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Traumatic brain injury (TBI) and Alzheimer's disease (AD) are devastating neurological disorders, whose com-
plex relationship is not completely understood. Cerebrovascular pathology, a key element in both conditions,
could represent a mechanistic link between Aβ/tau deposition after TBI and the development of post concussive
syndrome, dementia and chronic traumatic encephalopathy (CTE). In addition to debilitating acute effects, TBI-
induced neurovascular injuries accelerate amyloid β (Aβ) production and perivascular accumulation, arterial
stiffness, tau hyperphosphorylation and tau/Aβ-induced blood brain barrier damage, giving rise to a deleterious
feed-forward loop.Wepostulate that TBI can initiate cerebrovascular pathology, which is causally involved in the
development of multiple forms of neurodegeneration including AD-like dementias. In this review, we will ex-
plore how novel biomarkers, animal and human studieswith a focus on cerebrovascular dysfunction are contrib-
uting to the understanding of the consequences of TBI on the development of AD-like pathology.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Traumatic brain injury (TBI) is a significant public health problem
associated with both acute and long-term disabilities, which are medi-
ated by multiple, not entirely understood, molecular cascades. In addi-
tion to debilitating acute effects, severe TBI, and especially repeated
mild TBI (Blennow et al., 2016) can initiate long-term neurodegenera-
tion processes leading to pathological features that have similarities
with Alzheimer's disease (AD)(Washington et al., 2016; Blennow
et al., 2016; Mendez, 2017).

The term ‘Punch drunk’ was introduced by Dr. Martland in 1928,
when describing the variety of syndromes present in contact-sport
players after repeated loss of consciousness, years after retiring from box-
ing. Symptoms reported were “facial characteristics of the parkinsonian
syndrome” and “marked mental deterioration” (Martland, 1928).
Martland described the presence of hemorrhages near the “corpora stri-
ata” and “corona radiata”, thatwere later replaced by gliosis and degener-
ative progressive lesions. Although he described his theory as
“insusceptible of proof”, he already showed a relationship between
vascular injury and the presence of lesions later in life in nearby brain lo-
cations. Since then, a large body of epidemiological studies has shown
that having a history of previous TBIs is associated with the development
of numerous types of dementia later in life (Mendez, 2017; Gardner et al.,
2014). Other recent studies have suggested that TBI is not linked to AD
but to other types of neurodegeneration such as Lewy body accumulation
and Parkinsonism (Crane et al., 2016) (Weiner et al., 2017), highlighting
the need to better understand the pathological mechanisms activated
after TBI and their relationship with neurodegeneration.

Evidence that will be discussed throughout this review shows that
cerebrovascular dysfunction (CVD) is a key element for the develop-
ment of dementia after TBI. Exploring biomarkers of CVD will help un-
derstand the contribution of TBI-induced vascular damage to AD-like
pathology and improve diagnostic and therapeutic approaches for
both disorders. We propose a shift in focus from a “neuronal” to a
“neurovascular” point of view, pointing to CVD after TBI as a possible
causal contributor to Aβ/tau deposition, neurodegeneration, and early
initiation of AD-like pathology.

2. Pathological Relationship Between TBI and Dementia

Multiple pathological processes link TBI with neurodegeneration
and dementia. The term chronic traumatic encephalopathy (CTE) de-
scribes neuropathological changes that occur later in life in patients sub-
jected to repeated concussive head injuries, and can present with
symptoms and pathology mimicking neurological diseases including
AD, Parkinson's disease (PD), frontotemporal dementia (FTD) and
amyotrophic lateral sclerosis (ALS). Somepathological features typically
observed in AD have been found in postmortem brains of TBI and CTE
(McKee et al., 2013), such as increases in hyperphosphorylated tau (P-
Tau) and in some cases amyloid beta (Aβ) and TDP-43 deposits
(Washington et al., 2014; Abisambra and Scheff, 2014). Indeed, recent
consensus criteria consider CTE as a tauopathy (McKee et al., 2016).

2.1. Aβ Pathology in TBI and its Relationship With Vascular Dysfunction

Autopsies of relatively young TBI patients who died during the acute
phase after injury show diffuse Aβ plaques similar to those found in AD
patients located in the areas surrounding the lesion sites in both gray
and white matter regions (reviewed in (Perry et al., 2016, Johnson
et al., 2010)).

