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Chronic traumatic encephalopathy: a spectrum of

neuropathological changes following repetitive
brain trauma in athletes and military personnel
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Abstract

Chronic traumatic encephalopathy (CTE) is a progressive neurodegenerative disease that occurs in association with
repetitive traumatic brain injury experienced in sport and military service. In most instances, the clinical symptoms
of the disease begin after a long period of latency ranging from several years to several decades. The initial
symptoms are typically insidious, consisting of irritability, impulsivity, aggression, depression, short-term memory loss
and heightened suicidality. The symptoms progress slowly over decades to include cognitive deficits and dementia.
The pathology of CTE is characterized by the accumulation of phosphorylated tau protein in neurons and astrocytes
in a pattern that is unique from other tauopathies, including Alzheimer's disease. The hyperphosphorylated tau ab-
normalities begin focally, as perivascular neurofibrillary tangles and neurites at the depths of the cerebral sulci, and
then spread to involve superficial layers of adjacent cortex before becoming a widespread degeneration affecting
medial temporal lobe structures, diencephalon and brainstem. Most instances of CTE (>85% of cases) show abnor-
mal accumulations of phosphorylated 43 kDa TAR DNA binding protein that are partially colocalized with phosphor-
ylated tau protein. As CTE is characterized pathologically by frontal and temporal lobe atrophy, by abnormal
deposits of phosphorylated tau and by 43 kDa TAR DNA binding protein and is associated clinically with behavioral
and personality changes, as well as cognitive impairments, CTE is increasingly categorized as an acquired frontotem-
poral lobar degeneration. Currently, some of the greatest challenges are that CTE cannot be diagnosed during life
and the incidence and prevalence of the disorder remain uncertain. Furthermore, the contribution of age, gender,

genetics, stress, alcohol and substance abuse to the development of CTE remains to be determined.

Introduction

The concept that chronic neurodegeneration might
occur after minor brain trauma was first introduced in
1927 by Osnato and Gilberti, who studied 100 clinical
cases of concussion of the brain, defined as a blow to
the head with loss of consciousness with or without
post-traumatic amnesia or skull fracture, and found several
instances in which the clinical symptoms persisted and sec-
ondary degenerative changes developed, a condition they
termed traumatic encephalitis [1]. Subsequently, in 1928
Harrison Martland, a New Jersey pathologist, outlined a
symptom complex well recognized in professional pugilists
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that appeared to result from repeated sublethal blows to
the head [2]. In his monograph ‘Punch Drunk, Martland
described unsteadiness of gait, mental confusion, slowing
of muscular movements, occasionally combined with hesi-
tancy in speech, tremors of the hands and nodding of the
head. This condition was later referred to as dementia pug-
ilistica, traumatic progressive encephalopathy, and chronic
traumatic encephalopathy (CTE) to highlight its chronic
and progressive nature [3-7].

Isolated reports of the neuropathology of CTE ap-
peared in the literature in the 1950s and 1960s [6-12],
but it was not until 1973 with the detailed description of
the clinical and neuropathological features of 15 retired
boxers by Corsellis, Bruton and Freeman-Browne [13]
that a relatively stereotyped pattern of structural brain
abnormalities began to emerge. These changes included
cerebral atrophy, enlargement of the lateral and third
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ventricles, thinning of the corpus callosum, cavum
septum pellucidum with fenestrations and cerebellar
scarring. Cresyl violet and Von Braunmihl’s silver stains
also demonstrated neuronal loss in the cerebellar tonsils
and substantia nigra, neurofibrillary degeneration of the
substantia nigra and cerebral cortex, and senile plaques
in 27% of cases. In later reports using beta-amyloid (Ap)
immunohistochemistry, it was determined that 95% of
cases of CTE showed widespread diffuse AP deposits
[14,15]. Coincident with the rising interest in A path-
ology in Alzheimer’s disease (AD), the demonstration of
AP deposits in 30% of cases of acute trauma and amyloid
precursor protein abnormalities after axonal injury
[16-21], there was a surge of interest in the role of AP
and amyloid precursor protein in CTE pathogenesis.
However, as accumulating studies by multiple investiga-
tors using multiple techniques demonstrate no A path-
ology in most cases of CTE, particularly in young
individuals [22-29] and in early stages [29], and instead
indicate an association between AP deposition and the
age of the subject at death [29], it is becoming increas-
ingly less likely that AP or amyloid precursor protein
plays a major role in the initiation of CTE.

