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Summary

Traumatic brain injury (TBI) is one of the largest causes of mortality and disability
globally. The severity of TBI is clinically categorised into mild, moderate and severe
injuries. Moderate and severe TBI often present with clear diagnostic criteria, such as
loss of consciousness, skull fractures and/ or structural damage to the brain detectable by
neuroimaging modalities such as computed tomography (CT) or magnetic resonance
imaging (MRI) scans. However, mild TBI (mTBI), which is thought to represent almost
70% of TBI cases, is often difficult to recognise. In contrast to moderate and severe TBI,
mTBI is incurred by a non-penetrating blow to the head, which may or may not result in
loss of consciousness, and by most definitions, does not display abnormal neuroimaging
findings. The spontaneous resolution of symptoms has also led to the perception that
mTBI is a benign condition with no lasting consequences. However, in recent years,
several reports have detailed a dementia-like condition in athletes and military veterans
exposed to repetitive mTBI during the course of their careers. The condition is currently
called chronic traumatic encephalopathy (CTE) and bears a close resemblance to a
dementia condition described in the 1930s found to be prevalent in boxers, termed
“dementia pugilistica” or “Punch Drunk Syndrome”. While moderate and severe TBI is
known as one of the largest environmental risk factors in developing dementia, the link
between mTBI and development of dementia-like conditions remains to be fully
characterised. Accumulating evidence suggests that changes to the neurovasculature and
the integrity of the blood-brain barrier (BBB) are early events in the development of
several neurodegenerative conditions. The BBB is a highly specialised structure that
maintains homeostasis of the central nervous system by limiting the passage of blood-
based agents in to and from the neural space. As BBB dysfunction (BBBD) is a known
consequence of TBI at all severities, changes to BBB integrity may result from repetitive
mTBI and represent an underlying risk in dementia development. However, the
magnitude and significance of changes in BBB integrity over time due to mTBI have yet

to be fully explored.

In this study, changes in BBB integrity as a result of participation in contact sports was
investigated. To that end, two of amateur rugby union teams were recruited to undergo
an extensive baseline assessment prior to the start of the competitive season, as well as
after the season’s competition. A sub-group of individuals underwent assessment shortly

after completion of a competitive rugby match, to investigate acute changes in the BBB



following exposure to mTBI. The assessment consisted of MRI screening for changes in
BBB integrity via novel dynamic contrast-enhanced MRI (DCE-MRI) analysis
techniques and changes in neuroanatomical structure via diffusion tensor imaging (DTI).
Blood samples were also collected at the time of MRI scanning, allowing for matched
screening of potential blood-based biomarkers of TBI, as well the collection of peripheral
blood mononuclear cells (PBMCs) to gauge potential adaptive changes in immune
response to neural antigens. Together, this assessment represented a holistic approach to
mTBI research. A total of 18 players were retained throughout the study period,
completing the entire rugby season without a reported mTBI. However, even in the
absence of a diagnosed mTBI, significant changes in the BBB integrity were detected in
our cohort after a season of rugby, with a sub-group of individuals showing significant
increases in BBB permeability compared to baseline. Increases in fractional anisotropy
(FA) of axonal fibre tracks within the body of the corpus callosum were also observed
after a season of rugby. The serological screening of potential mTBI markers: S1008,
brain-derived neurotrophic factor (BDNF) and monocyte chemoattractant protein 1
(MCP-1)/ chemokine (C-C motif) ligand 2 (CCL2), found a significant increase in BDNF
after a season of rugby, accompanied by a significant decrease in S1008. However, post-
match screening of plasma identified an increase in S100p even in the absence of injury.
PBMC immune response, as measured by interleukin-1p (IL-1B) production, was found
to be elevated in cells collected after a season of rugby compared to baseline cells when

exposed to necrotic brain tissue.

In addition to the clinical aspect of this study, presented here are 3 case studies are of
dementia patients, whose history of TBI was thought to play a role in the development of
their conditions. Characterisation of tight junction (TJ) components and BBB integrity
displayed loss of the TJ protein, claudin-5, within regions of dense phospho-tau (p-tau)
deposits in all three cases. Accompanying the loss of claudin-5 and overlapping with p-
tau deposition was extensive extravasation of blood-based components IgG and

fibrinogen, suggesting BBBD within these regions.

The results obtained from in life assessment of the BBB suggest that the forces associated
with contact sports, such as rugby, are sufficient to induced long term changes in BBB
integrity. Serological results highlight the need for continued development of blood-
based biomarkers for mTBI, particularly if they are to be used in the context of sport-

related mTBI. Immune response also offers a possible avenue of future research to how
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changes in PBMCs may feed into long-term sequelae of repetitive TBI. The
accompanying findings of BBBD in individuals with a history mTBI also suggest that

mTBI may pose some degree of risk to long term neural health.
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CHAPTER 1:
INTRODUCTION



Epidemiolgy and defining mild traumatic brain injury

Traumatic brain injury (TBI) is a major cause of mortality and disability around the world,
with the latest available incidence figures suggesting that over 2 million TBIs occur each
year in the US alone. Global incidence rates are difficult to accurately estimate, due to
variation between regions in the criteria used to classify the severity of the injury.
However, it is estimated that TBI accounts for roughly 200 injuries per 100, 000 people
per year, with large variance in incident rates between countries (Centre of Disease
Control, 2010, Bryan-Hancock & Harrison, 2010; Faul & Coronado, 2015). The
commonality amongst these numbers is that it is estimated that most of the reported
injuries (70-90%) are considered mild TBI (mTBI) (Cassidy et al., 2004). However,
these numbers may still be an underestimation of the real incidence of mTBI, as it is
speculated that many injuries go unrecognised or unreported, potentially due to
differences in the definition of the injury. Currently, there is confusion surrounding the
use of terms “mTBI” and “concussion”, as they are often used interchangeably and share
diagnostic criteria. For example, the Zurich Consensus statement on Concussion in Sport
proposed to classify mTBI and concussion as separate injuries, defining concussion as a
“complex pathophysiological process affecting the brain” in the absence of any
neuroimaging findings on standard structural studies (McCrory et al.,2012). In contrast,
the American Academy of Neurology made no distinction between the two terms in their
consensus guidelines, defining the condition as “a clinical syndrome of biomechanically
induced alteration of brain function, typically affecting memory and orientation, which
may involve loss of consciousness” (Sharp & Jenkins, 2015). The term “complicated”
mTBI is also being used to describe cases that would otherwise be classified as a mTBI
based on the Zurich Consensus definition. The original definition of “complicated mTBI”
distinguished the injury from “uncomplicated” mTBI by the presence of a trauma-related
intracranial abnormality, such as a haemorrhage, contusion or oedema, but otherwise
share diagnostic criteria (Williams, Levin & Eisenberg, 1990). However, the presence of
large structural damage, such as haemorrhage or contusions, more closely align
“complicated mTBI” with definitions of moderate or severe TBI. Despite this, the term
“complicated mTBI” is still used in clinical studies of TBI. In recent years, the term
“mTBI” has increasingly been used in place of “concussion”, due to changes in the
perception that concussion refers to a benign condition. As symptoms normally resolve
over the course of a few days to weeks, concussions were thought to have no long-term
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effects on brain structure or neural health. However, variations in the time for patients to
recover, in some instances extending beyond months to years, suggest that the injury does

involve some degree of neurostructural change (Sharp & Jenkins, 2015).

Another term that has entered into the field of mTBI is the term “sub-concussive injury”.
This term has primarily been used within studies examining contact sports, for blows to
the head that appear to occur with a substantial degree of force, yet do not result in
detectable symptoms of mTBI. One of the early uses of the term was by Guskiewicz et
al. (2009), in their study looking at the linear and rotational forces involved in concussive
injuries in American football players. The study determined that mTBI occurs over a wide
range of linear and rotational forces and acknowledged that repeated ‘“subconcussive
impacts”, impacts that involved a degree of force but did not result in injury, could have
been a confounding factor in determining a threshold for accelerating forces necessary
for mTBI. While no official definition for “sub-concussive” forces has been put forward
since its use in Guskiewicz et al.’s report, likely due to the degree of force required for a
mTBI to occur remain undetermined, generally the term is used within the context of an
impact-induced brain trauma that does not produce neurological symptoms and does not
fall within the criteria of a mTBI (Concussion Legacy Foundation, 2019). However, a
degree of confusion remains regarding the term. To date, several studies have detected
changes in metabolism, biomarker release and structural changes to the brain in patients
subjected to “sub-concussive” forces (Puvenna et al.,2014; Poole ef al.,2015; Abbas et
al.,2015; Mainwaring ef al.,2018). A recent comparison of “sub-concussed” head trauma
patients has also found that the biomarkers UCH-L1 and GFAP showed distinct patterns
of release in “sub-concussed” mTBI patients (Papa et al., 2019), while “sub-concussive
forces” have also been attributed to the development of neurocognitive decline in boxers
and suggested to play roles in cognitive changes in players of other contact sports (Jordan,
2000; Erlanger, 2013), although a definitive connection between ““sub-concussive” forces

and dementia has yet to be firmly established.

However, issues abound for the use of “sub-concussive” as a term, primarily arising from
the ambiguity of the term. For example, in Guskiewicz et al’s (2009) paper, they
recorded mTBI occurring in individuals with forces as low as 60g and as high as 169g.
If 60g is taken as a minimum threshold for mTBI to occur (which the author’s do not
suggest), it would be possible that an individual may be subjected to forces greater than

this repeatably but not incur injury. However, under the current working understanding



of the term, they would still have sustained “sub-concussive” blows that may involve a
greater degree of force that produced the injury. Indeed, data published in O’Keeffe et al.
(2019) would suggest that individuals can sustain a considerable range of forces without
being diagnosed with a mTBI. In addition, as suggested by Erlanger (2013), these “sub-
concussive” blows may result in changes brain that are same or similar to those resulting
for symptomatic mTBI and therefore may represent the same or similar injury. However,
they are overlooked, or their significance underestimated due to the patient appearing
normal, and only later, if/when symptoms manifest is the contribution of these blows

considered.

While separating “sub-concussion” from mTBI patients may represent an attempt to
better define the characteristics of mTBI, the advent of the term may have resulted in an
inaccurate division within the mTBI spectrum. In the case of diagnostic criteria for mTBI,
symptoms it is a combination of cognitive function and consciousness that allows for
identifying the injury. However, the lack of a firmly established positive marker for mTBI
raises the possibility that asymptomatic patients that have experienced “sub-concussive”
force may be undergoing the same processes as those that are diagnosed with mTBI. The
absence of loss of consciousness or post-traumatic amnesia does not rule out mTBI, so
why should the absence of neurological symptoms but changes in potential biomarkers
suggest that a mTBI has not occurred? As mentioned, Papa et al.’s 2019 study did find a
distinction between ‘“sub-concussed” individuals and those displaying signs of mTBI,
however, much remains to be determined in regards the accuracy of biomarkers in

detecting mTBI and distinguishing it from routine “jostles” of the brain.