It is still unclear which mechanisms lead to Aβ accumulation in TBI.
TBI, through vascular shear stress, can induce acute blood brain barrier
(BBB) disruption, which is known to contribute to both ischemic dam-
age and Aβ accumulation (Iadecola, 2013; Pluta et al., 2013). Hypoper-
fusion, vascular dysfunction and ischemia after TBI may all contribute
to Aβ deposition (Iadecola, 2013; Pluta et al., 2013; De Silva and
Faraci, 2016; Wolters et al., 2017). Previous studies showed a relation-
ship between brain ischemic stress and Aβ-deposition (Wisniewski
and Maslinska, 1996) and we previously reported that plasma Aβ42
levels are increased after transient hypoxia during static apnea in
healthy subjects (Gren et al., 2016), indicating that general hypoxia
may cause mild neuronal dysfunction or damage and stimulate Aβ pro-
duction. Indeed, under blood flow reduction (hypoperfusion), β and γ-
secretases are activated, leading to increased Aβ production (Gupta and
Iadecola, 2015; Pluta et al., 2013). Additionally, trauma-induced brain
heat/cooling alterations can modulate brain metabolism (Mrozek
et al., 2012). Metabolic acidosis after TBI could also potentially contrib-
ute to Aβ accumulation, as it is known that Aβ, like other proteins, is
prone to aggregation in a pH-dependent manner (Acharya et al.,
2016). The formation Aβ aggregates in the perivascular spaces induced
by these acute events after TBI may play a role in secondary injury cas-
cades, including cerebrovascular damage, oxidative stress, mitochon-
drial damage, and endothelial cell dysfunction/death. Accordingly, our
group has demonstrated the role of oligomeric species of Aβ in the acti-
vation of mitochondria- and death receptor-mediated pathways of en-
dothelial cell stress and death (Fossati et al., 2010, Fossati et al., 2012a,
Fossati et al., 2012b, Ghiso et al., 2014, Fossati et al., 2013). This cascade
of neurovascular stress events induced by Aβ could be particularly exac-
erbated after repeated TBIs, and contribute to the development of AD-
like pathology and dementia later in life.

2.2. Tau Pathology in TBI and its Relationship With Vascular Dysfunction

Tau iswell known for its role in neurofibrillary tangle formation in AD.
Neuropathological data indicates that CTE is a tauopathy intimately linked
to CVD and characterized by the deposition of hyperphosphorylated tau
protein as NFTs and pre-tangles in clusters, particularly around small
blood vessels of the cortex, and typically in the depths of the sulci
(Omalu et al., 2005; Goldstein et al., 2012; McKee et al., 2013; Smith
et al., 2013; DeKosky et al., 2013; Blennow et al., 2012). NFTs in CTE typ-
ically follow the penetrating small cortical vessels as linear accumulations
extending from the surface of the brain to the lowest layers of the cortical
gray matter or, when observed in cross-section, as clusters, pre-tangles
anddot-shaped and thread-like neuropils in a penumbra around small ar-
terioles (McKee et al., 2015).Multiple forms of CVD are found in nearly all
tauopathies (Michalicova et al., 2017). Interestingly, vessel wall remodel-
ing, an early-onset process that precedes cerebral amyloid angiopathy
(CAA), which may contribute to downstream microvascular pathology
in AD, is also tau-associated (Merlini et al., 2016).

Studies in animal models show that acceleration/deceleration injury
causes tau to become phosphorylated, misfolded, aggregated, and
cleaved, generating neurotoxic tau peptide fragments (Huber et al.,
2013; McKee et al., 2015). Recent data suggests that tau accumulation
alone induces chronic dysfunction of the cerebral vasculature (Merlini
et al., 2016; Blair et al., 2015), contributing to neurodegeneration.

The process leading to tau accumulation is unclear, however it has
been proposed that mechanical stress beyond certain thresholds after
TBI can disrupt microtubule networks within axons leading to diffuse ax-
onal injury (DAI), tau release, hyper-phosphorylation and extracellular
accumulation (Johnson et al., 2013; Kawata et al., 2016).While this option
is plausible, other options should be considered, such as oxidative stress,
which is known to modulate tau phosphorylation patterns in vitro
(Katai et al., 2016). Studies in animalmodels of cerebral ischemia showal-
tered tau gene expression in the infarct core after stroke (Ramos-Cejudo
et al., 2012) or hyper-phosphorylated tau deposits in the hippocampus
after middle cerebral artery occlusion (Xu et al., 2015). Accordingly, CSF
tau levels are transiently increased in stroke patients (Hesse et al., 2001)
as well as in TBI (Ost et al., 2006; Shahim et al., 2014) (Olivera et al.,
2015). While increased brain, CSF and plasma tau levels after TBI could
be merely the result of axonal injury, we propose that trauma-induced
CVDalso contributes to tau release, hyperphosphorylation and early accu-
mulation after TBI. Indeed, recent literature directly implicates the
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endothelium and vascular factors in tau pathology (Iadecola, 2016), pro-
viding evidence that the endothelial isoformof nitric oxide (NO) synthase
(eNOS) protects neurons from tau phosphorylation (Austin and Katusic,
2016).