CTE is distinguished from other neurodegenerative
disorders by a distinctive topographic and cellular pat-
tern of tau neurofibrillary pathology. Using a combin-
ation of thioflavine S staining, silver methods and tau
immunocytochemistry, Hof and colleagues noted the
striking distribution of neurofibrillary tangles (NFTs) in
layer II and the upper third of layer III of neocortical
areas in CTE, which differs from the preferential distri-
bution of NFTs in layers V to VI in AD [22]. Hof and
colleagues also observed that NFTs in two other envir-
onmentally triggered tauopathies — post-encephalitic
Parkinson disease and Guamanian amyotrophic lateral
sclerosis (ALS) parkinsonism/dementia — are particularly
distributed to layers II and III of the neocortex, suggest-
ing specific involvement of short-distance, forward-
projecting corticocortical neurons in these disorders.
Compared with AD, the size of individual NFTs in CTE
is generally larger [22] and the neurites are less thread-
like, and more dot-like and spindle shaped [15,29]. The
conspicuous tendency of the phosphorylated tau (p-tau)
neurofibrillary pathology in CTE to be perivascular and
irregularly concentrated at the sulcal depths was first
noted by Geddes and colleagues [23,24], who described
the neuropathological alterations of five young men ran-
ging in age from 23 to 28 years. Two men were young
boxers, one was a soccer player, one was mentally sub-
normal with a long history of head banging, and another
was an epileptic patient who frequently hit his head dur-
ing seizures. They noted argyrophilic, tau-positive neo-
cortical NFTs, strikingly arranged in groups around
small intracortical blood vessels, usually associated with
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neuropil threads and granular tau positive neurons in
the absence of Ap.

The early, focal perivascular changes of CTE
[23,24,27-29] differ substantially from p-tau pathology of
the Alzheimer type reported in some cognitively normal
young adults [30], in opiate abusers [31], and in nonde-
mented older subjects such as those in the Framingham
Heart Study [32] or the Honolulu Asian Aging Study
[33,34]. Furthermore, unlike emerging or preclinical AD
pathology, medial temporal lobe p-tau pathology is not
an early or preclinical manifestation of CTE, although it
is a feature of well-established disease.

The tau isoform profile and phosphorylation state in
CTE are similar to those in AD [35] and the neuronal
tau pathology shows immunoreactivity to both three-
repeat tau and four-repeat tau [29]. Furthermore, in the
areas affected early in CTE (that is, sulcal depths, peri-
vascular and subpial regions), the four-repeat isoform of
tau is predominantly expressed (data not published and
[29]). While astrocytic p-tau pathology in CTE is pre-
dominantly four-repeat tau immunopositive and may be
substantial in some instances, it is topographically dis-
tinct from the four-repeat tau immunoreactive thorn-
shaped astrocytes that have been reported in the medial
temporal lobe in aging and AD [36,37]. Furthermore,
unlike thorn-shaped astrocytes, p-tau-positive astrocytes
in CTE may form astrocytic tangles. Individual CTE
cases vary in the relative degree of neuronal or astrocytic
tau pathology; some cases display prominent tau-
immunoreactive astrocytes while other cases show pre-
dominantly NFTs. Whether the relative involvement of
neurons compared with astrocytes reflects any under-
lying pathogenetic differences remains to be determined.
In the early stages of CTE there is consistent involve-
ment of the locus coeruleus with neurofibrillary p-tau
pathology. Phosphorylated tau deposition in the locus
coeruleus has been reported in young control brains
[30]; however, not all neuropathological studies of young
control subjects support this observation [29,31]. A pos-
sible explanation for the discrepancy may be that not all
studies screen young control subjects for exposure to
mild traumatic brain injury (mTBI); in the Braak report,
for example, no clinical history of head trauma was
made available despite the fact that 17% of the subjects
died from acute trauma or accidental death and that
mTBI is common among young subjects [30].