In order not to devalue the potential contribution “sub-concussive blows™ have to overall
neural health, renaming the term may be required, similar to the move to mTBI from
concussion. Erlanger (2013) suggested the term “repetitive brain trauma”. This allows
for the acknowledgment that mechanical forces applied to the brain may still have a
detrimental effect even in the absence of neurological symptoms and may not represent
a benign condition as previously thought. However, the term still bears some notable
limitations, notably in the potential confusion in distinguishing it from symptomatic TBI.
It also remains be seen if “sub-concussive blows” or “repetitive brain trauma” should be
considered a distinct entity from that of mTBI, similar to the distinction between mTBI

and moderate and severe injuries.



Currently, the term is an arbitrary one. One that serves the purpose of describing
participants in studies who have been subjected to high mechanical forces but have not
been medically recognised to have sustained an injury. A more accurate definition will
likely require a more refined characterisation of the processes involved mTBI, in order
to determine if the processes of “sub-concussive blows” just part of the mTBI spectrum

or a distinct entity entirely.

Currently, standard neuroimaging modalities, such as computed tomography (CT) and
magnetic resonance imaging (MRI) scans do not detect subtle changes in axonal tract or
vascular integrity, and so may overlook mTBI-induced damage. Therefore, attempts to
identify an objective marker of mTBI has been the focus of intense research in recent
years. Such a marker could reduce the reliance on neurological assessments to diagnose
injuries, facilitate a more precise classification of TBI and allow for greater accuracy in
monitoring recovery or changes in cognitive health. Currently, recovery from mTBI is
gauged based on resolution of symptom, which often resolve quickly even in the absence
of intervention. However, underlying mechanisms may be at play that contribute to
sequala of such an injury in the future. These mechanisms may continue even in the
absence of overt symptoms of injury, and the treatment of symptoms may belittle the risk
associated with mTBI. A objective biomarker would therefore afford greater insight into
the process of TBI recovery. Increased attention has been focused on the potential long-
term neurological sequelae of repetitive mTBI, such as those sustained in contact sports,
however, the lack of an objective marker has made drawing definitive conclusions
between mTBI and neurological outcome difficult. Identification of a marker of injury
may provide the link between mTBI and neurocognitive decline and allow identification
and monitoring of individuals at risk of dementia development because of their injuries.
While dementia conditions present symptoms in life, it is widely thought that the
neurodegenerative processes begin prior to clinical presentation. As TBI is considered
one of the largest environmental risk factors for dementia, markers capable of detecting
mTBI-induced changes may allow for detection of dementia-associated neural changes

before onset, allowing for better patient management.

1.1: mTBI and dementia

A growing body of evidence links moderate and severe TBI to the development of

dementia later in life, with some studies suggesting that a history of moderate or severe



TBI can increase the risk of dementia development by 2- to 4-fold (Ramalho & Castillo,
2015).

Development of Alzheimer’s disease (AD) and TBI history appears to have the closest
relationship with such injuries. One meta-analysis examining 15 case-control studies
suggested that history of TBI resulted in a small increase in the likelihood of AD relative
to controls (OR = 1.58, CI = 1.21-2.06) (Fleminger ef a/,2003). A history of TBI with
loss of consciousness was also found to have the greatest association with AD
development (OR = 2.26, 95% CI = 0.53-1.59), although this association was limited to
the male cohort examined. A more recent meta-analysis found a similar degree of
association between TBI history and AD development when considering 32 observational
studies (RR = 1.51, 95% CI = 1.26-1.80), however, in contrast to Fleminger et al.’s
analysis, no association was identified between the state of consciousness and
development of a dementia-like condition (Li et al., 2017). However, many of the studies
included in these meta-analyses do not distinguish between injury severity, or often only
include moderate or severe TBI. Therefore, the relationship between mTBI and the

development of dementia has continued to be explored.

Assessment of recent studies has demonstrated a complicated relationship between mTBI
and neurocognitive decline, with studies both suggesting and refuting mTBI’s role in
dementia development. In a study by Gardner et al. (2014) the risk of dementia
development in patients over the age of 55 years with a history of TBI was assessed. TBI
incidence rate was assessed using hospital inpatient and Emergency Department
visitation data; and included over 160,000 participants, over 51,000 (~31%) of whom had
suffered a TBI. Upon comparison of TBI patients to non-head trauma patients, it was
found that the number of dementia diagnoses was significantly higher in the TBI group
compared to the non-head trauma group (8.4% vs. 5.9%). Patients with a history of TBI
also had a slightly earlier time of dementia onset post-trauma compared to non-head
trauma patients (3.1 years post-trauma vs. 3.2 years). When patients were stratified by
age, moderate and severe TBI appeared to confer the greatest risk of dementia
development in patients that were within the 55-64 years category (HR =1.72, 95% CI =
1.4-2.1). mTBI was found to have a significant association with dementia development
if individuals had sustained the injury at the age 65 or above (HR = 1.25, 95% CI = 1.04-
1.51 for ages 65-74).



In another large scale, long term study of over 800,000 ex-military personnel, of whom
over 45,000 (~5.6%) had sustained at least one TBI, no associations between AD
development and TBI history were identified over a median surveillance period of 33
years (Nordstrom et al., 2014). However, after adjusting for age and co-varying factors,
a significant association was found between the development of a general dementia
phenotype in patients that had suffered 1 or 2 mTBIs (HR = 3.8, 95% CI = 2.8-5.2 and
HR =10.4, 95% CI = 6.3-17.2 respectively), as well as in individuals who had suffered
a single severe TBI (HR = 11.4, 95% CI = 17.4-17.5). While these associations fell
sharply when analysis was adjusted for additional covariates such as family history,
mental illness and narcotic consumption, mTBI continued to represent a significant risk
to dementia development (HR = 1.7 in the case of a single mTBI, HR= 1.7 in cases of at
least 2 mTBIs and HR = 2.6 in those who had sustained 1 severe TBI). A similar
association between mTBI and a general dementia phenotype was reported in a study of
a mixed-aged population, which comprised of 720,933 patients, of which over 28,000
(~3.9%) were reported to have suffered a mTBI (Lee et al., 2013). The study reported
that mTBI patients showed an increased risk in developing dementia when compared to
a control population that had no history of TBI, after correcting for covariates similar to
Nordstrom et al.’s study (HR = 3.26, CI = 2.69-3.94). Those aged over 65 years also
demonstrated an increased risk of dementia development if a mTBI occurred at this age
(HR =3.27, CI=2.67-4.00). Individuals that required hospitalisation due to their injuries
also displayed a greater risk of dementia development than non-injured controls (HR =
4.44, C1 = 3.24-6.1), possibly reflecting a parallel in dementia risk and severity of TBI.
However, the study failed to note the potential overlap between the over 65 years group
and the hospitalisation groups. As the over 65 age bracket represents the largest
demographic hospitalised due to TBI, their inclusion within the hospitalisation group may

conflate the risk (CDC, 2019).

In contrast to these studies, several reports have suggested that mTBI confers no
increased risk of development of a dementia condition. A study by Dams-O’Connor et al.
(2013) examined 3,465 non-demented patients over the age of 65 with a follow-up period
of 16 years, of which over 1,100 went on to develop either dementia or AD. From this
subgroup, no association was found between TBI history and development of dementia,
nor any interaction between TBI and the AD risk allele variant, Apolipoprotein E (APOE)

€4, and the development of AD. Similarly, a meta-analysis of 8 studies published between



2004 and 2011 found no association between mTBI and dementia or cognitive
impairment (Godbolt ef al., 2012). The meta-analysis did suggest that “complicated”
mTBI was associated with chronic cognitive impairment for a period of up to 12 months
post-injury in paediatric populations, which lead to long term neurological consequences.
However, follow-up beyond the 12-month period was carried out, and the consequences
of paediatric TBI is yet to be fully explored. Also of note is the inclusion of “complicated”
mTBI within the category of mTBI, which may represent a more moderate injury,

confounding the risk.

Recently, a prolific examination of brains donated by deceased amateur and professional
American football players suggested that repeated mTBI and sub-concussive blows
incurred over the course of play may contribute to the development of Chronic Traumatic
Encephalopathy (CTE) (Mez et al., 2017). CTE has been closely associated with
exposure to repetitive mTBIs since it was first detailed in retired boxers as “Dementia
Pugilistica”, and its subsequent rediscovery in a number of athletes and military veterans
with a history of repetitive mTBI (Castellani & Perry, 2017; Omalu et al., 2010; Goldstein
et al., 2013). However, the actual incidence rates of the disease remain to be determined.
Mez et al. reported that of the 202 brains examined, 87% were given a post-mortem
diagnosis of CTE based on recently outlined diagnosis guidelines for the condition
(McKee et al., 2016). In addition to the diagnosis of CTE, many of the cases that showed
more advanced and severe disease progression also showed signs of co-morbid dementia
conditions, such as AD, Lewy Body disease and motor neuron disease. A link between
the extent of mTBI exposure and disease progression at the time of death was also
inferred from the degree of disease severity and the length of the athletes’ playing career.
The highest proportion of severe CTE cases were found in professional players (101 out
of 110 (86%) patients vs. 27 out of 48 (56%) college football players), suggesting an
increased risk of disease development with increasing years of mTBI exposure. However,

no definitive correlation between the number of mTBIs and disease state was drawn.

TBI’s link with dementia is far from clear, as associations such as these are rife with
difficulties regarding data collection. A common issue regarding TBI data collection is
recall bias of severity and symptoms of mTBI upon clinical examination, an issue which
all studies mentioned above acknowledge as a potential confounder and is currently
unavoidable in a study involving a retrospective examination of head trauma. Studies

such as Nordstrom et al. (2012) and Lee ef al. (2013) make good attempts at accounting
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for this by recruiting large numbers and by having a long follow up, however, some
degree of bias will remain. The small number of TBI patients available for study may
also hamper these studies, such as those included in Fleminger ef al.’s (2003) meta-
analysis. A selection bias may also be present among the population represented in post-
mortem tissue banks of CTE, leading to a possible over-representation of the disease
among athletes involved in contact sports. Many of the reported cases of CTE come from
a limited group of individuals, with cases primarily representing former American
football players. In recent years, additional cases have come to the fore, such as CTE
diagnosed in professional wrestlers, military personnel and rugby union players, however,
further research is warranted in individuals from a range of fields exposed to repetitive
head trauma (Stewart et al., 2015; Goldstein et al., 2013; Omalu et al., 2010; Omalu et
al., 2011).

