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Chronic traumatic encephalopathy (CTE) is a neurodegenerative tauopathy associated with
repetitive mild brain trauma. CTE, previously termed “dementia pugilistica,” has been
identified in American football, ice hockey, baseball, rugby and soccer players, boxers,
wrestlers, and military personnel exposed to blast and other traumatic brain injuries.
There is often a long latency period between an individual’s exposure to repetitive brain
trauma and the clinical symptoms of CTE. The pathology of CTE is characterized by a
progression from isolated focal perivascular hyperphosphorylated tau lesions in the cerebral
cortex to a widespread tauopathy that involves diffuse cortical and medial temporal lobe
regions. We hypothesize that the spread of tau from focal perivascular lesions to a wide-
spread tauopathy occurs as a result of intraneuronal and intrasynaptic prion-like protein
templating, as well as tau secretion and propagation along glymphatic and cerebrospinal
fluid pathways.

Chronic traumatic encephalopathy (CTE) is
a neurodegenerative tauopathy associated

with repetitive mild brain trauma, including
concussion and subconcussion. CTE was first
recognized under the name “punch-drunk syn-
drome” and later as “dementia pugilistica.” To
date, CTE has been identified in American foot-
ball, ice hockey, baseball, rugby and soccer play-
ers, boxers, wrestlers, and military personnel
exposed to blast and other traumatic brain in-
juries. Like many other neurodegenerative dis-
eases, CTE can only be definitively diagnosed

during life, and little is known about the inci-
dence and prevalence of the disease. Over the
past decade, tremendous advances have been
made in the classification and characterization
of the clinical and neuropathological features of
CTE. Recent biochemical and immunohisto-
chemical studies have shown that the hyper-
phosphorylated (p-tau) pathology in CTE dif-
fers from Alzheimer’s disease (AD) (Kondo
et al. 2015; Kanaan et al. 2016). The pathological
criteria for diagnosis, as well as a staging scheme
for grading pathological severity, have been de-
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fined (McKee et al. 2013, 2016). Large-scale
clinicopathological studies (Mez et al. 2015)
and longitudinal, prospective clinical studies
are currently underway to identify clinical cri-
teria for diagnosis, with high sensitivity and
specificity from other disorders. Despite these
advances, a pressing question remains regarding
the pathogenesis of CTE: Why is there usually a
prolonged interval of years to decades between
an individual’s exposure to brain trauma and
the onset of clinical symptoms? Some of the
possible mechanisms to explain this slow spread
of p-tau, which extends from isolated, focal
perivascular lesions in the cerebral cortex to a
widespread tauopathy that affects many brain
regions in the absence of further trauma, in-
clude a prion-like mechanism of tau protein
templating, tau secretion into the interstitial
and cerebrospinal fluid (CSF) spaces, and tau
spread along glymphatic channels and CSF
pathways, including the Virchow-Robin space
surrounding penetrating blood vessels (Iliff
et al. 2014).

NEUROPATHOLOGY

In 1928, the pathologist and medical examiner
Harrison Stanford Martland introduced the
term “punch drunk” to describe the clinical fea-
tures of a distinct neuropsychiatric syndrome
that affected boxers (Martland 1928), a condi-
tion that later came to be known as “dementia
pugilistica” (Millspaugh 1937). Case reports de-
scribing the neuropathological features of CTE
appeared in the 1950s and 1960s (Brandenburg
and Hallervorden 1954; Grahmann and Ule
1957; Neubuerger et al. 1959; Courville 1962;
Mawdsley and Ferguson 1963; Payne 1968).
The characteristic pathological findings includ-
ed cerebral atrophy, neuronal loss, and silver-
positive neurofibrillary tangles (NFTs). In
1973, Corsellis and colleagues described the
clinicopathological findings in 15 boxers with
a high index of suspicion for “dementia pugilis-
tica” (Corsellis et al. 1973). They noted cerebral
atrophy, enlargement of the lateral and third
ventricles, thinning of the corpus callosum,
cavum septum pellucidum with fenestrations,
cerebellar scarring, and silver-positive neurofi-

brillary degeneration of the cerebral cortex and
substantia nigra (Corsellis et al. 1973).