Staging system

Based on our recent analysis of postmortem brains from
68 subjects with CTE (all men ranging in age from 17 to
98 years (mean 59.5 years), including 64 athletes, 21
military veterans (86% of whom were also athletes) and
one individual who engaged in self-injurious head-
banging behavior), CTE can be classified into four
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pathological stages based on a stereotyped pattern of
structural change and tau pathology [29]. Incremental
increases in other pathologies, such as 43 kDa TAR
DNA binding protein (TDP-43) immunoreactivity and
axonopathy, are also characteristic of the four stages.
The CTE stage correlates with the progression of clinical
symptoms, and among American football players the
stage of CTE at death significantly correlates with age at
death, number of years playing football, and number of
years after retirement from football [29]. However, it re-
mains unclear whether all cases progress, and progress
at similar rates, or whether some instances of CTE per-
sist indefinitely as early-stage disease. The stages of CTE
pathology are as follows.

Stage |

Most brains with stage I CTE (n=7) are grossly unre-
markable, although mild enlargement of the frontal
horns of the lateral ventricles is found occasionally.
Microscopically, there are isolated perivascular foci of p-
tau NFTs, neuropil threads and astrocytic tangles. These
clusters of tau pathology are most common at the
depths of cerebral sulci of the superior, dorsolateral, lat-
eral, and inferior frontal cortices (Figures 1 and 2). p-
tau-positive astrocytes are usually found in the subpial
region directly overlying the perivascular foci. The only
other region that shows p-tau neurofibrillary degener-
ation in two-thirds of cases of stage I CTE is the locus
coeruleus. Scant NFTs may be found in other structures,
such as the amygdala, entorhinal cortex, hippocampus,
medulla, and cingulate gyrus. About one-half of stage I
cases will also have abnormal TDP-43 inclusions within
the subcortical frontal white matter and fornix [29]. Ap
plaques or vascular amyloid deposits are not found.
There is often a brisk gliosis of the white matter, most
pronounced at the apex of the gyri and at the junction
between the deep layers of cortex and underlying white
matter. Neighboring small vessels, arterioles as well as
venules, may show accumulation of hemosiderin-laden
macrophages and the meninges may be mildly gliotic.

Stage Il

Macroscopic abnormalities are found in approximately
one-half of cases with stage II CTE (n=14), including
mild enlargement of the frontal horns of the lateral ven-
tricles and third ventricle, a cavum septum, and pallor of
the locus coeruleus and substantia nigra. Microscopic-
ally, multiple foci of tau pathology are found at the
depths of the sulci commonly in the superior, dorsolat-
eral, lateral, and inferior frontal, the anterior inferior
and lateral temporal, inferior and superior parietal, insu-
lar and septal cortices (Figure 3). These foci typically
consist of collections of p-tau NFTs and neurites sur-
rounding small vessels and focal subpial p-tau astrocytic
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Stage I

Stage IV

Figure 1 Four stages of chronic traumatic encephalopathy.
Schematic of the regions involved by tau pathology in the four
neuropathological stages of chronic traumatic encephalopathy.

.

pathology. In contrast to stage I, NFTs are also found in
superficial layers of the adjacent cerebral cortex extend-
ing into the gyral crest. NFTs are present within the
locus coeruleus and substantia innominata. Most cases
show no substantial NFT pathology in the medial tem-
poral lobe structures. Deep structures such as the sub-
stantia nigra, dorsal and median raphe and thalamus
show mild neurofibrillary degeneration. TDP-43 path-
ology occurs in most subjects and consists of rare
neuropil threads and inclusions within the cerebral sub-
cortical white matter, medial temporal lobe, and brain-
stem, most often in a distribution that mirrors the tau
pathology. AP pathology is not found in stage II CTE.
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Figure 2 Stage | chronic traumatic encephalopathy. In stage | chronic traumatic encephalopathy, phosphorylated tau (p-tau) pathology is
found in limited discrete perivascular foci (A), typically at the depths of sulci or around small vessels (black circles). There is limited p-tau path-
ology in the cortex adjacent to the involved foci (B). Occasional p-tau neurites are found in the nucleus basalis of Meynert (C). There is no path-
ology in the amygdala (D) or CA1 of the hippocampus (E). CP-13-immunostained 50 um tissue sections, some counterstained with cresyl violet.