1.2: The neurovascular unit and TBI

The association of TBI with the development of multiple neurodegenerative conditions
suggests a common underlying mechanism by which the biomechanical forces associated
with the injury result in a molecular pathology. Both TBI and several neurodegenerative
conditions share an aspect of vascular pathology. TBIs of all severities have demonstrated
a degree of blood brain barrier dysfunction (BBBD), both in animal models and human
studies of TBI (Tagge et al., 2018; Johnson ef al.,2018). BBBD is also thought to precede
symptom onset in conditions such as AD and Parkinson’s disease, suggesting that
changes to blood brain barrier (BBB) integrity may play an establishing role in dementia
development (Desai et al., 2007; Nation et al., 2019). Therefore, measuring changes in
the integrity of the BBB and the neurovascular unit is currently one of the most common

avenues of investigation in biomarker discovery for mTBI.

1.2.1: Endothelial cells

The endothelial cells of the neurovasculature form the first physical barrier of the BBB.
The endothelial layer of the cerebral vasculature differs from that of lining capillaries of
other organs of the body, as they lack the fenestrations that facilitate free diffusion of
small molecules from the blood into the perivascular space (Erdo, Denes & de Lange,
2016). The free passage of molecules across the BBB via the paracellular space is
impeded by the presence of TJ complexes that bind endothelia together, limiting passive
diffusion to water molecules, gases and lipophilic molecules. Passage of most

macromolecules therefore require other means by which to traverse the endothelial
9



barrier, such as osmotic diffusion, facilitated diffusion, carrier-mediated endocytosis and
active transport via ATP-mediated hydrolysis or a carrier protein. The presence of
transporter proteins that direct the flow of molecules to and from the neural space results
in the polarisation of cerebral endothelial cells to apical (luminal) and basolateral

(abluminal) membranes, further contributing to the selectivity of the BBB.

1.2.2: Astrocytes

The role of astrocytes in the neurovascular unit has evolved from what was perceived as
a passive structural glial cell to an active unit in maintaining barrier integrity, contributing
to synaptic formation, maturation and pruning, maintenance of ionic homeostasis,
regulation of extracellular space and clearance of neurotransmitters (Dallérac & Rouach,
2016). In addition to these functions, astrocytic endfeet ensheath the endothelial cells of
the brain vasculature, providing a link between neural tissue and cerebral capillaries,
allowing for modulation of the BBB in response to injury or changes in homeostatic
demands (Abbott, Ronnbick & Hansson, 2006). Communication of neurons to astrocytes
via neurotransmitters also influence cerebral blood flow, as astrocytic end processes relay
neuronal signals to smooth muscle cells, surrounding arterioles, or pericytes, surrounding
capillaries (Gordon, Howarth & MacVicar, 2011). Astrocytes may also play an important
role in the maintenance of barrier integrity. Astrocytes have been reported to secrete that
morphogen: Sonic Hedgehog (Shh), which plays an important role in the maturation and
maintenance of BBB integrity. Shh is provides a large contribution to the normal
development of animals, regulating the patterning and development of limbs, as well as
the development of specialised organs such as the CNS and eye. Secretion of SHH
induces Hedgehog (Hh) signalling via the Patched (PTCH) receptor, and upon activation
of the Hh pathway within endothelial cells of the CNS, contributes to normal BBB
phenotype via two means. The first is through reduced peripheral immune cell infiltration,
by SHH-mediated downregulation of the intercellular adhesion molecule: ICAM-1.
(Alvarez et al,2011). Reduced expression of the adhesion molecule reduces the
likelihood of immune-cell tethering to endothelial cells of the BBB and recruitment of
cells to the neural space. The second means is by regulation of paracellular space via tight
junction expression. [In vitro experiments have demonstrated induction of BBB
properties, such as tight junction (TJ) expression and increased trans-endothelial
electrical resistance (TEER), following activation of the Hh pathway, while blocking the

pathway has demonstrated increased barrier permeability and decreased TJ expression in
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vivo (Alvarez et al.,2011; Alvarez, Katayama & Prat, 2013). Loss of Hh signalling was
also accompanied by a reduced association of astrocytic endfeet with vascular endothelia,
suggesting a reciprocal relationship between the two cell types in the maintenance of
barrier integrity. Secretion of Src-suppressed C kinase substrate (SSeCKS) by astrocytes
also seems to be important in orchestrating the maturation of BBB phenotype as
development progresses, decreasing vascular endothelial growth factor (VEGF) and
increased expression of TJ proteins and the anti-permeability factor; angiotensin-1 (Ang-
1) (Lee et al.,2003). However, it has also been reported that secretion of Ang-1 in
combination with VEGF can improve barrier integrity in developing vessels (Shen et
al,2011). VEGF, along with fibroblast growth factors (FGFs) and glial-derived
neurotrophic factor (GDNF), are known to be either secreted from or signal to astrocytes.
Astrocyte-derived VEGF plays a vital role in vascular remodelling and maintenance,
while mice lacking FGF-2 or FGF-5 display increased permeability to serum albumin
and decreased TJ expression (Reuss, Dono & Unsicker, 2003). However, the influence
of FGF on BBB phenotype may be due to its role in astrocyte development and activity,
rather than acting directly on endothelial cells, as FGF signalling has recently been shown
to dampen astrocyte activity both in the resting state and following injury (Kang et al.,
2014). GDNF, which is expressed and secreted by astrocytes, as well as pericytes, can
signal to GDNF receptor alpha 1 (GDNFRa-1) to stimulate TJ expression an in vitro
model of the BBB (lagrashi ef al.,1999; Shimizu et al.,2011).

Within the context of TBI, astrocytic responses seem to be closely tied to that of vascular
recovery. Glial scar tissue, made up of astrocytes, endothelial cells, fibroblasts and
immune cells, is often seen in moderate and severe injuries, and has been shown to
coincide with astrocytic-endothelia interactions following closed-cortical impact (CCI),
while reactive astrocyte can upregulate matricellular proteins following injury (Jones &
Bouvier, 2014; Villapol, Byrnes & Symes, 2014). This scar tissue may serve as a physical
barrier to extravasating material or the diffusion of damage associated molecular patterns
(DAMPs), limiting the spread of injury responses. Glial fibrillary acidic protein (GFAP)
released from damaged astrocytes and into the peripheral circulation via a disrupted BBB
is being investigated as a potential biomarker of mTBI. Reactive astrocytes have a dual
role in modulating immune response following injury, capable of releasing pro-
inflammatory cytokines, as well as matrix metalloproteinases (MMPs), which can

contribute to the recruitment of additional immune cells and exacerbate BBB disruption,
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as well as anti-inflammatory cytokines to taper immune responses (Carpentier et al.,
2004; Kim et al.,2005; Kim et al.,2010). In addition to directing immune response, the
membranes of astrocytic endfeet are enriched with aquaporins, water-selective channel
protein, encoded by the gene: aquaporin 4 (AQP4). AQP4 plays a crucial role in the
regulation of water movement to and from the neural space under normal physiological
and pathological conditions. Therefore, AQP4’s role in the development and resolution
of oedema, associated with severe TBI has been investigated. While AQP4 has been
found to play a part in the development of both cytotoxic and vasogenic oedema, the role
the water-channel plays in the pathophysiological response differs between the two
processes. APQ4”7" mice have shown that AQP4 not only contributes to water
accumulation in cytotoxic oedema; but also, actively contributes to the resolution of
vasogenic oedema, a process that was previously thought to occur by bulk flow of water
from the brain (Manley et al. 2000; Verkman ef al.,2006). Increased expression of AQP4
has been observed in animal models of all severities of TBI, while human studies have
identified a single nucleotide polymorphism (SNP) within the AQP4 gene associated with
favourable outcomes following moderate and severe injury (Ren ef al.,2013; Dardiotis et
al.,2014), suggesting that the degree to which expression changes may reflect the severity
of the injury.

1.2.3: Pericytes

Pericytes are mesodermal, perivascular cells that ensheath roughly 80% of the
microvessels within the body and display the greatest density of coverage on vasculature
of the central nervous system (CNS), covering an estimated 99% of the abluminal surface
(Engelhardt & Sorokin, 2009; Winkler et al.,,2012). Three morphological subgroups of
pericytes have been identified and contribute to vascular function within the CNS; arterial
pericytes, which are found to encompass arterioles and contribute to cerebral blood flow
regulations; capillary pericytes, which run along capillary beds and aid BBB integrity;
and venule pericytes, which have a radial morphology and modulate immune cell
infiltration (Attwel et al.,2016). Within the context of the development and maintenance
of the BBB, pericytes appear to play a larger role in the formation of TJs between
endothelial cells than that of astrocytes. Endothelial cell/ pericyte co-culture models have
shown that secretion of GDNF and Ang-1 increase TJ expression and TEER, even in the
absence of coverage by astrocytic endfeet (Hori et al.,2004; Kim et al.,2009; Shimizu et
al., 2011). In vivo studies have also highlighted the importance of pericytes in BBB
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formation during embryonic development, prior to the astrocyte-endothelia interactions.
Platelet-derived growth factor receptor beta (Pdgfrb)”" mice, which have greatly
diminished pericyte coverage, display increased BBB permeability and decreased TJ

protein expression shortly after birth (Daneman et al.,2011; Winkler ef al., 2012).

The role of pericytes in response to and recovery from TBI has yet to be explored in great
depth. Pericyte response is thought to occur rapidly following injury, with the migration
of cells from the vasculature of the injury site being observed within hours after CCI,
dramatically reducing the ratio of pericytes-to-endothelial cells from an estimated 1:5 to
1:10-12 (Dore-Dufty et al.,2000). Platelet-derived growth factor beta (PDGFp) has also
been reported to be upregulated in a number of cells, including oligodendrocytes,
astrocytes and endothelial cells, shortly after lateral fluid percussion injury. Increases in
PDGEF secretion may be a protective mechanism to maintain pericyte coverage and BBB
regulation at the site of injury, as pericytes remaining at sites of injured vasculature
showed signs of cell stress and degeneration, such as condensed chromatin and nuclear
membrane folding. Evidence from ischemic injury suggests that pericytes may fulfil a
similar role to that of astrocytes. Pericyte have been reported to influence cerebral blood
flow and mediate immune cell infiltration during ischemic injury, while also supplying
immunoreactive cytokines, such as IL-10, IL-12, IL-13, under physiological conditions
and large amounts of reactive oxygen species and nitric oxide under immune challenge

condition, in addition to clearing released cell debris (Cai ef al.,2017).
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Figure 1. 2: Schematic of the neurovascular unit and tight junction complexes of
the CNS.