Although the molecular events responsible for the development
of cognitive impairment after TBI are not clear, combining recent
findings for tau and Aβ pathology is possible to hypothesize that
acute/transitory blood flow impairment and vascular damage after
TBI may initiate a cascade of chronic capillary hypoperfusion, Aβ/
tau accumulation, impairment of brain clearance, neuronal dysfunc-
tion and self-propagation of neurodegeneration. Nevertheless, fur-
ther studies are needed to clarify how acute axonal injury, BBB
opening, neuroinflammation and abnormally truncated and aggre-
gated p-tau and Aβ develop into the progressive vascular processes
observed in CTE, AD and other proteinopathies.

3. Cerebrovascular Damage in TBI: An Early Trigger of ADPathology?

Cerebrovascular consequences of TBI include hemorrhages, edema,
alterations in cerebral blood flow (CBF), vasospasms, BBB disruption,
coagulopathy and chronic inflammation (recently reviewed in (Salehi
et al., 2017)). TBI can be considered as a trigger, as well as a useful
model for the study of certain pathological features of AD, such as Aβ
and tau accumulation. Although TBI and AD have different etiologies,
in both cases CVD is associated with Aβ and tau pathology. While Aβ
and tau have been shown to induce CVD (Fossati et al., 2010, Fossati
et al., 2012a, Fossati et al., 2012b, Ghiso et al., 2014, Fossati et al., 2013,
Merlini et al., 2016, Blair et al., 2015), simultaneously, CVD appears to
Fig. 1. TBI and AD are connected in a complex interplay. Experimental data shows that Aβ a
microvessels has a deleterious chronic effect. Secondarily, cerebrovascular injury is known to
impairment and the development of AD-like pathology. Together with Aβ and tau accumulatio
matrix metalloproteinase (MMPs) expression and ultimately an impairment of blood brain b
AD, analyzing biomarkers of TBI and their relationship with post-concussive symptoms and
cerebrovascular dysfunction (CVD) and the development of dementia.
be responsible for Aβ and tau production/aggregation, abnormal in-
flammatory response, and a reduction of brain clearance (Iadecola,
2013; Pluta et al., 2013; De Silva and Faraci, 2016; Wolters et al., 2017;
Tarasoff-Conway et al., 2015), establishing a feed-forward loop that
may eventually lead to the development of dementia (Fig. 1).

Cerebrovascular events are a primary cause of several neurological
disorders (Xing et al., 2012). Injury to endothelial cells alters CBF, re-
duces vascular reserves, BBB integrity and ultimately promotes global
brain dysfunction and degeneration of the entire neurovascular unit
(Iadecola, 2017). Additionally, comorbidities such as hypertension, ath-
erosclerosis and diabetes contribute to damaging the cerebralmicrovas-
culature and increase the risk of neurodegenerative disorders like AD
(Gupta and Iadecola, 2015).

Importantly, althoughmost studies focused on the acute phase after
the TBI event, CVD includes primary or secondary injury processes. Pri-
mary injury comprisesmechanical deformation of the BBB endothelium
by shear stress forces. Secondary injury processes include altered me-
tabolism, fluctuations in CBF and clearance, and immune cell activation
(Kawata et al., 2016). Results suggest that TBI-induced microvascular
damage is associated with DAI, one of the major chronic pathological
complications of TBI, and both are known to have an effect on clinical
outcome. Together with the initial neuronal damage, CVD may play a
causal role in the chronic post-concussive symptoms and neurodegen-
eration observed remotely after TBI (Kenney et al., 2016; Glushakova
et al., 2014). This in linewith the “hemorrhages later replaced by gliosis
and degenerative progressive lesions” described by Martland in his
studies in sport-contact players, mentioned in the introduction
(Martland, 1928).
nd tau release leads to cerebrovascular injury and that their deposition around cerebral
induce Aβ and tau deposition in a feedback loop that ultimately may lead to cognitive
n, TBI induces endothelial cell (EC) damage, a modulation on junction proteins (JPs) and
arrier (BBB) permeability. Because TBI is a relatively homogeneous disease compared to
dementia offers a promising framework to better understand the relationship between
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4. Endothelial Cell and BBB Damage in TBI and AD