Scale bar= 100 um. Adapted from [29].

Stage Il

Grossly, most cases of stage III CTE (n = 15) show a re-
duction in brain weight, mild atrophy of the frontal and
temporal lobes and enlargement of the lateral and third
ventricles. Septal abnormalities are common (50%), in-
cluding cavum septum or septal fenestrations. There is
usually pallor of the locus coeruleus and substantia
nigra, atrophy of the mammillary bodies, thalamus and
hypothalamus, and thinning of the corpus callosum.
Microscopically, NFTs are present diffusely in the
frontal, temporal and parietal cortices and are most con-
centrated around small vessels and at the depths of sulci.
Cortices involved include superior, dorsolateral, and in-
ferior frontal, septal, insular, temporal pole, superior,

middle, and inferior temporal, and inferior parietal. The
hippocampus, entorhinal cortex, amygdala, nucleus
basalis of Meynert, and locus coeruleus show extensive
neurofibrillary pathology (Figure 4). Frequent NFTs are
also present in hypothalamus, mammillary bodies, sub-
stantia nigra and dorsal and median raphe nuclei. There
are sparse NFTs in the Rolandic and cingulate cortices,
thalamus, nucleus accumbens, and dorsal motor nucleus
of the vagus. In about one-third of cases, mild neurofib-
rillary pathology is also found in the dentate nucleus of
the cerebellum and spinal cord (Figure 1). The majority
of cases show TDP-43-positive neurites and inclusions
in the cerebral cortex, medial temporal lobe, dienceph-
alon and brainstem. Although most cases of stage III

Figure 3 Stage Il chronic traumatic encephalopathy. In stage Il chronic traumatic encephalopathy, there is spread of pathology from focal
epicenters (A) to the superficial layers of adjacent cortex (B). The nucleus basalis of Meynert (C) shows moderate neurofibrillary tangles and
neurites. The medial temporal lobe shows only mild neurofibrillary pathology, including the amygdala (D) and CA1 of the hippocampus (E). CP-
13-immunostained 50 um tissue sections, some counterstained with cresyl violet. Scale bar =100 um. Adapted from [29].
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Figure 4 Stage Il chronic traumatic encephalopathy. In stage Ill chronic traumatic encephalopathy, phosphorylated tau pathology is severe
and widespread throughout the frontal, insular, temporal, and parietal cortices. The cortical epicenters and depths of the sulci often consist of
confluent masses of neurofibrillary tangles (NFTs) and astrocytic tangles (A). The intervening cortices show advanced neurofibrillary degeneration
(B). The nucleus basalis of Meynert shows dense NFTs (C). The amygdala (D) and hippocampus (E) show marked neurofibrillary pathology. CP-13-
immunostained 50 pm tissue sections, some counterstained with cresyl violet. Scale bar =100 pm. Adapted from [29].

CTE show no A deposition, sparse diffuse and neuritic
AP plaques are found in approximately 13%.

Stage IV Brain weight in stage IV CTE (n=15) is sig-
nificantly decreased; there may be marked global atrophy
of the brain (Figure 5). There is usually pronounced at-
rophy of the frontal and temporal lobes, medial temporal
lobe and anterior thalamus. The hypothalamic floor is

thinned, the mammillary bodies are darkly discolored
and atrophied, and there is marked enlargement of the
lateral and third ventricles. Approximately two-thirds of
subjects will have septal abnormalities including cavum
septum, fenestrations, or absence. There is generalized
atrophy of the white matter, often with yellow—tan dis-
coloration; the posterior body of the corpus callosum
just anterior to the splenium is often disproportionately