The neurovascular unit is a highly specialised unit, developed to limit paracellular
passage of molecules from the blood into the neural space. Composed of endothelial
cells, astrocytes and pericytes, along with influences exherted by neurons and resident
immune cells, the combination of which all impact the specific and dynamic properties
of the blood-brain barrier. With endothelial cells of the central nervous system,
specialised tight junction complexes, comprised of highly enriched claudin proteins,
confers the unique diffusion properties of the endothelia. Combined with ensheathments
of pericytes and astrocyte endfeet, paracellular passage is limited to >700 Da, ions and
lipid soluble molecules. Taken from Greene & Campbell, 2016.

14



1.3: Tight Junctions of the BBB

1.3.1: Claudins

Within the claudin family of proteins, 24 members have been identified (Tsukita, Furuse
& Itoh, 2001). Members of the family share common characteristics such as molecular
masses between 20-27 kDa, four membrane-spanning regions, an intracellular loop, two
extracellular loops (ECLs), a short, cytoplasmic N-terminal domain and a cytoplasmic C-
terminal domain. Contained within the extracellular loops are domains which dictate the
protein’s dimerization with other claudin proteins; a common GLW(2aa)C(8-10aa) motif
containing charged amino acids within the first ECL, which dictate charge selectivity and
are involved in homodimerization, while heterodimerization is thought to be orchestrated
via the shorter, second ECL, comprised of a helix-turn-helix structure (Krause et at.,
2008; Piontek et al., 2008). The cytoplasmic C-terminal domain contains a PDZ domain,
allowing claudins to interact with other proteins, such as Zonula Occludens (ZO-), and
connect TJ complexes to the cytoskeleton, as well as influencing protein stability and
localisation within the TJ structure (Van Itallie & Anderson, 2004; Van Itallie, Colegio
& Anderson, 2004). Members of the claudin family show unique expression patterns in
vivo, with some showing widespread expression, such as claudin-1 and claudin-5 being
found in endothelial cells of the brain and testis, as well as other organs, or more tissue-
specific expression, such as claudin-16, found within the loop of Henle in the kidneys
(Tuskia, Furuse & Itoh, 2001; Krause et al., 2007). The use of gene manipulation studies
has identified the role of specific claudins in regulating paracellular permeability and ion
conductance across cell barriers, classifying claudins broadly into ion-channel forming
or barrier subtypes. These studies have also identified the importance of claudin-based
TJs in several organs through the phenotypes they produce. For example, knockdown of
claudin-16 results in renal wasting of magnesium (Mg)*" and calcium (Ca)**, replicating
the hereditary human conditions; Familial Hypomagnesemia and Hypercalciuria and
Nephrocalcinosis, while mutations in claudin-19, phenocopies claudin-16 mutants with
the addition of severe visual impairment (Hou et a/.,2007; Konrad et al.,2008; Naeem,
Hussain & Akhtar, 2011). Similarly, claudin-14 regulates sodium (Na)" and potassium
(K)" ion passage and the permeability of TJs of the outer hair cells of the ear’s cochlea,
with claudin-14 knock- out (KO) mice becoming deaf due to rapid degeneration of hair
cells (Ben-Yosef et al., 2003). These KO mice mimic the autosomal recessive deafness

of DFNB2 mutations found in humans, caused by mutations in the orthologous gene

15



(Wilcox et al.,2001). Mice lacking claudin-11, also expressed within the cochlea, also
gradually develop hearing loss, but appears to fall more within the barrier category of
claudins, as K* ion concentrations of outer hair cells were indistinguishable from those
of littermate controls (Gow et al.,2004). In addition to deafness, male mice lacking
claudin-11 are sterile, with Sertoli cells being unable to correctly develop, losing polarity
and detaching from the basement membrane and being eliminated via the epididymis
(Mazaud-Guittot et al.,2009). Regarding the BBB, claudin-5 is the most enriched claudin
isoform expressed in the brain’s endothelial cells, with expression levels ~51- and 62-
fold greater than claudin-22 (barrier forming protein) and claudin-10 (ion-channel
forming protein) respectively, the next most enriched isoforms found in brain endothelial
cells (Ohtsuki et al., 2007). The importance of this enrichment is highlighted by the
phenotype of claudin-5 KO mice, which die shortly after birth, possibly due to an influx
of small molecules that prove toxic to neural tissue (Nitta ez al.,, 2003). The KO model
found that loss of claudin-5 provided increased permeability to small molecules of <
800Da, which has also been replicated in RNAi mediated knockdown of the TJ junction
protein, facilitating passage of small molecules into the neural space (Campbell et
al.,2008). Recently, mutations in claudin-5 have been implicated in neurological
conditions such as schizophrenia and epilepsy. Mutations in the 3’-UTR of the claudin-
5 RNA strand have been found to be associated with schizophrenia development. The
mutation was found to be over-represented in individuals with 22q11 deletion syndrome,
who have an increased risk of developing schizophrenia, while the region of chromosome
deletion includes the cldn5 gene, reducing claudin-5 levels further (Greene ef al., 2018).
Post mortem examination of schizophrenic brains also found reduced expression of
claudin-5 compared to controls, while prolonged knockdown of the TJ protein produced

psychosis and epileptic symptoms in mice.

1.3.2: Occludin

Occludin is a 65kDa member of the MARVEL (MAL and related proteins for vesicle
trafficking and membrane link) protein family, and one of the first components identified
within TJs of brain endothelial cells (Furuse et al.,1993; Raleigh et al., 2010). The protein
is made up of four transmembrane (TM) domains, two ECLs, a long cytoplasmic C-
terminal domain and a shorter, cytoplasmic N-terminal domain. Like claudins, occludin’s
C-terminal dictates membrane localisation and allows ZO-1 and ZO-2 interactions,

linking the TJ complex to the actin cytoskeleton (Furuse et al., 1993). Truncation of this
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domain results in discontinuous localisation of occludin at cell interfaces and increased
paracellular permeability, as well as a loss of cellular polarity (Balda et al., 1996). Animal
models have also illustrated barrier properties different to that of claudins. For example,
occludin KO mice obvious developmental phenotype prior to dissection and microscopic
inspection, survive to adulthood and retain normal TJ morphology and barrier properties
within the intestine (Saitou et al.,2000). However, KO mice develop poorly after birth
and show several abnormalities in several organs, including calcification in the brain,
chronic gastritis, testicular atrophy and male sterility. Further research has found that
occludin is capable of regulating epithelial differentiation, apoptosis and claudin-2
dependant TJ function via mitogen-activated protein kinase (MAPK) and Akt signalling
pathways, (Schulzke et al,2005; Murata et al,2005). Such findings suggest that a
possible means by which depletion of occludin results in widespread deficits during

postnatal development

1.3.3: JAMs and ZOs

Junction adhesion molecule (JAM) proteins are TM members of the immunoglobulin G
(IgG) superfamily, expressed in both endothelial and epithelial cell. Within the
neurovasculature, JAM-1, -2 and -4 are the most enriched (Daneman et al, 2010;
Mariano et al.,2011). JAMs share a common structure of a single TM domain and an
extracellular domain carrying two Ig-like domains, which facilitate endothelial/ epithelial
interactions with circulating immune cells (Ebnet ef al, 2004). The intracellular C-
terminus carries a PDZ domain-binding motif, allowing JAM to interact with TJ-
associated proteins such as Zonula Occludens (ZOs) and orchestrate changes in the actin
cytoskeleton, recruit additional TJ proteins and TJ formation, as well as regulate cellular
polarity (Liu et al.,2000; Ebnet et al., 2003; Shi et al, 2018). Within a cell, the PDZ
domains of JAMs, as well as other tight junction proteins such as claudins and occludin,
facilitate binding of TJ-associated proteins such as the ZO scaffold proteins. ZO proteins
belong to the membrane-associated guanylate kinase homologue (MAGUK) homologue
family, of which three have been identified: ZO-1, ZO-2 and ZO-3. ZO proteins were
among the first to be identified within TJ complexes, and carry three PDZ binding
domains, a Src homology 3 domain and one guanylate kinase domain (Stevenson et al.,
1986; Shi et al., 2018). Through PDZ domain interactions, ZO proteins link peripheral
TJ proteins to the cytoskeleton both via direct interaction with actin filaments and the C-

terminus of ZOs, as well as indirectly though actin-binding proteins (Bauer ef al., 2010).
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Mutation studies suggest that ZO-1 at least is required for early formation of TJs
complexes, as ZO-1 KO mice are embryonic lethal by day E11.5, displaying retarded
growth and disrupted yolk sac angiogenesis (Katsuno et al., 2008).

1.4: Biomarkers of TBI

The reliance of neurological symptoms to recognise and monitor the progression of mTBI

can be seen a substantial limiting factor in the study of mTBI and any associated
pathophysiological processes. Therefore, an objective biomarker of mTBI has been
highly sought in order to improve diagnostic accuracy of neurological assessment, as well
as gain an means to monitor recovery independent of neurological symptoms, which often
resolve within hours or days after injury. In recent years, an increasing number of
publications detailing potential candidate proteins, molecules and structural changes as a
means of identifying mTBI quickly, efficiently and accurately. The advances in
neuroimaging has facilitated a greater understanding of the structural changes associated
with TBI and subsequent development of long-term changes associated with recognised
injuries. However, medical imaging-based diagnosis is not always available nor
applicable to the spectrum of injuries associated with TBI. The high cost of running
scanners, limited availability of scanner time and potential ethical considerations
associated with the use of certain scanning sequences all preclude the use of
neuroimaging for mTBI, in addition to the specialised training to run and analyse the data
generated. Cerebro-spinal fluid (CSF) is a valuable resource in the screening and
identification of biomarkers in other neurological conditions, and the CSF-to-serum ratio
of albumin is currently the gold standard for gauging BBBD in many neurological
conditions. However, CSF collection is an invasive process and not without risk.
Therefore, blood-based biomarkers are highly sought, as samples can be collected quickly,
cheaply and with a minimally invasive procedure, while processing of samples can be
carried out rapidly with basic scientific training. However, despite identification of
several candidate proteins and molecules associated with TBI and BBBD, and continued
investigation into their utility as a marker of TBI, none have progressed to clinical use
due to issues sensitivity and specificity in identifying mTBI in the absence of other

injuries (Kawata et al., 2016).

Obvious biomarker candidates for TBI would naturally be specific or enriched to neural

tissue. Currently, the most actively investigated candidate proteins include GFAP,
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neuron-specific enolase, ubiquitin C-terminal hydrolase (UCH-L1), tau protein and

S100pB, and of these, S100P has been the most extensively studied (Papa et al., 2015).