Alterations in endothelial cell survival and BBB permeability seem to
be early events after TBI and relevant contributors to pathology. The
ability to maintain BBB integrity depends on adequate structural sup-
port of endothelial cells (EC) by tight junctions (TJ)-associated proteins,
or junction proteins (JP), which include claudin 5, occludin and ZO-1.
Previous studies showed a reduction in TJ with increased BBB perme-
ability following TBI (Wen et al., 2014), Although the immediate effects
are likely to be due to acute shear stress forces induced by TBI, it is pos-
sible to consider TBI as a vascular disorder with long-term conse-
quences on cognitive function. Recent studies analyzing both acute
and chronic time points after TBI in rats showedmicrovascular damage
associated with inflammation, BBB disruption and progressive white
matter lesions (Glushakova et al., 2014). TBI caused focal microbleeds
that gradually increased over 3 months. Delayed focal BBB opening
and early signs of localized inflammation preceded onset of further
microbleeds. Electron microscopy performed at 7–30 days after TBI
showed fibrous changes in the vascular wall, corrugated internal
elastic lamina, apoptotic endothelial cells and degradation of the ex-
tracellular matrix (Danaila et al., 2013). Moreover, a study analyzing
juvenile TBI (jTBI) in rats showed that Aβ is present and increased
around cerebral microvessels after jTBI, and the diameter of those
vessels is decreased by 25% and 34% at 2 and 6 months respectively
(Jullienne et al., 2014).

Multiple studies link the vascular deposition of amyloid and the ef-
fects oligomeric species of Aβ to EC dysfunction and death. Work from
our group indicates that direct exposure to oligomeric Aβ in vitro in-
duces oxidative stress and is responsible for the specific and direct acti-
vation of apoptotic pathways in cerebral microvascular ECs. This
pathways involve mitochondrial dysfunction and caspase activation,
mediated by the engagement of the TRAIL (TNF-related apoptosis in-
duced ligand) death receptors (DR4 and DR5), which trigger the extrin-
sic apoptotic pathway (Ghiso et al., 2014, Fossati et al., 2010, Fossati
et al., 2012a, Fossati et al., 2012b, Fossati et al., 2016). Moreover,
human brain microvascular ECs challengedwith Aβmutants associated
in vivo with hemorrhagic manifestations, showed enhanced activation
of matrix metalloproteinases (MMPs) like MMP-2 (Hernandez-
Guillamon et al., 2010). Indeed, TBI has been reported to enhance pro-
duction of reactive oxygen species (ROS), which activate MMPs. En-
hanced MMP activity degrades extracellular matrix proteins and
cerebral JPs, exacerbating BBB breakdown (Abdul-Muneer et al., 2013).

Independently of themechanism bywhich tau is accumulated in the
brain after TBI, tau overexpression can also initiate BBB breakdown
in vivo, as shown by recent data in transgenic mice expressing tau in a
tetracycline-regulated system. Importantly, these features seem to be
reversed when tau hyperproduction is interrupted by doxycycline
(Blair et al., 2015). Taking into account that these results need to be rep-
licated, they suggest that tau may play a direct and independent role in
BBB dysfunction.

In addition, while pericyte dysfunction has been widely described in
experimental models of AD(Sagare et al., 2013), acute pericyte loss and
reactive perycitosis have been more recently described in TBI models
(Zehendner et al., 2015).

Based on this evidence, in addition to the acute TBI-induced micro-
vascular endothelial damage, the contribution of perivascular deposi-
tion of Aβ and tau to long-term BBB damage after TBI warrants further
investigation.

5. Mitochondrial Dysfunction in the Vasculature in TBI and AD

Mitochondrial dysfunction has been suggested to be an early event
in ADmodels and patients (Fossati et al., 2016; Swerdlow, 2017). Mito-
chondrial damage and failure of the cell energy-production systems are
essential factors precipitating aging and inducing ROS overproduction,
release of apoptotic factors, and other toxic mechanisms contributing
to AD pathology and dementia (Silva et al., 2013). Previouswork recog-
nized mitochondrial dysfunction as a determining factor for microvas-
cular dysfunction in AD (Fossati et al., 2010; Ghiso et al., 2014; Fossati
et al., 2013). While TBI has been linkedwithmitochondrial dysfunction,
mitochondrial effects of TBI at the vascular level have only recently
started to be explored (Szarka et al., 2018), and their relationship with
tau and Aβ deposits that are typically found near degenerating vessels
needs to be further investigated.