In the late 1990s, in association with the
advent of p-tau immunohistochemistry, Hof
et al. (1991) first reported the distinctive
pathology of early CTE in young subjects. A
24-year-old autistic woman who exhibited
head-banging behaviors was found to have nu-
merous perivascular clusters of neurofibrillary
tangles (NFTs) and neurites at the depths of the
cerebral sulci and in the superficial cerebral lay-
ers of the inferior temporal, entorhinal, and
perirhinal cortices in the absence of beta amy-
loid (Ab) (Hof et al. 1991). Geddes and col-
leagues (Geddes et al. 1996) also described
patchy, perivascular deposits of p-tau in the
brain of a 23-year-old boxer and commented
on the notable absence of NFTs in the medial
temporal lobe, a site of early NFT deposition
in Alzheimer’s disease (AD). Geddes and
colleagues further compared the immunohisto-
chemical findings of the five young men, rang-
ing in age from 23–28 years (mean 26 years),
exposed to repetitive brain trauma to 21 control
subjects. This study described argyrophilic, tau-
immunopositive neocortical NFTs and neuropil
threads strikingly arranged in groups around
small intracortical blood vessels (Geddes et al.
1999). Notably, the hippocampus was normal
in all of the cases. Moreover, perivascular tau
pathology was found in none of the 21 age-
matched controls (Geddes et al. 1999). In
2009, McKee and colleagues reviewed all 47
neuropathologically verified cases of CTE re-
ported in the world’s literature since 1954 and
comprehensively detailed the immunohisto-
chemical characteristics and neuroanatomical
regions involved in two former boxers and an
American football player (McKee et al. 2009).
The investigators emphasized the prominent
perivascular pattern of NFTs, the clustering of
the pathology at the depths of the sulci, and
noted the additional features of p-tau contain-
ing astrocytes, and spindle-shaped and dot-like
neurites (McKee et al. 2009). The investigators
also showed the widespread anatomic involve-
ment in CTE, a p-tau pathology that affects the
olfactory bulbs, subcortical U-fibers, dience-
phalon, nucleus basalis of Meynert, the brain-

J. Kriegel et al.

2 Cite this article as Cold Spring Harb Perspect Med 2018;8:a024059

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg



stem, and limbic cortex with sparing of the pri-
mary visual cortex. McKee and colleagues also
noted that the preferential involvement of the
superficial cortical layers was a feature most
prominent in the temporal lobe (McKee et al.
2009). The investigators further observed that
this pattern of p-tau deposits was unique and
could be distinguished from all other known
tauopathies, including aging, AD, and fronto-
temporal lobar degeneration (McKee et al. 2009,
2010).

Subsequent clinicopathological series of
CTE were reported in athletes who played a
wide variety of contact sports, including Amer-
ican football, soccer, baseball, and ice hockey
(Omalu et al. 2011; Goldstein et al. 2012; McKee
et al. 2013, 2014; McKee and Robinson 2014). A
series of young military veterans exposed to
blast injury from improvised explosive devices
were also found to have changes of early CTE
consisting of focal perivascular clusters of p-tau
NFTand neurites, as well as perivascular axonal
injury, reactive astrocytosis, and microgliosis
(Omalu et al. 2011; Goldstein et al. 2012). In
2013, McKee and colleagues described the spec-
trum of p-tau pathology in the largest case series
of CTE to date, which consisted of 68 male sub-
jects with CTE ranging in age from 17 to 98
years (mean 59.5 years), and compared the find-