Figure 5 Stage IV chronic traumatic encephalopathy. In stage IV chronic traumatic encephalopathy, there is widespread phosphorylated tau
(p-tau) pathology affecting most regions of the cerebral cortex and medial temporal lobe with relative sparing of the calcarine cortex. Astrocytic
tangles are prominent and there is marked neuronal loss in the cortex, amygdala and hippocampus. p-tau neurofibrillary tangles (NFTs) are re-
duced in size and density. The cortical epicenters show severe neuronal loss and prominent astrocytic tangles (A); similar changes are found
throughout the frontal, temporal and parietal cortices (B). The nucleus basalis of Meynert shows marked neurofibrillary pathology and gliosis (C).
The amygdala demonstrates intense gliosis and p-tau neuronal and glial degeneration (D). The hippocampus is sclerotic with marked neuronal
loss, gliosis, ghost NFTs and astrocytic tangles (E). CP-13-immunostained 50 um tissue sections, some counterstained with cresyl violet. Scale bar
=100 pym. Adapted from [29].
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Figure 6 Chronic traumatic encephalopathy with comorbid
disease. Percentage of cases with chronic traumatic
encephalopathy (CTE) with and without comorbidity. Of those cases
with CTE and Alzheimer's disease, 43% had overlapping Lewy body
disease; of those with CTE and frontotemporal lobar degeneration,
50% also had Lewy body disease.

thin. The locus coeruleus and substantia nigra are very
pale.

Microscopically, there is severe spongiosus of layer 2
of the cerebral cortex and widespread neuronal loss.
Neurons in the substantia nigra are severely depleted.
There is prominent, patchy, widespread myelin loss and
astrocytosis of the white matter of the cerebral hemi-
spheres with perivascular macrophage deposition. There
is also severe tau deposition, as clusters of glial tangles
and small NFTs in a patchy irregular distribution
throughout frontal, temporal and parietal cortices.
Neurofibrillary degeneration is extremely severe in the
insula, septal, temporal cortex, amygdala, hippocampus,
entorhinal cortex, substantia nigra and locus coeruleus.
The calcarine cortex is relatively spared although 39% of
cases show some p-tau pathology. In stage IV CTE,
NFTs are found widely distributed throughout the hip-
pocampal formation including the dentate gyrus, CA3,
CA2 and CA4. CA1 is typically severely sclerotic, with
few remaining neurons and only p-tau immunoreactive
astrocytes. In stage IV CTE, p-tau pathology also gener-
ally involves the cerebellum, including the dentate nu-
cleus, granular cell and layers, and the medial lemniscus
and inferior olives of the medulla. There is marked loss
and distortion of axons throughout the cerebral and
cerebellar white matter. TDP-43 deposition is severe and
widespread with dense accumulations of dot-like and
thread-like inclusions in neurites and intra-neuronal
cytoplasmic inclusions in all cases.

43 kDa TAR DNA binding protein pathology

Abnormal TDP-43 inclusions are a consistent feature of
CTE and occur in over one-half of stage I cases and in
all of stage IV cases. In early stages the inclusions consist
of neuritic threads and dot-like inclusions typically
found in subpial, perivascular and periventricular
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regions; cytoplasmic neuronal inclusions are first seen in
stage II disease and are characteristic of late stages. The
TDP-43 inclusions in CTE partially colocalize with p-tau
inclusions in neurons [38]. TDP-43 is an RNA-binding
protein that regulates RNA metabolism, including
mRNA splicing, stability and transport [39,40]. After
acute traumatic injury in animal models, TDP-43 expres-
sion is upregulated and TDP-43 relocates from the neur-
onal nucleus to accumulate in the neuronal cytoplasm
[41,42]. TDP-43 binds to many cellular transcripts in-
cluding tau and alpha-synuclein and its dysregulation
may underlie some of the pathologies seen with these
proteins [43]. In particular, TDP-43 may influence tau
isoform expression [44]. There is also evidence that al-
teration in tau protein metabolism including hyperpho-
sphorylation, tau phosphatase resistance, and deposition
of p-tau intracellular aggregates may be found in dis-
eases characterized by abnormal TDP-43 metabolism,
such as ALS [45].

Axonal damage in chronic traumatic encephalopathy

In addition to p-tau pathology, axonal pathology is
present at all stages of CTE and appears to progress with
stage of CTE [28,29]. In the earliest stages of disease,
phosphorylated neurofilament immunohistochemistry
shows distorted axonal varicosities in the cortex, subcor-
tical white matter, and deep white matter tracts of the
diencephalon. By stage III, severe axonal loss and patho-
logical profiles are found in the subcortical white matter,
and are most severe in the frontal and temporal lobes.
In advanced CTE, there is widespread axonal loss with
frequent severely distorted axonal profiles widely distrib-
uted in the subcortical white matter. Remaining axons
are swollen and dystrophic and some contain p-tau or
TDP-43 [27]. The temporal and spatial progression of
the changes suggests that axonal injury is fundamental
to the initiation and propagation of the tau and TDP-43
proteinopathies.