6. Cerebrovascular Inflammation in TBI and AD

In animal models of TBI, delayed microvascular damage and focal
microbleeds are temporally and regionally connected with BBB break-
down and progressive inflammatory responses (Glushakova et al.,
2014). Microbleeds have been detected in both the acute and chronic
stages following TBI (Kinnunen et al., 2011), and their prevalence has
been associated with injury severity. In other forms of brain injury,
microbleeds are known to be toxic to astrocytes, neurons, and endothe-
lial cells (Lok et al., 2011) and are frequently observed surrounded by
macrophages, which can initiate inflammatory and neurodegenerative
cascades. Recent results show that perivascularmacrophages (PVM) ex-
pressing CD36 and Nox2 are a major source of reactive oxygen species
in mice overexpressing the Swedish mutation of the APP (Tg2576)
and have been proposed as a therapeutic target in AD models (Park
et al., 2017; Faraci, 2017). Persistent inflammation triggered by
microbleeds and platelets accumulation after TBI might be responsible
for the secondary activation of microglia, stimulation of gliosis, late
complement activation and apoptosis, all processes closely associated
with AD and dementia (Danaila et al., 2013; Kniewallner et al., 2016).
Results from experimental animals models suggest that subclinical
pathophysiological changes to the CNS caused by TBI persist after the
TBI event, and dysregulation of glial activation as well as priming of
the innate immune system might be additional contributing factors
(Andreasson et al., 2016). The temporal pattern of the inflammatory re-
sponse after TBI shows that cytokine/chemokine levels begin to rise
within the first minutes to hours after the event and recruitment of pe-
ripheral immune cells to the brain occurs in a narrowwindow between
1 and 7 days after the injury (Andreasson et al., 2016). However, studies
in patients using PET ligands for activated microglia found abnormal
chronic inflammatory response up to 17 years after the TBI event
(Ramlackhansingh et al., 2011), pointing to neuroinflammation as a
chronic process which may affect neurovascular function for years, es-
pecially in the case of repeated TBIs.

7. Impairment of Clearance Systems in TBI and AD

The removal of waste produced by cell metabolism in the brain oc-
curs through a variety of overlapping clearance systems that can be clas-
sified according to the compartment from which the waste is cleared
and the compartment into which waste is cleared. Extracellular Aβ de-
posits can be removed from the brain by various clearance systems, in-
cluding transport across the blood-brain barrier, astroglial-mediated
interstitial fluid (ISF) bulk flow, known as the glymphatic system, and
the meningeal lymphatic vessels. Because these clearance systems act
together to drive waste removal from the brain, any alteration to their
function could contribute to AD and to the development of dementia
after TBI (as we reviewed extensively in (Tarasoff-Conway et al.,
2015)). Clearance impairment may additionally contribute to Aβ accu-
mulation, endothelial dysfunction, oxidative stress and inflammation
(Gupta and Iadecola, 2015). An impairment of clearance systems occur-
ring after TBI is responsible of Aβ and tau accumulation in rodents
(reviewed in (Tarasoff-Conway et al., 2015)). Aquaporin-4 (AQP4)
seems to play a fundamental role in maintaining paravascular solute
clearance, as KO animals showed exacerbated pathology and neurode-
generation after TBI. Importantly, while it has been shown that S100B,
NSE or GFAP serum levels are augmented after TBI, no increases are
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found in experimental models of TBI when the glymphatic system is
interrupted by sleep deprivation, acetazolamide treatment, cisterna
magna cisternotomy or in Aqp4−/− mice. We recently developed a
novel method for measuring human CSF clearance through the nasal
turbinate system in patients using dynamic PET (de Leon et al., 2017).
We believe thismethodwill be helpful to evaluate brain clearance alter-
ations in AD as well as in TBI, and to better understand their contribu-
tion to the development of dementia after brain trauma. As
paravascular clearance systems are known to be predominantly active
during sleep (Lundgaard et al., 2017; Plog et al., 2015) and sleep man-
agement after TBI is challenging (Vermaelen et al., 2015), future longi-
tudinal studies will also need to consider sleep alterations at different
time points after TBI and their relative contribution to clearance and
biomarkers levels.
8. Therapeutic Approaches forModulatingCerebrovascular Function
in TBI