ings to 18 age-matched controls. In young sub-
jects with the mildest forms of CTE, focal peri-
vascular epicenters of NFTs and astrocytic
tangles were found clustered at the depths of
the neocortical sulci. In subjects with advanced
disease, a severe tauopathy affected widespread
brain regions (McKee et al. 2013). Other abnor-
malities included abnormal deposits of phos-
phorylated 43-kDa TAR DNA-binding protein
(TDP-43) (80% of cases) that occasionally co-
localized with p-tau, axonal dystrophy, and
neuroinflammation (McKee et al. 2010, 2013).
McKee and colleagues went on to propose pre-
liminary criteria for the neuropathological di-
agnosis of CTE, as well as a staging scheme of
progressive p-tau pathology, consisting of four
stages (stages I–IV) (Fig. 1) (McKee et al. 2013).
In stage I CTE, isolated perivascular p-tau le-
sions are found in the cerebral cortex (Fig. 2). In
stage II CTE, multiple perivascular p-tau foci
are found in the cerebral cortex—in the frontal,
temporal, and parietal lobes and insula. In the
cortex adjacent to the focal epicenters, NFTs are
scattered throughout the cerebral layers, with a
tendency to be most numerous in the superfi-
cial cortical laminae. Stage III CTE is distin-
guished from stages I and II by neurofibrillary
degeneration in the medial temporal lobe, af-
fecting the hippocampus, entorhinal cortex,

I II III IV

Figure 1. The four stages of chronic traumatic encephalopathy (CTE). In stage I CTE, isolated perivascular p-tau
lesions are found in the cerebral cortex. In stage II CTE, multiple perivascular p-tau foci are found in the cerebral
cortex. In the adjacent cortex, neurofibrillary tangles (NFTs) are scattered throughout the superficial cerebral
layers. In stage III CTE, confluent patches of NFTs, neurites, and p-tau filled astrocytes are found around blood
vessels at the sulcal depths and widely distributed throughout the cerebral cortex, including the medial temporal
lobe. By stage IV CTE, p-tau pathology is densely distributed throughout the cerebrum, medial temporal lobe
structures, brainstem, cerebellum, and occasionally, the spinal cord. Whole-mount sections of 50 mm are
immunostained with CP-13.
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and amygdala. There are also confluent patches
of NFTs, neurites, and p-tau-filled astrocytes
around blood vessels at the sulcal depths, as
well as in linear arrays in the superficial laminae
of the cortex. NFTs are typically found in the
superior, dorsolateral, and inferior frontal, sep-
tal, insular, temporal pole, superior, middle,
and inferior temporal and inferior parietal cor-
tices. NFTs are also found in the olfactory bulbs,
hypothalamus, mammillary bodies, nucleus ba-
salis of Meynert, substantia nigra, dorsal and
median raphe nuclei, and locus coeruleus. By
stage IV CTE, severe p-tau pathology is densely
distributed throughout the cerebrum, medial
temporal lobe structures, brainstem, the cere-
bellum, and occasionally, the spinal cord (for
review, see McKee et al. 2015). Among football
players, the stages of CTE pathology are signifi-
cantly associated with age at death, cumulative
years of exposure to football, and interval be-
tween retirement from football and death, sup-
porting a dose-response between p-tau deposi-
tion and years of playing football, as well as
progressive spread of p-tau pathology after foot-
ball ends.

As a first step toward validating the prelim-
inary McKee criteria proposed, a Conference to
Define Neuropathological Criteria for the Diag-
nosis of CTE sponsored by the National Insti-
tutes of Neurological Disorders and Stroke
(NINDS) and the National Institute of Biomed-
ical Imaging and Bioengineering (NIBIB) was
held in 2015 (McKee et al. 2016). A panel of
expert neuropathologists evaluated 25 cases of

various tauopathies blinded to all clinical, de-
mographic, and gross neuropathological infor-
mation. The panel found that CTE was reliably
distinguished from other tauopathies (includ-
ing aging-related tau astrogliopathy [ARTAG])
(Kovacs et al. 2016) by the diagnostic criteria
(McKee et al. 2016). In addition, the panel es-
tablished that there was a pathognomonic lesion
of CTE consisting of an abnormal accumulation
of p-tau in neurons and astrocytes around small
vessels irregularly distributed at the depths of
the cortical sulci (McKee et al. 2016).