1.4.1: S100p

S100B is a calcium-responsive protein suggested to be involved in neurite and axonal
growth in the developing nervous system, while circulating S100p is considered a marker
of astrocyte damage and disruption of the BBB. It is primarily found in astrogila and
Schwann cells, but is also expressed in small quantities in peripheral tissue, such as
adipose tissue, white blood cells and skeletal muscle tissue (Olsson ef al.,2011; Donato
et al., 2013). However, due to its high expression in neural tissue it remains at the
forefront of TBI research as a potential marker of neural damage in many neurological
conditions, such as multiple sclerosis (MS), stroke, mood disorders and psychiatric
disorders, and is often held as one of the strongest candidates as a marker of BBBD
following TBI (Schroeter et al., 2003; Undén et al,, 2013; Barateiro et al.,,2016;
Zaigham, Lundberg & Olofsson, 2017; da Rosa et al.,,2016). For example, S100f has
demonstrated strong negative predictive value in detecting computed tomography (CT)
positive lesion in the acute scenario of severe TBI, in addition to also increasing
significantly in patients reporting with complicated mTBI (de Kruijk ef al., 2001; Egea-
Guerrero et al.,2011). Comparison of 15 mTBI patients with an intracranial lesion to 128
without found that S100pB levels were significantly increased 6 hours after injury (Egea-
Guerrero et al., 2011). A trend was observed of increasing S100p serum concentration
with increasing numbers of observed intracranial lesions was also present. While the
study deemed that patients had sustained a mTBI, the presence of abnormal CT or
magnetic resonance imaging (MRI) findings would suggest the injured be classified as a
“complicated mTBI”, and therefore reflecting a more moderate injury. As such, the study
may not be indicative of S100B’s utility in milder injuries. Within the clinical setting,
S1008 was found to be significantly higher in emergency department mTBI patients
compared to healthy controls (de Kruijk ez al., 2001). A study of 104 patients reporting
mTBI found that S100B serum levels were significantly higher 6 hours after receiving a

direct blow to the head and experiencing a brief period of post-traumatic amnesia.

However, many of the studies suggesting the utility of S100B in identifying mTBI have
focused on this acute scenario after injury and within a clinical setting. In the context of
sports-related mTBI, S100f has found mixed success. Rapid drop off in circulating levels

after the first 2 hours post-injury, as well as findings of exercise-related increases in
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blood-based S100p levels has limited it use an accurate marker of mTBI (Thelin et al.,

2017).

A study of 35 concussed ice hockey players found that S100p was significantly
increased in blood 1 hour after injury compared to baseline levels (Shahim ez al., 2014).
Elevated concentrations of circulating S100B at the 1-hours post-injury time point was
also associated with loss of consciousness and delayed return to play in participants.
Longitudinal examination of the protein found that S100B levels returned to normal
within 12 hours post-injury, and changes from baseline levels at later time points, up to
144 hours post-injury, were not associated with delayed recovery of symptoms or
likelihood of return to play. S100B was found to be repeatedly elevated in an American
football player 1 hour after a game, even in the absence of a concussion (Marchi et
al.,2013). Serum levels of S100B indicated BBBD (based on previous thresholds
established by the group) in several individuals repeatedly over the course of a season,
and a trend of increasing serum levels post-match in each instance. However, as noted in
the study, individuals of African-American descent had higher baseline levels of S1003
than their Caucasian counterparts, some even coming close to the indicated BBBD
threshold. This suggests that baseline S100B levels may differ between ethnic
backgrounds, which may limit its utility. The study does not indicate whether these
players were the individuals experiencing the greatest increases in S100p post-match.
Changes in S100B concentrations correlated with the number and severity of blows to
the head sustained over the course of the season. Similar correlations have been made
when observing the number of headers done during a football game, the number of
collisions in a rugby game and the number of jumps done during a basketball game
(Stalnacke, Tegner & Sojka, 2003; Stalnacke, Tegner & Sojka, 2004; Bouvier et al.,
2017). Marchi and colleagues also found increases in auto-antibodies to S100f in ~50%
of players over the course of the playing season. Increases in S100p auto-antibody levels
correlated with the extent of changes in white matter (WM) membrane density, measured
via diffusion tensor imaging (DTI)-MRI, and may reflect a possible auto-immune mode

of damage.

A prospective study of 46 athletes engaging in a range of sports, including American
football, soccer, basketball, and ice hockey, found that S1008 serum concentrations when
measured within a 3- hour window after play were an accurate indicator of mTBI (Kiechle

et al.,2014). Levels of circulating S100p were significantly different to post-exertion,
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non-contact control. Over the course of the two-year study, 17 players were available to
give blood samples within a 3- hours post-exertion and after incurring a concussive injury.
S100B serum concentrations were significantly higher than matched base line levels in
players reporting a mTBI, as well as higher than that of post-exertion athletes. S1003
concentrations at this time-point were capable of distinguishing between participants
reporting a mTBI and non-contact players. However, comparison of post-exertion S1003
concentrations in contact players to that of concentrations found in injured players was
not made, allowing for the possibility that the increases observed may be a result of

repeated sub-concussive blows associated with the sport rather than mTBI alone.

Several other issues are associated with the use of S100B as a potential biomarker of
mTBI. While many of the studies mentioned so far have found that the protein is a good
negative indicator of mTBI, S1008’s positive predictive value in identifying mTBI

remains limited. (Bouvier ef al., 2017; Shahim et al., 2014; Kiechle et al, 2014).

Several studies have also highlighted whether S100p is a suitable biomarker for use in
the context of non-complicated mTBI and sport. Several studies have found that
circulating S100p did not have any correlation with imaging findings following mTBI or
long-term outcome. Two follow-up studies, looking at heading the ball in football, one
in which the ball was dropped repeatedly onto the head, and another simulating the force
of heading the ball during play, found no changes in CSF or serum concentrations of
S100pB as a consequence of the repeated headers (Zetterberg et al., 2007; Stalnacke &
Sojka, 2008). S100pB levels were not associated with abnormal CT or MRI findings in
mTBI patients, nor with long term outcomes, such as delayed recovery when taken 3
hours after injury (Bazarian et al., 2006; Metting et al.,2012). However, these
observations cannot be directly compared to many of the other studies previously
mentioned, as many involved sampling times several hours after the time of injury, which
may limit the utility of S100B as a biomarker. Studies have found S100p screening
appears to show little use when examined outside the acute-injury time frame of 1-2 hours
post-injury. Neselius et al, (2013) found there was no difference in S100p blood
concentrations between boxers and age matched controls in the days following a fight,
nor were S100p levels significantly different within boxers following a 14-day rest period.
A prior study had shown that SI00p was not significantly different between boxers and
controls after 2 months of non-participation (Zetterberg et al.,2009). Exertion is also a

factor when considering measurement of S100f serum level. As mentioned previously,
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as several studies have seen increases in the potential biomarker during the post-exertion
phase in participants of non-contact sports such as swimming and running (Dietrich et

al.,2003; Hasselblatt et al., 2004; Watson et al., 20006).

1.4.2: Tau protein

The microtubule-associated protein, tau, is one of the hallmark features of the mTBI-
associated disease CTE. Therefore, changes in levels of total tau or phosphorylated tau
protein in the CSF or blood is thought to provide a possible early biomarker of mTBI
sequela, such as axonal injury. However, animal studies and data collected from patients
presenting to emergency departments with mTBI seemed to suggest tau having limited
utility as a potential biomarker (Bulut ef al., 2006; Kavalci et al., 2007; Liliang et al.
2010)

In the study of concussed hockey players previously mentioned, total tau was
significantly increased above pre-season levels in concussed players (Shahim et al., 2014).
This increase was most evident immediately after injury (> 1 hour), with serum
concentrations decreasing significantly after 12 hours. However, unlike S100B, total tau
remained significantly higher than pre-season levels up to 144 hours post-injury, possibly
due to an observed trend of a second spike in tau concentration between 12 and 36 hours.
The presence of a secondary release of tau into the blood may be due to a possible
biphasic opening of the BBB on a 24- hours cycle (Baskayaa et al.1997). However, so
this pattern of phasic opening has only been demonstrated in animal models. Neselius et
al., (2012) demonstrated the potential of circulating tau as a post-acute-injury biomarker
in a cohort of 30 post-bout Olympic boxers. Blood samples were taken at 1-6 days
(average 3 days) after a fight and again after a 14-day rest period, which included no
fights or sparing with head blows. Peripherally circulating levels of total tau was
significantly higher in the blood post-bout boxers than those of age-matched controls,
despite no knock-outs being recorded. This was case despite the boxers being
asymptomatic of TBI symptoms, neuropysch evaluation returning a negative result for
mTBI and no adverse findings reported on medical imaging scans. While in most boxers,
tau concentrations dropped to those comparable of the control group upon the day 14
sampling time, a subgroup of six individuals was identified with continued total tau levels
exceeding concentrations of 2.7ng/L. These individuals retained significantly higher total
tau plasma levels up to 14-days post-injury, when compared to the 24 boxers below this
threshold, however, no other stratifying parameters were identified. The authors mention
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the possibility that the inefficacy of tau as a biomarker outside of acute scenarios
(including a study in boxers previously carried out by the group) may have been due to
plasma levels falling below conventional assay sensitivities (Zetterberg et al.,2009). In
this context, sensitivity to very low sera concentrations may have hampered current
investigations of biomarkers for mTBI. The subtle changes in neuroanatomy and
microstructure may be reflected in similarly subtle changes in concentrations of fluid
biomarkers. A follow-up study by the same research group found that circulating tau
levels shortly after injury could estimate recovery time and segregate individuals who
would go on the develop post-concussion syndrome (PCS) (Shahim et al.,2014). In a
cohort of ice hockey players, plasma concentrations of total tau 1- hours post-injury were
capable of estimating the number of days required for resolution of symptoms, with the
highest plasma concentrations being found in a player unable to return to play. As well
as this, plasma concentration at 144 hours post-injury was significantly higher in players
with PCS that lasted more than 6 days compared to players whose PCS resolved within
that time frame. Plasma levels of total tau were also significantly higher than pre-season
levels in concussed players at 1-, 12-, 36- and 144-hours post-injury. Plasma
concentrations of total tau also showed an increasing trend with the severity of mTBI
when measured within 1 hour after injury. The greatest levels of tau correlated most
strongly with injuries resulting in loss of consciousness. While a similar pattern was
observed with S100B and neuron-specific enolase (NSE) plasma levels, these proteins
were unable to predict recovery time. Plasma levels of tau at 1 hour and 144 hours post-
injury were also able to distinguish between players with persistent PCS lasting longer
than 6 days and displayed greater accuracy in matching with a diagnosis of concussion

than S100PB and NSE.