The impact of TBI-induced CVD and its contribution to dementia can
be inferred from pharmacological studies modulating cerebrovascular
function. As an example, Lithium was proposed as a therapeutic ap-
proach for TBI due to its role in diminishing tau aggregation in trans-
genic mice (Perez et al., 2003), and recent data shows that lithium
plays a role in stabilizing BBB structural integrity in TBI (Leeds et al.,
2014; Bosche et al., 2016). Additionally, CBF restoring agents like brain
natriuretic peptide or endothelin receptor antagonists have been pro-
posed for TBI (James et al., 2010; Graves and Kreipke, 2015). Microvas-
cular function can be also modulated by non-pharmacological
approaches, including aerobic exercise. While exercise rehabilitation
in TBI is controversial during the acute phase, studies inducing
sustained aerobic exercise in animal models of Aβ and tau pathology
show improved memory in functional tests, together with decreased
BBBpermeability, reduction of interstitial soluble brain levels of Aβ, lim-
ited oxidative stress and inflammation (Zhao et al., 2015; Herring et al.,
2016) and CSF clearance (von Holstein-Rathlou et al., 2018). The effects
of exercise programs in TBI patients have been explored, with positive
results (Archer et al., 2012; Devine et al., 2016), however the explana-
tion for their protective role, in addition to cerebrovascular modulation,
may be linked to increased cognitive reserve or improved mood and
stress (Weinstein et al., 2017).
9. Biomarker Studies in TBI and AD: Understanding and Diagnosing
the Cerebrovascular Link

Biomarker studies are now integrating a wide range of molecular
and neuroimaging techniques that offer a promising framework to bet-
ter understand the relationship between CVD, Aβ/tau pathology, and
the development of dementia after TBI (Fig. 2). Combining the informa-
tion obtained fromneuroimaging andmolecular biomarkers in biofluids
(CSF, serum and plasma) at different time points after TBI (acute phase,
post-concussive syndrome, and chronic phase) is fundamental to un-
derstand the contribution of CVD to AD-like pathology presenting
after TBI. The increase of CSF/Blood biomarkers after TBI may result
from neuropathological processes other than CVD or may be simply
the consequence of DAI and BBB damage. In order to obtain valuable in-
formation on the contribution of CVD to AD-like pathology through
biomarker analysis, future research will need to pay a particular at-
tention to study designs. First, longitudinal studies integrating neu-
roimaging and molecular biomarkers will be needed to clarify how
variations in CSF/blood molecules reflect cerebrovascular pathology
at different times after TBI. Additionally, combining experimental
animal models with clinical research will be fundamental to eluci-
date the relationship between CVD and Aβ/tau deposition at the mo-
lecular level.
9.1. Neuroimaging Tools

Neuroimaging measures of CVD include CBF monitoring by MRI or
Doppler as CBF alterations are known to compromise heat exchanges
andmetabolism,which can be temporarily interrupted after concussion
(Mrozek et al., 2012). Another variable is vascular responsiveness to
CO2 (VR-CO2), which is an indirect measurement of the degree of im-
pairment in the ability of the cerebrovasculature to buffer against
changes in arterial gases (vasoreactivity). A recent report showed that
higher vasoreactivity was strongly associated with more severe head-
aches and worse cognitive symptoms after concussion ((Albalawi
et al., 2017)). Our studies and others showed that VR-CO2 is impaired
in neurodegenerative diseases like AD (Glodzik et al., 2014). Previous
research in animal models found that hemodynamic depressions after
TBI are related to an impairment of vasoconstriction and that Ca(2+)
channels play a causative role in the loss of vasoreactivity (Maeda
et al., 2005). In addition, other cerebrovascular hemodynamics mea-
surements like pulsatility index (PI) and cerebral autoregulation (dCA)
have been linked with white matter injury and will need to be consid-
ered for future TBI studies (Purkayastha et al., 2014).

Diffusion tensor imaging (DTI) data allow the tridimensional recon-
struction of white matter fiber tracts and have been widely used after
TBI (Herweh et al., 2016; Astafiev et al., 2015), leading to the observa-
tion that DAI co-localizes with microvascular injury and focal
microbleeds. White matter hyperintensities are strongly correlated
with cognitive dysfunction and are typically due to small vessel disease
(Clark et al., 2016).