CLINICAL SYNDROME

In cases of neuropathologically confirmed CTE
(McKee et al. 2013; Stein et al. 2015), the mean
age at onset is 44.3 years (SEM ¼ 1.5, range ¼
16–83 years, n ¼ 119), the onset of clinical
symptoms occurs an average of 14.5 years after
retirement from the sport (SEM ¼ 1.6, n ¼
104), and 22% are symptomatic at the time of
retirement. Moreover, the clinical course in CTE
is prolonged (mean duration ¼ 15.0 years,
SEM ¼ 1.2, n ¼ 125).

The clinical presentation of CTE consists of
mood, behavioral, and cognitive alterations, as
well as motor signs (Stern et al. 2013; Monteni-
gro et al. 2014). Efforts to outline a consistent
set of research and practical clinical diagnostic
criteria have been proposed by several investi-
gators (Jordan 2013; Stern et al. 2013; Victoroff
2013; Montenigro et al. 2014). Stern et al.
(2013) proposed criteria for the diagnosis of

Figure 2. The pathognomonic lesion of CTE. The pathognomonic lesion of CTE consists of an abnormal
accumulation of p-tau in neurons, astrocytes, and dot-like structures around small vessels irregularly distributed
at the depths of the cortical sulci. Both images are paraffin-embedded, 10 mm sections stained with AT8, and are
magnified at 400�.
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the clinical syndrome associated with the pa-
thology of CTE. They described two distinct
clinical presentations of CTE: (1) a mood/be-
havior variant characterized by earlier onset
(mean 35 years) and predominant features of
explosivity, aggression, depression, apathy, and
suicidality; and (2) a cognitive variant that usu-
ally presents later in life (mean 59 years) as
memory deficits and executive dysfunction,
which is very similar to AD. A third mixed var-
iant presenting as disturbances in both do-
mains, with mood, behavior, and cognitive
symptoms, was added by Montenigro et al.
(2014). Dementia is common in advanced
CTE, presenting occasionally with features of
parkinsonism, dysarthia, dysphagia, and motor
dysfunction (Stern et al. 2013; Montenigro et al.
2014).

TRAUMATIC INJURY CASCADE LEADING
TO CTE

Axonal injury, microvascular injury, persistent
neuroinflammation, and metabolic derange-
ment that occur after repetitive subconcussion
and concussion appear to trigger a pathological
cascade that leads to CTE in susceptible indi-
viduals. Linear, and particularly rotational, ac-
celeration–deceleration forces cause the semi-
gelatinous brain to elongate and stretch; this
distortion is greatest at the depths of the cerebral
sulci of the brain and around the microvascula-
ture. This tissue distortion produces multifocal
injury to long filamentous structures in the
brain, primarily the axons and small blood ves-
sels, with multifocal blood–brain barrier loss.
The time course for repair of the microstructur-
al injuries is unclear, and there is evidence that
some of the changes may be longstanding. Trau-
matic axonal injury results in alterations in ax-
onal membrane permeability, ionic shifts in-
cluding massive influx of calcium, and release
of caspases and calpains. Traumatic injury is
also associated with the hyperphosphorylation
and mislocalization of the microtubule-associ-
ated protein tau. Under normal physiological
conditions, tau is phosphorylated at only a
small number of sites and is localized to the
axon, where it binds to microtubules and stabi-