1.4.3: Ubiqutin carboxy-terminal hydrolase L1

Ubiquitin carboxy -terminal hydrolase L1 (UCH-L1) is a neuron enriched protein
associated numerous processes, including cell survival, axonal transport and ubiquitin-
proteasome mediated protein degradation (Bishop, Rocca & Henley, 2016). While
negligible levels of the protein can be detected in peripheral tissue such as the gonads
and, under wound healing conditions, fibroblasts, UCH-L1 has primarily been used as a
neuronal specific marker, and since being identified in the CSF and serum of severe TBI
patients, a candidate for a mTBI biomarker ( Papa et al.,2010; Mondello et al.,2012). In
addition to be a highly enriched neuronal protein, the UCH-L1 also demonstrates a
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greater half-life than that of proteins such as S100, with serum concentrations continuing

to be elevated up to 7 days following injury in 96hrs post-injury (Mondello et al., 2012).

To-date, UCH-L1’s utility has primarily been explored in the context of moderate and
severe TBI, in which the biomarker has experienced some degree of success, both as
positive marker of CT-detectable lesions, as well as a prognostic marker of recovery. A
meta-analysis focusing on 13 clinical studies using UCH-L1 levels in blood and CSF
found that the neuron enriched protein proved highly accurate in predicting CT scan
findings across the spectrum of TBI severity (Shajouei et al.,2017). Use of UCH-LI in
combination with other putative TBI biomarkers has also demonstrated utility as a
prognostic marker in moderate and severe TBI. Early studies found that serum levels of
UCH-L1 could distinguish between moderate TBI patients that required neurosurgical
intervention and those that did not (Papa et al., 2012). When combined with the astrocytic
enriched protein; GFAP, elevated levels of the two proteins on day two post-injury served
as accurate predictors of negative outcomes in severe TBI patients, as well as a distinction
in circulating biomarker levels between GOS score 1-3 and GOS score 4-5 patients
(Takala et al., 2016). The combination of UCH-L1 and GFAP has severed as the basis of
clinically-relevant biomarker panels used in several clinical trials, as well as the first

FDA-approved biomarker panel for TBI.

In the context of sport’s related mTBI, UCH-L1 has also demonstrated a degree of
promise. In a small, prospective study of collage American football players, Puvenna et
al. (2014) found that UCH-LI levels, along with those of S100B, were significantly
elevated compared to pre-game levels following exposure to sub-concussive forces
associated with play. However, it was noted that serum levels of UCH-L1 was not
correlated with the number of hits sustained during a match, in contrast to S100p, possibly
suggesting either peripheral release of UCH-L1 or a more delayed temporal release of
UCH-L1 across the BBB following injury. Similar studies examining UCH-L1 in the
context of contact sport have also shown promise, with UCH-L1 serums levels measured
within 6hrs post American football match being higher than both matched pre-season
values, as well as being significantly higher than serum levels of time-match non-contact
athletes (Meier et al., 2017). UCH-LI1 serum levels measured at 6hrs post-match within
this cohort was also capable of distinguishing between players that had sustained a mTBI
and healthy athletes over the course of the game, indicating UCH-L1 potential as a
diagnostic tool for sport’s related mTBI.
24



While UCH-L1 holds all the bearings of a promising biomarker for mTBI, recent studies
have raised some potential issues with its use in certain contexts, particularly those of
contact sport and TBI with polytrauma. A recent animal study found that UCH-L1 was a
poor maker for distinguishing TBI from peripheral injury in rats (Morris et al., 2019).
The study found that serum levels of UCH-L1 were elevated 4hrs after weight drop-
induced TBI, however, haemorrhagic shock and blunt tail injury also induced similar
increases in the potential biomarker within the same time frame. While this is evidence
from a single study, does suggest that UCH-L1 may be of limited use in determine TBI
severity in cases of polytrauma or in contact sports where the whole body is subjected to
mechanical forces. Another recent study also raised the question regarding the benefits
of including UCH-L1 within TBI biomarker panels, as the study by Papa et al. (2019)
found that GFAP was capable of distinguishing between mTBI patients, asymptomatic
head trauma patients and body trauma patients. While blood levels of GFAP and UCH-
L1 were elevated in mTBI patients and, to a lesser extent, asymptomatic patients, within
4 hours after injury compared to body trauma patients; only GFAP differed a significantly
in mTBI patients from both asymptomatic and body trauma patients. When distinguishing
between the three groups, GFAP outperformed UCH-L1 in detecting mTBI patients at
every time point investigated, up to 180hrs post-injury, GFAP’s accuracy alone was
comparable to the accuracy provided by GFAP and UCH-L1 levels combined. Also
interesting to note was distinct temporal release patterns of both biomarkers in cases of
asymptomatic head trauma and mTBI, with initial increases in GFAP being followed by
gradual decline after 12hrs only mild fluctuations in UCH-LI1 levels in the case of
asymptomatic patients, while mTBI patients showed initially rapid increases in UCH-L1
levels , followed by gradual decline, and delayed release of GFAP, reaching it peak
almost 20hrs post-injury. These distinct release patterns may prove useful in
distinguishing mTBI and lesser head trauma, however they do highlight the importance

of sample timing when determining an biomarker’s utility.

Despite these recent studies. UCH-L1 remains a promising biomarker for mTBI. While
the studies by Morris (2017) and Papa et al. (2019) as questions of UCH-L1’s use in the
context of mTBI, further study is required to truly it out. However, an important
contribution UCH-L1 has already made to the development of biomarkers for mTBI is
its use in a panel, most of with GFAP. The complex nature of mTBI will likely require a

multifaceted approach, and while biofluid-based proteins have been the primary focus in
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biomarker development, UCH-L1 has been at the forefront of the development of a

biomarker panel for mTBI.

1.4.4: Glial fibrillary acid protein

GFAP is an intermediate filament protein forming part of the astroglial cytoskeleton and
is being investigated alongside S100B as a systemic marker in many neurological
conditions. As a glial-specific protein, GFAP is one of the brain-specific proteins being
investigated in order to circumvent the issues of extracranial sources of S1003
contributing to measured serum levels, as well S100B’s rapid fall off in circulating levels
(Papa et al., 2014; Papa et al, 2016a). However, so far GFAP has primarily been the focus
of studies examining the post-acute scenario of mTBI and the long-term recovery window

of TBL

When compared to other candidates, GFAP appears to outperform S100f as a potential
marker of TBI. In a study of patients admitted to emergency departments for mTBI, serum
levels of GFAP were significantly higher in mTBI patients with CT positive lesions or
MRI-detectable axonal injuries compared to controls, while levels of S100f displayed no
discernible differences compared to that of controls (Metting et al.,2012). Patients that
continued to show symptoms of injury also displayed a sustained increase in serum GFAP
concentrations up to 6 months following the injury, with similar observations later being
reported in a paediatric population of mTBI (Mannix ef al., 2014). The sustained increase
in GFAP may offer a longer window after injury in which severity can be assessed, as
well as a means of continuous monitoring of recovery outside of the acute injury phase.
A similar study found GFAP was also a better predictor of the presence of CT-detectable
lesions in polytrauma patients compared to S100p (Papa ef al., 2014; Papa et al.,2016b).
GFAP serum levels above 0.067 ng/ml had a specificity of 55% for detecting intracranial
lesions in patients with a skull fracture, compared to a 5% specificity associated with
S100B. The study also found that S100pB levels were significantly associated with the
presence of extremity bone fractures, while GFAP concentrations remained independent,

suggesting that S100B may not be as useful in polytrauma scenarios.

1.4.5: Neuron specific enolase

NSE is an isoform of the glycolytic enzyme enolase, and specific to neural-lineage cells.
Due to its specific expression pattern, increases in concentrations within body fluids are

taken as a maker of pathological conditions such as tumour-induced aberrant expression
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or cell damage. Therefore, NSE is currently being investigated as a potential biomarker
for a number of conditions, such as glioblastomas, ischaemic stroke and TBI (Isgro,
Bottoni and Scatena, 2015). NSE has often been studied alongside S100B, with the
protein showing similar patterns of increase following mTBI (Naeimi ef al., 2006; Honda
et al., 2010; Graham et al., 2011). However, the use of NSE appears to be found in
identifying potential mTBI outside of the acute scenario. A study examining a group of
amateur boxers after a period of non-participation in the sport found that NSE was
significantly higher in boxers compared to controls, possibly reflecting continued BBBD

from mTBI despite a lack of exposure (Zetterberg et al., 2009).
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Figure 1. 4: Potential biomarkers for the use in detecting mild TBI and their neural
cell source.

Neural-specific proteins have been the primarily focus in the search for markers of mTBI.
The astrocytic proteins; S100B and GFAP, have been some of the most heavily studied
potential markers. Circulating levels of both proteins have been found to increase following
moderate and severe TBI within clinical contexts and have been demonstrated to fluctuating
according to the number of head trauma s sustained in contact sports. Neurofilaments and
the microtubule-binding protein, tau, found within axons and axonal terminals, have also
been touted as potential markers due to the use of phosphor-tau being a defining feature of
the mTBI-associated condition: Chronic Traumatic Encephalopathy. Their longer
circulating half-life has also conferred an advantage over the somewhat short circulating
half-life of S100B. Neuronal body proteins, such as UCH-L1 and NSE, have been used
primary in conjunction with other potential markers such as GFAP. UCH-L1, in
combination with GFAP, is one of the first FDA-approved biomarker s for mild and
moderate TBI in a clinical setting. Other molecular markers, such as cytokine profiling,
micro RNAs and metabolic profiling have also been investigated for their use in detecting
and distinguishing mTBI. However, these markers have primarily been studied in a clinical
context and their utility as prognostic markers of recovery.

Image taken form https://www.bioradiations.com/traumatic-brain-injury-a-controversial-
and-deadly-epidemic/
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1.5: Inflammation and TBI

Following the primary, mechanical injury and its associated damage, such as contusion,
haemorrhage and shearing, a series of secondary processes, such as the release of DAMPs,
metabolic dysfunction and cerebral blood flow changes, can occur within hours and days
following TBI. Secondary processes result in inflammatory responses that are vital in
terms of recovery from the injury but can also have profound effects on the prognosis of
recovery. In recent years, the time course for immune response has been characterised to
the extent that a rough time course of immune cell recruitment has been established after
the release of injury-associated DAMPs and chemokines (McKee & Lukens, 2016;
Gyoneva & Ransohoff, 2015). Recent studies have also found that the mismanagement
of inflammation following TBI can lead to long-term cognitive consequences, feeding
into a cycle of secondary injury processes. Therefore, inflammation is one possible link
to the development of long-term sequalae of TBI, such as WM damage, delayed recovery
of BBB integrity and possible development of neuropathologies such as AD and epilepsy
(Herman, 2002; Johnson et al., 2013; Jellinger et al.,2001).