How changes in CBF, vascular reactivity andwhitematter abnormal-
ities at different stages after TBI are linkedwith the overproduction and
accumulation of biomarkers like Aβ, tau or neurofilament light chain
(NFL) in brain and blood will need to be explored in the future. Studies
integrating DTI with tau/Aβ determination may be key to understand
the relationship between white matter disease and tau/Aβ accumula-
tion after TBI. Another important resource for future biomarker studies
will be the possibility to visualize Aβ/Tau deposits in vivo by PET to-
gether with microbleeds (imaged by T2*-MRI), clearance measures ob-
tained using our novel dynamic PETmethodology (de Leon et al., 2017),
and blood biomarkers (by ultrasensitive assays like the Single Molecule
Array (Simoa) technology) (Fossati et al., 2017), to clarify the relation-
ship between CVD, clearance, brain Aβ/Tau pathology and peripheral
biomarkers.

9.2. Molecular Biofluid Biomarkers

Nearly all processes taking place in the neurovascular unit after TBI
can be analyzed directly or indirectly through molecular biomarkers in
the CSF and blood (plasma and serum). Exploring biofluid biomarkers
may help to understand the contribution of different molecular mecha-
nisms of CVD to AD-like pathology after TBI (Fig. 3). Recent technologies
such as Simoa allow the identificationof biomarkers at very low concen-
trations in blood with promising results in TBI and AD for tau, Aβ, and
NFL, among other biomarkers (Zetterberg and Blennow, 2016). Our
group and others have previously analyzed biomarkers of vascular, am-
yloid and tau pathology in AD, MCI and CAA patients (Spiegel et al.,
2016; Blennowet al., 2015;Hernandez-Guillamon et al., 2012), showing
that Aβ40/42, tau and P-Tau, aswell asMMPs and other cerebrovascular
proteins, are modified in AD and CAA patients. The same biomarkers,
which correlate with neuropathology andmay predict future dementia,
are modulated in biofluids after TBI (Zetterberg and Blennow, 2016).

Elevation in total plasma tau is found in concussed boxers, and in
hockey players, as well as in military personnel deployed within the
previous 18 months, particularly in the case of multiple TBIs (Olivera
et al., 2015, Zetterberg and Blennow, 2016, Fossati et al., 2017). Tau
may have an important value both as a biomarker and as a therapeutic
target with anti-tau antibodies (Spiegel et al., 2016; Wisniewski and
Goni, 2015). Our recent work in veterans with history of TBI with loss



Fig. 2. Biomarker studies to understand the cerebrovascular link between TBI and AD. Multimodal biomarker studies can be used to better understand the complex interplay between TBI
and the development of AD-like pathology. TBI induces early and subacute cerebrovascular function impairment that can be monitored by neuroimaging techniques. This includes blood
flow impairment, hypoperfusion and ischemia, changes in brainmetabolism and also an impairment of brain clearance systems. If these phenomena are not isolated but sustained because
of repeated TBI events or severe TBI, secondary cerebrovascular damage can occur, including vascular damage, BBB abnormal permeability and microbleeds that can be also detected by
neuroimaging techniques. Cerebrovascular function impairment and damage induce perivascular and parenchymal accumulation of tau and Aβ in the brain. All these processes act in a
feed-forward loop, as an increase in perivascular accumulation of tau and Aβ induce vascular damage, limits vascular function and therefore impairment in blood flow and brain
perfusion. These events induce changes in CSF, peripheral blood and biofluids molecules like tau, P-Tau, Aβ monomers/oligomers, metalloproteases and miRNAs, among others.
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of consciousness (LOC), tested 1–10 years after the event, found ele-
vated tau in subjects with 2 ormore chronic TBI events when compared
to individualswith 1 TBI (Fossati et al., 2017). Overall, tau and P-tau iso-
formsmay increasewith the number and severity of TBIs and can be po-
tentially used as biomarkers of future risk of neurological decline. As an
example, a recent report showed that elevated plasma tau levels within
6 h following sport-related concussions was related to premature re-
turn to play, indicating that plasma tau levels may be considered as a
biomarker for readiness to return to play and CTE prevention (Gill
et al., 2017). The presence of hyper-phosphorylated tau in plasma or
serum of TBI patients still needs to be validated, and the optimization
of novel assays allowing detection of P-tau isoforms in blood, currently
undergoing in our lab and others (Rubenstein et al., 2017), will be an
important next step. One particularly promisingmarker to detect ongo-
ing neurodegeneration following multiple TBIs is NFL; increased NFL
concentrations have been reported in both CSF and plasma in individ-
uals with post-concussion syndrome (Shahim et al., 2016; Shahim
et al., 2017).