lizes the cytoskeleton. Under pathological con-
ditions, including after trauma, tau becomes
hyperphosphorylated, dissociates from micro-
tubules in the axon, and is displaced to the so-
matodendritic compartment as abnormal ag-
gregates as NFTs (Binder et al. 2005; Serbest
et al. 2007). Neuroinflammation, which occurs
within minutes of a traumatic injury, can also
promote tau pathology (Gyoneva et al. 2015).
Cells at the injury site release cytokines and che-
mokines that lead to the recruitment of periph-
eral neutrophils and monocytes. At the same
time, there is activation of resident astrocytes
and microglia (Gyoneva et al. 2015). Acute met-
abolic disturbances also occur, including altered
ionic flux, unregulated glutamate release, mito-
chondrial dysfunction, and oxidative stress
(Giza and Hovda 2001). There is evidence that
neurotoxic phosphorylated tau proteoforms
aggregate early after the trauma and continue
to accumulate and spread in the brain long after
the traumatic insult (Kondo et al. 2015). Fur-
thermore, these oligomeric, abnormally trun-
cated, and phosphorylated tau proteins exten-
sively co-localize in the perivascular tau lesions
that are the essential, diagnostic hallmark of
early CTE (Kanaan et al. 2016).

A unifying hypothesis in the pathogenesis of
CTE would be that these abnormally phosphor-
ylated tau proteoforms (protein molecules) ac-
cumulate at the stress points of the traumatic
forces (i.e., at the depths of the cortical sulci and
around small vessels). These isolated focal
phosphorylated aggregates are associated with
neurotoxicity and neurodegeneration and are
pathologically evident as the pathognomonic le-
sions of CTE (stage I). Repetitive traumatic in-
jury causes the production of additional peri-
vascular lesions in multiple foci (stage II CTE).
Cumulative posttraumatic accumulation of p-
tau proteoforms (phase I: trauma dependent)
eventually builds to a critical threshold that
overwhelms recovery mechanisms, and a run-
away feed-forward neurodegenerative process
(phase II: trauma independent) is set into mo-
tion. At this point, even in the absence of further
trauma, the accumulation of p-tau aggregates
has reached a level that promotes continued ac-
cumulation and spread through the nervous
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system via a variety of mechanisms, possibly
including protein templating or prion-like
mechanisms of transneuronal and transsynap-
tic propagation (Lewis and Dickson 2016), tau
secretion (Le et al. 2012), and extracellular ce-
rebrospinal fluid (CSF) clearance pathways in-
volving the glymphatic channels (Iliff et al.
2014). Neuroinflammation associated with the
initial repetitive trauma and further aggravated
by the accumulation of toxic p-tau fragments
exacerbates neurodegeneration. This progres-
sive neurodegeneration results in widespread
p-tau accumulation in cortical regions adjacent
to the perivascular lesions, in the medial tem-
poral lobe structures (hippocampus, amygdala,
and entorhinal cortex) and in the deep nuclei
(including the nucleus basalis of Meynert, sub-
stantia nigra, locus coeruleus, and others).

TAU AS A PRION AND OTHER FACTORS
THAT MIGHT EXPLAIN THE LATENT ONSET
OF SYMPTOMS

How tau pathology spreads through the brain in
a disease-specific, stereotypical pattern is only
beginning to be understood. Converging evi-
dence from human, animal, and cultured cell
studies argues that tau interacts with membrane
components to facilitate a self-perpetuating pri-
on-like propagation (Hall and Patuto 2012; Pol-
ymenidou and Cleveland 2012; Jucker and
Walker 2013; Guo and Lee 2014; Lewis and
Dickson 2016; see also Clavaguera et al. 2016;
Rauch et al. 2016; Holmes and Diamond 2017).
In this model, fibrillar tau aggregates are re-
leased into the extracellular space, where they
are subsequently taken up by a recipient cell
via macropinocytosis (Falcon et al. 2015). Di-
rect contact with the recipient cell’s natively
folded tau protein results in templated misfold-
ing and toxic amplification (Hall and Patuto
2012; Kfoury et al. 2012; Liu et al. 2012; Stancu
et al. 2015; Clavaguera et al. 2016; Lewis and
Dickson 2016). Indeed, wild-type mice injected
with tau inclusions extracted from humans who
died from various tauopathies (i.e., argyrophilic
grain disease, progressive supranuclear palsy,
corticobasal degeneration) develop pathologic
lesions characteristic of the respective disease

of origin (Clavaguera et al. 2013). The seeding
potency of misfolded tau is dependent on its
particular conformation and capacity to form
aggregates (Falcon et al. 2015). In a self-perpet-
uating manner, tau pathology is spread along
established networks of synaptic connectivity
in the brain (Seeley et al. 2009). Although phos-
phorylation and misfolding of tau is initially a
reversible process (Van der Jeugd et al. 2012;
Wolozin 2012), tau seeding and propagation
can promote further neuronal loss and neuro-
degeneration. The affected individual might be
able to compensate for the pathology in the
early stages, but progressive accumulation and
neurodegeneration eventually produce clinical
symptoms of disease.