1.5.1: Neutrophils

Neutrophils are the most abundant type of leukocyte within the blood and form the first
innate response to infection and injury across most tissue types. Neutrophils are also
present within the CNS in low numbers under physiological conditions, confined in small
numbers primarily to the CSF, meninges and pia membrane (Wilson, Weniger & Hunter,
2010; Roth et al., 2014). Following the primary insult, neutrophils are recruited within
hours of injury and contribute to the early immune response and recruitment and
activation of immune cells (Soares et al.,1995; Whalen et al.,1999; Perez-de-Puig et
al.,2015). Trafficking of neutrophils to the injury site can also be aided by reductions in
cerebral blood flow, such as in moderate and severe TBI, facilitating improved tethering
to blood vessel endothelia (Kelly ef al.,1997; Walcheck et al., 1996; Kelly et al. 1996).
Upon recruitment to the injury site, neutrophils help establish an early pro-inflammatory
state through the release of tumour necrosis factor (TNF) cytokines and pro-inflammatory
interleukins (ILs). Neutrophils have also been reported to play roles in recruiting
additional immune cells through the release of CXC- and CC-chemokines, promoting
neuron survival via neurotrophic factor release and potentially modulating BBB

permeability through the release of MMPs, elastases and angiogenic factors (Bennett et
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al.,1998; Mantovani et al., 2011; Kolaczkowska & Kubes, 2013). In addition to
mediating early inflammatory responses, the rapid activation and recruitment of
neutrophils seem to play important roles in the development of oedema following TBI
and influencing cell survival shortly following injury. Studies blocking or limiting
neutrophil infiltration to the brain in animal models of TBI have found that reductions in
infiltration numbers significantly reduce the water of content of injured brains. Cxcr2 KO
mice, which lack the primary receptor responsible for neutrophil migration, found that
Cxcr2”" mice had reduced cell death following a CCI (Semple et al.,2010). However, the
abolition of Cxcr2 resulted in no change in neurological outcome, nor did the loss of
neutrophil infiltration alter changes in BBB integrity compared to wild-type (WT) mice.
Similar findings reported using anti-Gr-1 depletion of neutrophils (Kenne ef a/.,2012). In
addition to reductions in lesion size, blocking neutrophil infiltration also reduced levels
of oedema and the number of activated microglia and macrophages at day seven post-
injury. A more recent study has found that neutrophil recruitment is dependent on non-
classical monocytes, and the means by which this sub-population mediates neutrophil
responses dictates functional outcome (Makinde et al.,2017). Global monocyte depletion
via clodronate pre-treatment reduced infiltrating neutrophil numbers within 24 hours of
a CCI injury. Monocyte depletion was accompanied by reduced levels of oedema and
improved functional outcomes in working memory and locomotive tasks. However,
blocking early neutrophil infiltration may not provide a longer survival period for cells
following TBI. Similar to previous studies, Semple and colleagues (2015) found that
neutrophil elastase, while not impacting neutrophil infiltration following TBI, did reduce
the levels of oedema or cell death 24 hours after TBI. However, cell death and volumetric
changes within the cortex and hippocampus of elastase KO mice were comparable to that
of WT mice on the ipsilateral hemisphere of the injury two months post-injury.
Interestingly, bilateral volumetric changes and cell death were observed within regions

of the hippocampus in both WT and elastase KO mice.

Shortly after neutrophil recruitment and activation at lesion sites, monocytes and
microglia are considered to dominate the following phase of immune response in TBI,
remaining in an activated state from days up to weeks and years (Johnson et al., 2013;
Morganti et al, 2015; McKee & Lukens, 2016). Activation of infiltrating monocytes and
microglia co-ordinate immune responses of recruited cells, and correct management of

this response is considered of vital importance in dictating outcome following TBI.
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Chronic activation of microglia and monocytes, which can perpetuate secondary
responses, are thought to be one of the main contributors to long-term damage associated
with TBI, with studies indicating that peripheral monocyte numbers and subtypes can

predict clinical course and outcome in TBI and stroke (Urra et al.,2009; Li et al., 2018).

1.5.2: Monocytes

Studies examining the role of monocytes in TBI have found that depletion of
macrophages and microglia shortly after TBI can improve cognitive performance and
limit inflammation as a result of an injury. For example, animals lacking C-C motif
chemokine receptor 2 (CCR2), had reduced lesion size and reduction in associated
secondary injury damage (Gyoneva et al., 2015). CCR2 forms part of the monocyte-
specific chemotaxis axis, along with monocyte chemoattractant protein-1 (MCP-1)/ C-C
motif chemokine ligand 2 (CCL2). Abolishing CCR2-mediated signalling via gene
insertion resulted in the absence of peripheral CCR2" monocytes infiltrating the injury
site 3 days after lateral fluid percussion injury. This was accompanied by a significant
reduction in injury-induced cavity volumes compared to heterozygotic mice, as well as
reducing axonal swelling. Changes in the levels and localisation of p-tau staining
following injury were also observed. Both ccr2 heterozygous and homozygous deletion
mice were observed to have diffuse p-tau staining within the cortex and hippocampus,
however, homozygous ccr2 deletion mice predominantly showed p-tau reactivity within
the cell soma. This is in contrast to an earlier study in mcpl/ccl2”- mice. Semple and
colleagues (2010b) used a CCI model of TBI, which produces a different, more localised
type of TBI to that of fluid percussion. However, they reported that lesion volume did not
differ significantly from that of WT mice up to 7 days after injury, despite time points
showing increased levels of cell death. However, a delayed reduction in lesion volume
and neuronal cell loss compared to WT mice was observed 4 weeks after injury. This was
in parallel to reduced numbers of infiltrating macrophages, reduced astrogliosis and
inflammation over a longer period after injury. Similarly, specific blocking of
macrophage infiltration through the use of the CCR2 antagonist; CCX872, resulted in
improved post-acute cognitive function in spatial learning and memory (Morganti et
al.,2015). Serial administration of the drug for 5 days after CCI injury resulted in
improved hippocampal-dependant function up to 28 days post-injury. Improvement to
cognitive function was accompanied by reductions in gene expression of IL-1f3, IL-6 and

MCP-1/CCL2; as well as reduced expression of NADPH oxidase 2 (NOX2), part of a
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multi-unit complex associated with reactive oxidative species (ROS) production and

prolonged proinflammatory signalling (Block et al.,2007).

A small study in humans examined microglia activation states 11 months after a moderate
or severe TBI using positron emission tomography (PET) imaging (Ramlackhansingh et
al.,2011). Activated microglia were detected within regions of the thalamus, putamen,
occipital cortices, and posterior limb of the internal capsules at this point, with increased
microglial activation associated with increased cognitive impairment. Despite a limited
sample size, it was noted that in the majority of the participants examined, regions with
increased microglia activation were not within the original lesion site, suggesting
propagation of secondary responses outward from the site of injury, possibly as a result
of diffuse injury along axonal tracts. Autopsy studies of patients who had sustained a
single severe TBI found that activated microglia were enriched in regions of the corpus
callosum and parasagittal cortex (Johnson ef al.,2013). An increasing density of microglia
occupying these regions was observed in sub-acute (2 weeks to 9 months) and long-term
(1 year-47 years) injury groups compared to controls and the acute (10 hours-10 days)
injury group. Distribution of activated microglia was also distinct between sub-acute and
long-term injury groups. The sub-acute cohort had predominantly tightly packed clusters
of activated microglia compared to the widespread distribution of the acute and control
groups. In comparison, the long term-survival groups showed widespread distribution of
these activated microglia throughout the investigated regions. Coupled with these
observations were the findings that axonal pathology in sub-acute and long-term injury
groups was considerably more widespread than that of controls. Decreased myelin
staining in individuals with extensive activated microglia was also observed, and a trend
of increased thinning of the corpus callosum with longer times of survival after injury

was also noted.

1.5.3 Innate Immune training

Innate immunity is widely accepted as the first response to foreign pathogens as well as
the processes involved in sterile inflammation. With the recent develops in the
understanding of molecular processes involved in innate immunity, the capability of the
innate arm to “retain” information and adapt to previous stimuli has come to the fore.
Initially referred to as “innate immune memory”, “trained immunity” was has been

purposed as a concept to account for the additional immune-stimulation effects of the

Bacillus Calmette-Guérin (BCG) vaccine outside of its intended role of tuberculosis
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protection (Roth et al., 2005). This allows the innate arm of the immune system to mount
a greater response to familiar stimuli independent of the adaptive immunity mechanisms.
Changes in metabolic and epigenetic profiles have been identified and associated with
the acquisition of trained immunity, with a shift from oxidative phosphorylation to
Akt/Mtor/HIF-mediated aerobic glycolytic metabolism and changes in TLR expression
via histone medication (Kleinnijenhuisa 1 et al.,2012; Arts, Joonsten & Netea., 2016).
Trained immunity has grand implications for both development of new immune-based

therapeutics, as well as understanding potential auto-immune conditions and responses.

To date, studies in trained immunity have primarily been concerned with positive non-
specific effects of immune challenges such as those carried out using B-glucan
stimulation, IL-1 cytokine pre-treatments or vaccination such as those observed with the
BCG vaccine (Bekkring et al., 2016; Moorlag, et al., 2018; Cemy & Stiiz, 2019).
However, trained immunity is thought to also play an important role in auto-inflammatory
diseases and represent a potential avenue of development for chronic inflammatory
conditions. Reprogramming of macrophages of within adipose tissue of obesity patients,
recruitment and activation of monocytes associated with the progression of
atherosclerosis and cholesterol-induced inflammation associated with cardiovascular
diseases all represent the potential negative impacts of trained immunity to the host

(Cerny & Stiiz, 2019).

This idea can also be expanded to potential long-term deleterious effects of mTBI. 1I-1
has been previously mentioned as a potential prognostic marker of severe TBI recovery.
A Growing number of studies suggest that IL-1 family cytokines play a key role in the
acquisition of trained immunity (Moorlag ef al.,2018). In addition, it has been suggested
that a number of non-immune cells, such as endothelial cells and microglia, may allow
for retention of the trained immune response beyond the limited life-cycle of immune
cells (Hamada ef al.,2018). In cases of repeated exposure of TBI; such as in cases of
sports-related mTBI, circulating immune cells are in a favourable environment to develop
a trained response to neural specific antigens, such as those investigated as potential

biomarkers of mTBI.