To clarify the relationship between elevated blood/CSF biomarkers
and cerebrovascular pathology, future biomarkers panels will require
a combination of tau, Aβ, and NFL, with biomarkers specific for CVD
like MMPs, endothelial microparticles (EMPs) or EC-derived exosomes,
as well as tight junction proteins. Plasma concentrations of MMP-9 and
fibronectin are modulated after severe TBI, predicting death and length
of hospital stay (Copin et al., 2012). Experimental data shows that
MMP-9 concentration in the CSF of TBI patients also correlates with
neurological outcome, suggesting it may have prognostic value (Liu
et al., 2014). It is hypothesized that the brain endothelium responds to
mechanical injury by producing EMPs that contain brain endothelial
proteins, including TJ proteins, and recent data demonstrated that in-
jury of the cerebral endothelium induces EMPs production (Andrews
et al., 2016; Curtis et al., 2013) (Nekludov et al., 2014). Mice subjected
to TBI develop a hypercoagulable state within 3 h of the injury, induced
by brain-derived microparticles transmigrating through the disrupted
endothelial barrier in a platelet-dependent manner (Tian et al., 2015).
EMPs are also found in the peripheral circulation in AD patients
(Tenreiro et al., 2016).

We propose that combining panels of neuronal and vascular fluid
biomarkers atmultiple time-points after TBI, togetherwith imagingbio-
markers, will help to clarify the contribution and confirm the causal role
of CVD in the development of AD-like pathology after TBI.

10. Conclusions

The link between TBI and AD-like dementia represents a fascinating
field of research for scientists working on both diseases. Recent data



Fig. 3.Molecular events involved in cerebrovascular dysfunction. TBI and AD share certain pathological features where cerebrovascular dysfunction (CVD) plays a fundamental role. (Left) Cerebrovascular alterations taking place in the context of the
neurovascular unit (NVU) in TBI and AD. (Right) Recent works in TBI and AD showing cerebrovascular alterations. Rev: Reviewed in.
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suggests that CVD is a key element to understand the long-lasting ef-
fects of TBI and their association with dementia. In this review we de-
scribed how CVD can be considered as a major contributor to AD-like
pathology after TBI. Biofluid biomarker studies, coupled with neuroim-
aging tools in longitudinal designs after TBI, will offer a promising
framework to elucidate this contribution. Future studies will need to
dissect the relative contribution of CVD, DAI, inflammation and other
genetic and environmental factors on AD-like pathology after TBI.
While isolating each factor is challenging, the performance of TBI
models on experimental animals with different backgrounds (i.e. cere-
bral amyloidosis, tauopathy, cerebrovascular pathology or neuroinflam-
mation)will facilitate this goal. For human studies, in order to be able to
evaluate the specific causal effects of TBI and CVD, we will need to ac-
count for all confounders. Therefore, considering both genetic (e.g.
ApoE genotype) and metabolic/environmental factors such as age,
BMI, cardiovascular risk, sleep, and diet will be important to provide
valuable and solid results.
11. Outstanding Questions

This review highlights the relevance of CVD as a key contributor to
AD-like pathology after TBI. Future studies are required to explore the
effects of acute or chronic CBF alterations and perivascular deposition
of Aβ and tau, alone and in combination, on endothelial mitochondrial
dysfunction and BBB damage after TBI and their relationship with
neurovascular dysfunction and cognitive impairment. Also, longitudinal
study designs in patients integrating neuroimaging data (PET, MRI, CBF,
VR-CO2) with biofluid biomarkers (including Aβ, tau, NFL and CVD-
associated molecules), and accounting for multiple confounders, will
help us to understand the contribution of TBI-induced impairment of
neurovascular function to AD-like pathology.
12. Search Strategy and Selection Criteria

Research included in this review was collected through PubMed and
recent academic conferences using the search terms “tau”, “amyloid-
beta”, “cerebrovascular function”, “TBI”, “AD”, “ischemia”, “csf”, “blood”,
“plasma”, “serum”, “cerebral blood flow”, “pathology”. Information was
included when related directly to the relationship between TBI and AD
and cerebrovascular dysfunction. Mostly articles published in English be-
tween 2012 and 2017 were included. An exception was made for
Martland's paper “PUNCH DRUNK” (Martland, 1928) for its historical rel-
evance considering the scope of the review.
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