Delayed onset of symptoms, often occur-
ring decades after the trauma exposure, is char-
acteristic of 80% of individuals with CTE
(McKee et al. 2009). Factors that potentially in-
fluence the age at onset of symptoms might
include disease location (i.e., perivascular p-
tau lesions in symptomatically sensitive regions,
for example, amygdala, perirhinal cortex, pre-
frontal cortex, dorsolateral superior frontal cor-
tex, etc.); differences in secondary modulating
factors such as neuroinflammation; and resil-
iency factors such as cognitive reserve. Typically,
if an individual becomes symptomatic with
stage II CTE lesions, the symptoms that emerge
are those of behavior and mood disorders. If the
disease process develops more slowly, or per-
haps if the early lesions do not involve sympto-
matically sensitive brain regions, or perhaps if
an individual is able to compensate longer be-
cause of greater resiliency factors, symptoms do
not appear until the disease has reached stage III
when p-tau neurofibrillary degeneration in-
volves widespread cortical and subcortical
structures, including the hippocampus, amyg-
dala, and entorhinal cortex, and becomes clin-
ically evident as memory impairment and exec-
utive dysfunction. This would explain the age
discrepancy between individuals who present
with behavioral or mood disorders (stage II dis-
ease) (average age 35 years) and individuals who
present with memory or executive dysfunction
(stage III disease) (average age 54 years) (Stern
et al. 2013).
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BLOOD–BRAIN BARRIER DISRUPTION

Other pathologies that contribute to CTE in-
clude microvascular injury and blood–brain
barrier (BBB) disruption. The BBB is composed
of a network of capillary endothelial cells joined
by tight junctions and surrounded by basal lam-
ina, pericytes, and astrocytic perivascular end
feet. Astrocytes provide the cellular link to the
neurons (Marchi et al. 2004). After a single sea-
son of play and in the absence of overt concus-
sion, American football players were found to
have imaging evidence of BBB disruption
thought to be the result of exposure to “subcon-
cussive” impacts (Marchi et al. 2013). BBB dis-
ruption has also been found after blast injury
(Huber et al. 2016). In addition, 47% of late
survivors of a single moderate to severe trau-
matic brain injury (TBI) were reported to have
multifocal, abnormal, perivascular, and paren-
chymal fibrinogen and immunoglobulin G de-
posits in the cerebral cortex, suggesting that
widespread BBB disruption may persist years
after the traumatic insult (Hay et al. 2015).

Astrocytes produce the protein S100b,
which has been identified as a serum marker
of BBB disruption (Fazio et al. 2004; Marchi
et al. 2004). Although S100b levels have been
proposed as a method of detecting mild TBI in
emergency rooms (Zongo et al. 2012), a study of
15 American football players who had played
more than five games found that S100b levels
correlated with the frequency and severity of
subconcussive hits (Marchi et al. 2013). Serum
auto-S100b antibodies measured at the end of
the season were also found to correlate with a
player’s cumulative single-game S100b in-
creases and the persistence of changes shown
by diffusion tensor imaging. The results can
be interpreted to suggest that repetitive breaches
of the BBB, as reflected by serum S100b levels,
lead to a pathogenic autoimmune response di-
rected against CNS antigens that have leaked
through the BBB (Vincent et al. 2011; Marchi
et al. 2013). Monocyte infiltration of the brain
parenchyma via the leptomeninges also occurs
after TBI. Acute TBI induces vascular damage,
meningeal cell death, and the generation of re-
active oxygen species (ROS) that ultimately

breach the glial limitans and promote spread
of the injury into the parenchyma. In response,
the brain elicits a neuroprotective inflammatory
response characterized by meningeal neutrophil
swarming and microglial reconstitution of the
damaged glial limitans (Roth et al. 2014). Acti-
vation of metalloproteinases produced by the
infiltrating monocytes further aggravates the
neuroinflammatory response and allows pe-
ripheral immune infiltration (Toft-Hansen
et al. 2006; Newby 2008; Szmydynger-Chodob-
ska et al. 2012).