Chronic traumatic encephalopathy with comorbid
degenerative disease

CTE is associated with the development of other neuro-
degenerations, notably Lewy body disease (LBD), AD,
frontotemporal lobar degeneration (FTLD) and motor
neuron disease (MND) [29,46]. Among 71 combined
cases of pathologically confirmed CTE, coexistent LBD
was found in 17% of cases, MND in 11%, AD in 12%,
and FTLD in 6% (Figure 6). In comparison, in our ex-
perience with Boston University’s Alzheimer’s Disease
Center (BUADC) of 313 subjects with AD, 27% had co-
morbid LBD, 2.6% had FTLD, and none had MND. Fur-
thermore, the average age at death of subjects with CTE
is younger than those with AD in the BUADC brain
bank, suggesting that these comorbidities are not simply
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age related. Indeed, the frequent presence of comorbid
pathologies in CTE suggests that either repetitive trauma
or the accumulation of tau pathology in CTE provokes
the deposition of other abnormal proteins involved in
neurodegeneration [29,46].

Alzheimer disease

Epidemiologic evidence suggests that trauma is a risk
factor for dementia, most often of the Alzheimer type
[47-50]. In our cohort of subjects with CTE, 44% have
some deposition of amyloid (diffuse, neuritic, or vascu-
lar), 35% have neuritic plaques, and 12% meet the cri-
teria for AD (Figure 6) [29]; other reports indicate
severe vascular AP deposition in advanced CTE [51].
Whether trauma-associated AD is pathologically distinct
from AD unassociated with head injury is not yet
known, but detailed study of those individuals with both
CTE and AD may help uncover any such differences as
well as the neurodegenerative mechanism underlying
post-traumatic degeneration. There also may be differ-
ences in neurodegeneration following single moderate to
severe traumatic brain injury (TBI) compared with re-
petitive mTBI. An autopsy study of single TBI survivors
found A plaques and p-tau NFTs in one-third of sub-
jects, suggesting that AD may contribute to neurodegen-
eration after TBI [52]. A postmortem study of a college-
educated woman involved in a serious motor vehicle ac-
cident at age 39, who developed progressive dementia
and parkinsonism 11 years later, showed evidence of
multiple neurodegenerations including atypical AD, se-
vere LBD (with exceptionally large Lewy bodies), axono-
pathy and TDP-43 proteinopathy [53].

Lewy body disease

A large proportion of CTE cases have a concomitant
diagnosis of LBD (17%) and even more show at least iso-
lated Lewy bodies in the brainstem or amygdala (23%)
[29,46]. Alpha-synuclein has been shown to accumulate
in axons following severe TBI [54]. Some evidence sug-
gests alpha-synuclein and tau may synergistically influence
the aggregation of one another [55-58] and this may form
a molecular basis by which LBD develops in cases of CTE.
Indeed, of those cases with LBD, 27% (3/11) also had AD
and 18% (2/11) had FTLD, suggesting that the presence of
one disease may increase the risk for another. Although
most individuals with advanced CTE have neuronal loss
and tau pathology in the substantia nigra, the frequent
presence of alpha-synuclein and development of LBD may
partially explain the high frequency of Parkinsonism that
occurs in individuals with CTE.

Frontotemporal lobar degeneration
Six percent of CTE cases also had concurrent FTLD, al-
though the total number is small (7 =4) [2]. One-half of
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these cases were FTLD with tau-positive inclusions, in-
cluding one case of Pick’s disease and one of progressive
supranuclear palsy, and one-half were FTLD with TDP-
43-positive inclusions, which might reflect the dual tau
and TDP-43 proteinopathies found in CTE. Because
CTE is accompanied by a range of symptoms reflective
of frontotemporal dysfunction, including behavioral and
cognitive deficits and a dysexecutive syndrome, and the
anatomic substrate of CTE is a FTLD characterized by
superficial spongiosus, atrophy and neuronal loss with
astrocytic and neuronal deposition of tau and TDP-43,
CTE is increasingly categorized as an acquired FTLD.

