTBI brains. CHEK2 is another
serine/threonine kinase, which is activated by ATM in
response to DSBs and goes on to activate several proteins
involved in the DDR including p53 and BRCA1 [59].

DNA damage can occur in many different forms,
including single-nucleotide changes, single-stranded breaks,
and double-stranded breaks (DSBs), and a small number of
DSBs is sufficient to activate the DDR, a large-scale,
dynamic pathway which functions to restore DNA integrity
after damage [42]. Accumulation of DNA damage has been
associated with neurodegenerative disease and development
of neurological symptoms [18] and evidence of DNA
damage has been found in brains diagnosed with MCI [60].
This suggests that DNA damage may be a preceding event
in the manifestation of AD pathology and other neurode-
generative diseases. In addition, DNA damage has been
found in patients with schizophrenia [61], who have inter-
estingly also been reported to have CTE-consistent pathol-
ogy after surgical axonal injury [62].

Both of the cases presented here had extensive DNA
damage throughout various brain regions, including the
hippocampus, neocortex, cerebellum, and brainstem. It is
important to note that immunoreactivity for yYH2AX extends
beyond p-tau pathology in concussed brains. This was
especially true in the acute case. Although p-tau burden was
comparable to that of YH2AX in the chronic case, there was
a clear increase of YH2AX load in the second case when
compared to the first case. This observation is specifically
important, as it indicates that DNA damage may precede
abnormal protein aggregation after head trauma, in that p-
tau aggregates occur chronically rather than acutely. The
pathways leading to neurodegeneration as a result of DNA
damage will need further exploration in the future. Another
important finding is that that DNA damage expands to more
areas with time given the increased load of YH2AX in the
second case, therefore flagging DNA damage as a possible
driver of disease progression.

We are therefore proposing markers of DNA damage, for
example YH2AX shown here, as more robust markers of

brain damage in individuals with a history of mTBI, as they
can capture both the acute and chronic effects of head
trauma. DNA damage could represent the first pathological
effect of trauma and drive the acute symptoms of mTBIL
DNA damage is a reversible condition and can be repaired,
however, if individuals have a deficient DNA repair
machinery or DNA damage is recurrent and overwhelming
the DNA repair pathways, it can become persistent and lead
to the proteinopathies noted in chronic mTBI cases.

The mechanism by which DNA damage causes neuro-
degeneration has not been established here, but it is well
known that when the DDR is persistently activated, perhaps
in cases of repetitive head trauma or defective DNA repair
pathways, cells acquire the senescence-associated secretory
phenotype (SASP) [42]. This phenotype is characterized by
several hallmark features, including cell-cycle arrest, mor-
phological changes, and secretion of various SASP factors
including pro-inflammatory cytokines, proteases, and
growth factors [42]. Many of these factors can be found in
the blood and CSF, and therefore provides ample opportu-
nity for the discovery of biomarkers relevant to mTBI
diagnosis, prognosis, and therapy. These factors have both
autocrine and paracrine effects, and this creates a wide-
spread effect far beyond the area of initial damage [63]. The
acquisition of a senescent cellular phenotype has been
shown to create a chronic state of inflammation often seen
in aged brains [64] and, in particular, senescent phenotypes
have been reported as playing a role in the progression of
neurodegenerative disease [65].

Although DNA damage and SASP have not been char-
acterized in mTBI brains, they have been studied in the
context of neurodegenerative disease [66—71]. In a study of
13 AD cases and 8 age-matched controls DNA damage,
marked by YH2AX, was found in astrocytic nuclei whereas
no DNA damage was found in controls. Interestingly, the
damage was not found in neurons with p-tau aggregates,
indicating a distinct pathological phenomenon. The authors
also pointed out that this damage was consistently localized
to the hippocampus, suggesting a clinicopathological cor-
relation to AD symptoms [72]. Levels of yYH2AX in the
blood have also been reported as significantly elevated in
AD patients and MCI patients compared to healthy controls,
suggesting that DNA damage contributes to the pathology
of AD and early cognitive symptoms [73]. In another study
focused on AD, robust markers of the SASP, including
p16™K4 and matrix metalloproteinase-1 (MMP-1), were
significantly increased in astrocytes in the frontal cortices of
AD patients compared to controls. DNA damage, marked
by YH2AX and DNA-dependent protein kinase catalytic
subunit (DNA-PKcs), and senescence, marked by [-galac-
tosidase, are increased in AD brains compared to controls,
suggesting a role of DNA damage and succeeding senes-
cence in the progression of AD [74]. From the abundance of
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evidence reporting DNA damage and senescence in AD it is
therefore conceivable that the same molecular mechanisms
underlie mTBI-induced symptoms and neurodegeneration.

Overall we propose that DNA damage alone, and pos-
sibly subsequent acquisition of SASP (not studied here),
cause functional changes that may be the underlying basis
of symptoms seen after mTBI in both acute and chronic
cases. This pathological change results in altered gene
expression which affects many aspects of brain health,
contributing to early-onset brain aging and neurodegenera-
tion. We therefore suggest that in brains with a history of
mTBI, DNA damage precedes proteinopathy and induces a
senescent phenotype, which may cause by itself the broad-
spectrum symptoms and neuropathology in these
individuals.

It is important to note that the cause of pathological
changes including DNA damage is not clear. We postulate
that any insult causing oxidative stress can induce the DNA
damage. Therefore, DNA damage can be a common but
important pathway in multiple scenarios such substance
abuse or chronic systemic disease. Indeed, administration of
cocaine into rats has been shown to induce DNA damage
and tau hyperphosphorylation in the hippocampus, cortex,
and caudatoputamen [75]. It has also been reported, in
humans, that heavy drinking is associated with faster cog-
nitive decline in AD [76]. As is similar with the possibly
misconstrued correlation between p-tau pathology and
mTBI symptoms, we must therefore be cautious with the
readiness with which we establish cause and significance of
pathology. Animal studies will be more suited to directly
establish causality in all of these situations.

Conclusion

Here we propose that markers of DNA damage are robust
indicators of brain damage in athletes with a history of
repetitive mTBIs compared to p-tau. Two cases of acute and
chronic mTBI presented in this paper have shown DNA
damage accumulation which probably preceded p-tau
pathology and other protein aggregations, as has been
reported previously in the literature [77]. The cause of
pathology in these individuals is not entirely clear, as they
had history of chronic systemic disease or history of drug
and alcohol use. This paper suggests that the p-tau seen and
used as a diagnostic marker in CTE is most likely the end-
stage pathology of a neurodegenerative disease caused by
head trauma, whereas DNA damage is the mechanism by
which these pathological entities emerge. Persistent DNA
damage, in the case of repetitive head trauma, may be
sufficient for acquiring SASP, a chronic state of inflam-
mation characteristic of aged and neurodegenerative brains.
These early-stage phenomena represent additional robust

SPRINGER NATURE

markers of brain damage in athletes as they may provide a
sufficient explanation of clinical symptoms, point out
pathophysiological mechanisms of p-tau accumulation,
explain the high incidence of co-morbid neurodegenerative
diseases with CTE, and ultimately provide potential ther-
apeutic, diagnostic, and prognostic biomarkers for mTBI-
induced brain damage.
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