INFLAMMATORY RESPONSE

Neuroinflammation has both beneficial and
detrimental effects on the brain and spinal
cord tissue (Jones et al. 2005; Block et al.
2007). Comprising 12% of cells in the brain,
microglia represent the primary resident im-
mune cells of the CNS (Block et al. 2007). In
their usual resting state, microglia are highly
dynamic and continuously survey and maintain
the brain’s microenvironment with motile pro-
cesses and protuberances (Nimmerjahn et al.
2005). After TBI, microglia become more active,
secreting proinflammatory cytokines, clearing
debris or phagocytosing dead cells, and provid-
ing a cellular scaffolding to the area of injury.
They then return to a resting state on resolution
of the issue (Brockhaus et al. 1996; Norden et al.
2015). Significant heterogeneity with respect to
motility and activity is observed in microglial
populations following injury, which is likely at-
tributable to highly localized signaling mecha-
nisms (Petersen and Dailey 2004). In normal
aging, as well as in neurodegeneration and fol-
lowing neurotrauma, microglia assume a
rounder, shortened morphology and upregulate
the expression of surface receptors, including
the major histocompatibility complex (MHC)
II (Cunningham et al. 2005; Frank et al. 2006;
Henry et al. 2009; Lull and Block 2010; Norden
and Godbout 2013; Fenn et al. 2014). In this
primed state, microglia are hypervigilant in re-
sponding to environmental stressors. After in-
jury, an exaggerated release of proinflammatory
cytokines and chemokines, excitatory neuro-
transmitters, and reactive oxygen/nitrogen spe-
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cies (ROS and RNS) ensues (Streit 2002). In
some circumstances, including after minor neu-
rotrauma, microglia become chronically acti-
vated with the development of an amoeboid
or jellyfish-like morphology (Roth et al. 2014).
Astrocytes express mechanosensitive ion chan-
nels, which, on release, activate a neuroprotec-
tive glial response to TBI. This response is fol-
lowed shortly by astrocytic excretion of ATP,
which activates resident microglia (Davalos
et al. 2005) to form honeycomb networks that
provide structural support to the injured me-
ninges and parenchyma (Roth et al. 2014),
as well as phagocytic jellyfish microglia to
eliminate cellular debris. Concurrently, periph-
eral monocytes invade the brain parenchyma
through the damaged meninges. This acute in-
flammatory reaction to brain injury appears to
be beneficial and limits the extent of the injury
(Finnie 2013).

GLYMPHATIC SYSTEM—A PARAVASCULAR
PATHWAY

Although much is known about the lymphatic
system and its role in clearing interstitial fluid
(ISF) in the body, less is known about how the
clearance of proteins and peptides is carried out
in the brain, which lacks lymphatic vasculature.
The CSF has long been thought to play a role in
fluid exchange with the brain’s ISF, serving as
a sink for interstitial solute (Iliff et al. 2012).
Iliff et al. (2012) found that the size of the ra-
dioactive tracer used correlated directly with the
influx of CSF into the brain. Using in vivo laser
microscopy techniques, they confirmed that
subarachnoid CSF enters the parenchyma rap-
idly through paravascular spaces surrounding
penetrating arteries. The fluid is subsequently
cleared through large paravenous drainage
pathways. Because of the significant role that
glia cells, specifically astrocytes and the astro-
glial water channel aquaporin-4 (AQP4), play
in the influx of CSF into the brain and the drain-
age of bulk ISF solute, they termed this the
“glymphatic” system. Impairment of the glym-
phatic system in the TBI setting further ap-
peared to promote neurofibrillary pathology
and accumulation of exogenous tau around ves-

sels (Iliff et al. 2014). This accumulation of tau
around vessels is transient in mice; it remains to
be determined whether disruption of the glym-
phatic flow contributes to the perivascular ac-
cumulation of tau in CTE.