Chronic traumatic encephalopathy with motor neuron
disease

Some data suggest that trauma and athletic exposure are
risk factors for developing ALS [59-62], although there
are conflicting reports regarding a single head injury
[63] and whether more than one head injury is necessary
[64]. Recent data in American football players who
played professionally for more than five seasons show
that the risk of dying from ALS is more than four times
greater than age-matched and gender-matched controls.
In our series of 68 subjects, approximately 11% of indi-
viduals with CTE developed a progressive MND [29,38].
Most (63%) presented with motor weakness, atrophy
and fasciculations indistinguishable from sporadic ALS
and developed mild cognitive and behavioral symptoms
several years after the onset of motor signs [29]. Individuals
who present with motor symptoms of MND have milder
CTE at death (stages II and II), a reflection of their short-
ened lifespan, whereas those who present with cognitive
symptoms die with advanced CTE (stages III and IV). In
all cases, there is a distinct TDP-43 proteinopathy affecting
the brain and spinal cord [29,38]. In several ways, CTE is
similar to Guamanian ALS parkinsonism/dementia, an-
other environmentally triggered tauopathy associated with
MND, further suggesting that alterations in tau and TDP-
43 metabolism might be mechanistically linked [45].

Trauma exposure

Many sports have now been associated with CTE, in-
cluding boxing, American football, ice hockey, soccer,
rugby and wrestling. In addition, CTE has been identi-
fied in military veterans, individuals who participate in
self-injurious head-banging behavior, victims of physical
abuse or assaults, poorly controlled epileptics, and a
dwarf who worked for 15 years as a circus clown, partic-
ipated in dwarf-throwing events and had been knocked
unconscious ‘a dozen times’ [27,29].

CTE can only be diagnosed with certainty at autopsy
and ascertainment bias is high in an autopsy series;
therefore, the incidence and prevalence of the disorder
are not known. Of former professional football players
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who have died and donated their brains to research, the
percentage of players who have pathologically confirmed
CTE has been variously reported as 50% [46], 87% [65]
or 97% [29], often in combination with comorbid neuro-
degenerative disease. While many players had a history
of repeated concussions, some did not — suggesting that
exposure to football even in the absence of symptomatic
or reported concussions is associated with CTE. Al-
though all known cases of CTE have had a history of re-
petitive mTBI, a lingering question concerns the role of
other environmental factors, such as performance-
enhancing drugs, alcohol, opiates or physiological stress
in accelerating or enhancing the development of tauopa-
thy and subsequent neurodegeneration. Multiple rodent
studies have shown that glucocorticoids and stress in-
crease tau phosphorylation and cognitive deficits [66-69]
and p-tau immunoreactivity in opiate user brains is sig-
nificantly higher than age-matched controls [31].

Military veterans

TBI is considered the signature wound among service
members in the Iraq and Afghanistan wars, especially
mTBI related to exposure to an explosive blast [70-72].
Although the neurobiological effects of blast-induced
neurotrauma are more complex than mTBI from other
causes [73], the mechanisms involved put these individ-
uals at risk for developing CTE [27]. Military personnel
are also at risk for concussive mTBI during training ex-
ercises, recreational activities, combat or participation in
sports. CTE has been documented in 22 military vet-
erans, most of whom were also athletes [27,29,74]. Ten
veterans saw combat: five in the Iraq and Afghanistan
conflicts, one in the Gulf War, two in Vietnam, and two
in World War II. Three veterans with CTE experienced
a moderate to severe TBI while in service; five veterans
were exposed to blast from improvised explosive devices
and explosive munitions. Four veterans of the Iraq and
Afghanistan conflicts with CTE were also diagnosed
with post-traumatic stress disorder [27,74].