SUMMARY

CTE is a latent neurodegeneration associated
with repetitive concussive and subconcussive
injury. There are often many years between ex-
posure to brain trauma and the development of
clinical symptoms of CTE. Pathologically, CTE
begins as isolated perivascular foci of abnor-
mally phosphorylated tau (p-tau) deposits in
neurons and astrocytes in the cerebral cortex
(stage I CTE). These initial CTE p-tau lesions
accumulate at the stress points of the traumatic
forces (i.e., at the depths of the cortical sulci and
around small vessels and are associated with
focal neurodegeneration). Repetitive traumatic
injury causes the production of additional peri-
vascular p-tau lesions in multiple foci (stage II
CTE). Individuals with stage II CTE often show
behavior and mood changes. It is possible that,
at some point, the accumulation of p-tau aggre-
gates reaches a level that promotes continued p-
tau accumulation and spread throughout the
nervous system even in the absence of further
exposure to trauma. This spread may involve
protein templating mechanisms of transneuro-
nal and transsynaptic propagation, tau secre-
tion, and extracellular CSF clearance pathways
involving the glymphatic channels. Neuroin-
flammation associated with the initial repetitive
trauma and further aggravated by the accumu-
lation of toxic p-tau fragments might exacerbate
neurodegeneration. As disease advances, hyper-
phosphorylated tau deposits are found in wide-
spread cortical regions, as well as in the medial
temporal lobe structures (hippocampus, amyg-
dala, and entorhinal cortex) and in the deep
nuclei (including the nucleus basalis of Mey-
nert, substantia nigra, locus coeruleus, and oth-
ers) (stage III CTE). Individuals with stage III
CTE often experience memory loss and execu-
tive dysfunction. As p-tau aggregates continue
to accumulate in widespread brain regions and
neurodegeneration continues, there is incre-
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mental neuronal loss and p-tau accumulation in
astrocytes (stage IV CTE). Individuals with
stage IV CTE are frequently demented.

As CTE is a slowly progressive neurodegen-
eration, there is great hope for effective interven-
tion early in the disease process before wide-
spread neurodegeneration occurs. Effective
intervention will require the development of
methods to definitively detect focal CTE lesions
during life when the initial perivascular aggre-
gations of p-tau are just beginning to develop.
Positron emission tomography using p-tau li-
gands and blood biomarker studies offer the
greatest promise for this early in vivo detection,
but to establish the required level of sensitivity
and specificity will necessitate prospective clin-
ical studies of individuals at high risk for CTE.
Finally, there is great promise for the develop-
ment of therapies to limit p-tau propagation and
spread—interventions that would interfere with
the slow, relentless decline in subjects already
exposed to the initial repetitive traumas and at
high risk for CTE-induced neurodegeneration.
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Van der Jeugd A, Hochgräfe K, Ahmed T, Decker JM, Sydow
A, Hofmann A, Wu D, Messing L, Balschun D, D’Hooge
R. 2012. Cognitive defects are reversible in inducible mice
expressing pro-aggregant full-length human Tau. Acta
Neuropathol 123: 787–805.

Victoroff J. 2013. Traumatic encephalopathy: Review and
provisional research diagnostic criteria. NeuroRehabilita-
tion 32: 211–224.

Vincent A, Bien CG, Irani SR, Waters P. 2011. Autoantibod-
ies associated with diseases of the CNS: New develop-
ments and future challenges. Lancet Neurol 10: 759–772.

Wolozin B. 2012. Regulated protein aggregation: Stress gran-
ules and neurodegeneration. Mol Neurodegener 7: 56–56.
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