Pathogenetic mechanisms

How repetitive mTBI triggers a chronic progressive neu-
rodegeneration is not known but key mechanisms prob-
ably include axonal injury, tau hyperphosphorylation,
misfolding and aggregation, cytoskeletal breakdown and
disrupted axonal transport. During acute TBI, the brain
undergoes shear deformation that elongates and injures
axons, small blood vessels, and astrocytes [75-78]. Axons
are particularly vulnerable given their length and high
axolemma:cytoplasm ratio. Traumatic axonal injury pro-
duces changes in axolemma permeability, ionic shifts in-
cluding massive influx of calcium, and release of
caspases and calpains that trigger the misfolding, trunca-
tion, phosphorylation and aggregation of many proteins,
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including tau and TDP-43 and the breakdown of the mi-
crotubules and neurofilaments that disrupts axonal
transport. Repetitive injury and accumulation of mis-
folded p-tau aggregates might eventually overwhelm
normal clearance mechanisms, allowing p-tau to spread
transynaptically and interneuronally, possibly involving
protein templating mechanisms and extracellular cere-
brospinal fluid clearance pathways [79-82]. In addition,
the initial trauma also damages small vessels and the
blood-brain barrier, producing inflammation and micro-
hemorrhage. P-tau aggregates might also provoke the
deposition of other abnormal protein aggregates, includ-
ing AP, alpha-synuclein and TDP-43, all of which com-
pound the neurodegeneration.

Animal models

Several animal models of mTBI have recently been devel-
oped that offer the opportunity to examine the relationship
between repetitive trauma and CTE, as well as to study the
contribution of genetics, inflammatory response, age, gen-
der, and substance use to the neurodegeneration. In the
Goldstein model of blast neurotrauma, wild-type mice ex-
posed to a single controlled sublethal blast developed p-tau
immunoreactivity, axonopathy, microvascular pathology,
and widespread astrocytosis and microgliosis similar to
early CTE changes found after blast-related or sports-
related concussion [28]. These mice also showed slowed
axonal conduction and impaired spatial learning and
memory that persisted for 1 month after blast exposure.
Further investigation is warranted to determine whether
the changes are progressive and whether repeated expo-
sures to blast accelerate the neuropathology and functional
deficits.

Mouzon and colleagues studied the effects of repetitive
and single closed impact injury in wild-type mice [83].
Transient deficits in motor function and spatial memory,
reactive astrocytosis and axonal injury were produced by
single mTBI, whereas mice exposed to five mTBIs ad-
ministered at 48-hour intervals over 8 days developed
significantly greater cognitive impairment, microglial ac-
tivation, reactive astrocytosis, and multifocal axonal
pathology [83].

A similar study using 18-month-old human tau trans-
genic mice that express wild-type human tau isoforms
on a null murine tau background found significant in-
creases in p-tau immunoreactivity, reactive astrocytosis
and microgliosis in mice exposed to repetitive mTBI,
but not in mice exposed to single mTBI [84].

Conclusions

Mild, repetitive traumatic injury produces multifocal
axonal injury that triggers the accumulation of p-tau as
CTE. Although the process begins focally, it gradually
spreads to involve widespread regions of the brain
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including the frontal and temporal lobes, medial tem-
poral lobe, diencephalon, and brainstem. TDP-43 abnor-
malities are found in most CTE cases; in advanced CTE,
TDP-43 pathology is severe and widespread. As tau and
TDP-43 deposition increases, there is a parallel increase
in axonal pathology and loss. CTE is associated with the
development of other neurodegenerative diseases, in-
cluding AD, LBD, FTLD and MND. At the present time,
CTE can only be diagnosed at autopsy, but promising ef-
forts to develop p-tau PET ligands and cerebrospinal
fluid biomarkers are underway to diagnose and monitor
the course of disease in living subjects. The contribution
of age, gender, genetics, drugs and physiological stress to
the development of CTE remains to be determined. Fu-
ture therapeutic efforts in CTE will need to address the
effects of acute mTBI, the initial deposition of abnormal
p-tau deposits, the progressive spread of p-tau through-
out the nervous system, and the neuronal loss and neu-
rodegeneration that follows. Currently, the best
therapies are prevention of the initial trauma and con-
tinued public education regarding proper detection and
management of minor traumatic head injuries.

Note: This article is part of a series on Traumatic brain injury,
edited by Robert Stern. Other articles in this series can be found

at http://alzres.com/series/traumaticbraininjury
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