1.5.4 Adaptive immunity
The adaptive arm of the immune system, comprised of T- and B-cell lymphocytes, is
suggested to be a driving force in immune response in the long-term injury response to

TBI. Activity of adaptive lymphocytes appears to be highest several days after initial
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injury and is thought to contribute to recovery mechanisms for several weeks during
recovery (McKee & Lukens, 2016). However, the role T-cells and B-cells play in the
progression of post-injury inflammation remains mostly understudied (McKee & Lukens,
2016; Clausen et al., 2007; Czigner et al.,2007). For example, recombination activating
gene-1 (Ragl)” mice, which functionally lack both T-cells and B-cells, showed no
significant differences to WT mice in regard to inflammatory cytokine profile or
functional outcome 7 days after CCIl-induced TBI (Weckbach et al., 2012). These
immune-deficient mice were observed to have significantly different levels of circulating
complement factors, however, inflammatory cytokines such as TNF-a and IL-6 were
comparable to levels seen in WT injured mice at time points ranging from 4 hours to 7
days post-injury. The lack of the adaptive arm also did not prevent early cell death or
tissue damage within 24 hours of injury, nor was the permeability of the BBB
significantly altered 4 hours after injury from that of control injured mice. In a separate
study, the adoptive transfer of activated/ effector T-cells to Ragl” mice prior to TBI
resulted in similar levels of tissue damage to that observed in WT mice, and greater than
that in Ragl” mice supplemented with non-activated cells (Fee et al., 2003). Following
24 hours after aseptic cerebral injury, Ragl”" mice had significantly fewer apoptotic cells
and smaller injury size compared to their WT counterparts. However, transfer of activated
effector T-cells 24 hours prior to injury resulted in a larger lesion and increased cell death.
The findings of the study suggest that the presence of activated T-cells may play a role
in the early stages of TBI injury and contribute to secondary damage to tissue outside that
done by the mechanical force. Pharmacologically blocking effector T-cell activity in WT
mice was also capable of reducing lesion size and apoptosis to levels similar to that
observed in Ragl” mice. A finding unique to the transfer of activated T-cells was an
increase in neutrophil numbers within the injury site. Changes in neutrophil counts were
not observed in Ragl”~ mice following injury, nor in WT mice with blocked T-cell
activity. While this study and the Ragl”” model provides the best indication that
adaptive immunity plays a limited role in acute and sub-acute stages of TBI, several

studies have reported differing effects and responses of T-cells in several models.

In contrast to these findings, a study found that CD74-deficient (CD74%f) mice were
found to have smaller lesion volume 3 days after lateral fluid percussion TBI (Tobin et
al.,2014). CD74 is required for the processing and sorting of major histocompatibility

complex (MHC) class Il molecules, and mice deficient in antigen presentation expressed
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less pro-inflammatory cytokines within the 24 hours after injury. Decreases in cell death
and lesion volume over 3 days following injury were also observed. An expansion of
splenic B-cells and CD4" T-cell populations was also noted within 24 hours of fluid
percussion injury (FPI). This expansion was accompanied by increases in Class II
invariant peptide expression; an MHC II antigen presenting peptide, and MHC 11
molecules on B-cells and v6 T-cells respectively. However, cellular population expansion
was abolished after TBI in CD74% mice. In a recent observational study, infiltrating T-
cells appeared to linger within lesioned and perilesional areas of the cortex for up to 90
days after FPI TBI in rats (Ndode-Ekane, et al.,2018). While numbers of infiltrating T-
cells peaked within 2 days of injury and subsequently dropped off thereafter, the number
of cells remain 21-fold higher than that of controls at the same time point. In addition to
this, animals that showed slower neurological and motor function recovery within the
first 21 days after injury also showed great numbers of infiltrating T-cells at 30- and 90-
days post-injury. Areas showing a continued presence of T-cell infiltration also displayed

increased BBB permeability and a higher density of activated macrophages/ microglia.

While these studies suggest some role for the adaptive arm of the immune system in TBI
response, immune studies involving Ragl” mice are wildly accepted as the definitive
means by which to test adaptive immunity involvement in disease processes. Therefore,
further study is required in order to fully elucidate the findings suggesting adaptive

immunity involvement within TBI response.

1.5.5: Cytokine response in TBI

In addition to the immune cells involved in potentially pathological processes following
TBI, several inflammatory mediators have also been investigated for the roles they play
in acting out these processes. Understanding of the mechanistic pathways involved in
TBI offer greater insight into the processes involved, denote potential biomarker targets

useful in injury assessment and therapeutic targets.

1.5.6: Interleukin-1

IL-1P is a potent inflammatory mediator involved in a range of inflammatory disorders;
and under strict regulation by two-step activation via the multiprotein inflammasome
complex (Ozaki, Campbell & Doyle, 2015). Within the context of TBI, increases in levels
of circulating IL-1B have been observed in both animal and human studies, and

investigated as potential prognostic markers of TBI outcome (Helmy et al., 2010; Fenn
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et al.,2014; Qian, Li & Shi, 2016). However, these in the cases of human studies (Helmy
et al.,2010), microdialysis was used to collect samples, which could have influenced cytokine
levels, which ranged in the 5pg/ml level. Discussed here are some of the potential
mechanisms by which these cytokines could prove detrimental in chronic inflammation.
For example, increased levels of IL-1p have been reported to associate with increased
numbers of immune cell recruitment following injury, as well being accompanied by
increased BBB permeability (Andersson, Perry & Gordon, 1992; Ferrari et al.,2004;
Shaftel et al.,2007). Macrophage and neutrophil numbers increased over the course of
days within regions of the striatum transfected with human IL-18, and this increased
number of infiltrating leukocytes was accompanied by a large area displaying increased
BBB permeability (Ferrari et al.,2004). A follow-up study also found an increased
number of peripheral immune cells entering the brain parenchyma following
overexpression of IL- 1f (Shaftel ef al.,2007). Cell types included T-cells and dendritic
cells and occurred within two weeks of gene activation. A sustained neutrophil presence
was also observed for up to 1 year after activation. BBBD was also observed. However,
the observation that BBB leakage was present in Cxcr2”" mice, as well as WT mice,
suggested that the compromised barrier was due to a neutrophil independent pathway. In
subsequent studies, it has been found that IL-1B can induce changes in BBB integrity
through induced expression of Matrix Metalloproteinase 9 (Alluri ef al.,2014; Alluri et
al.,2016, Michael et al.,2016). In vitro experiments have demonstrated that IL-1f3 induces
hyperpermeability in endothelial cell monolayers that can be elevated via MMP-9 siRNA
treatment (Alluri ef al.,2016a). Increases in permeability were found to coincide with the
disruption and possible redistribution of ZO-1 tight junction complexes, as expression
levels were not altered following IL-1p treatment. A follow-up study using the CCI model
of TBI further indicated that these changes in barrier permeability was ue mediated by
MMP-9, as greater Evans blue dye extravasation was observed in vehicle-treated animals

than those treated with MMP-9 inhibitors.

In addition to BBB integrity, IL-1B has been implicated in other secondary processes
following TBI. The use of IL-1p antagonists have suggested both a potential therapeutic
route for TBI treatment, as well as suggesting the larger role IL-1f plays in TBI. In two
CClI studies, the use of the IL-1p neutralising agent: IgG2a/k, greatly reduced the number
of infiltrating neutrophils and activated T-cells, as well as limiting the number of

activated microglia (Clausen et al., 2009; Clausen et al,2011). Of note, however,
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expression of chemokines mcpl/ccl? and ccl3 were not altered 48 hours after injury, nor
was the early pro-inflammatory cytokine; IL-6. Expression of the astrocyte activation
marker: GFAP was also unaltered, suggesting some other possible means outside of IL-
1B by which recruitment of circulating leukocytes to injury sites is limited. IL-1p-
neutralised mice also showed significantly smaller lesion volumes and improved
performance in memory tasks, suggesting a role in cell survival. Several other studies
also suggest that IL-1 may contribute to cell death after brain injury. Use of IL-1a and
IL-1p in ischemic brain injury models suggest that both forms of IL-1 contribute to neural
damage after injury, while studies also display neuroprotective properties of IL-1 receptor
antagonist, the endogenous inhibitor of both IL-1 proteins (Boutin ez a/.,2011; Lin et al.,
1995; Vezzani et al.,2000). A recent study, which inhibited inflammasome activity, the
primary means of activating IL-1p, reported several improvements over vehicle-treated
mice (Xu et al.,2018). IL-1p expression and protein levels were reduced following
inflammasome inhibition, resulting in reduced lesion size 21 days after CCI compared to
vehicle treated controls. Treated mice were also reported to have reductions in the degree
of oedema, improvement in neurocognitive function and reduced BBB disruption. The
study also reported reduced levels of apoptosis in treated mice, and that the
neuroprotective effects of inflammasome inhibition required the presence of microglia.
This suggests that IL-1B relays apoptotic signals to surrounding neural cells via the
resident immune cells. However, chronic overexpression of IL-1f in the hippocampus of
mice did not contribute to neurotoxicity up to a year after activation (Shaftel et al.,2007).
This is in spite of diverse T-cell recruitment and BBB dysfunction in the region of
transgene activation. The authors do suggest however, that sustained expression of IL-1f3
may make to tissue more susceptible to further injury. Overexpression of IL-1f also does
not account for the requirement for a secondary signal to induce cleavage of the pro-form

of IL-1p to its active form.

1.5.7: Interleukin-6

IL-6 is another heavily investigated cytokine and potential biomarker in recognising and
informing prognosis of TBI. Despite the investigations surrounding its clinical use, the
functional role of IL-6 in TBI is relatively unknown. Using IL-6 KO mice and a cold-
induced TBI model, Penkowa and colleagues (1999) found that IL-6 increases rapidly
following TBI and may play a protective role at lesion sites. Coinciding with peak IL-6
concentrations, WT mice displayed greater reactive astrogliosis and activated microglia/
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macrophages numbers at 3 days post-injury, as well as increased glial scaring over a 3-
week period compared to KO mice. In contrast, IL-6 KO mice showed increased levels
of oxidative stress and decreased expression of anti-apoptotic factors; metallothionein
[+II (MT-I+1I). Perhaps unsurprisingly due to the reduced levels of MT-I+11, the extent
of apoptotic cell death was also greater in IL-6 KO mice than WTs over the 3 weeks
following injury, and the observation was made that surviving cells were those that
retained some level of MT-I+II expression. A later study demonstrated that the lack of
IL-6 can translate to behavioural deficits, suggesting that the cytokine may play a
protective role following TBI. Ley et al., (2011) found that IL-6 KO mice performed
worse at locomotive and exploratory behaviours 24 hours after CCI-induced TBI. IL-6
KO mice as in displayed reduced neurological evaluation of sensory perceptions, righting
reflex and stimuli-induced responses. These behavioural deficits were accompanied with
a significant increase in IL-1fB concentrations in the plasma of IL-6 KO mice following
injury compared to WT mice, possibly suggesting compensatory injury response in the
absence of IL-6. IL-6 may also promote vascular repair, which may, in turn, allow better
regulation of immune cell infiltration. Comparing recovery following cold-induced TBI,
Swartz et al., (2001) demonstrated that IL-6 KO - mice had increased BBBD a week
after injury, while GFAP-IL-6 transgenic mice showed accelerated recovery from injury.
GFAP-IL-6 mice demonstrated greater infiltration of immune cells, restoration of normal
tissue structure and improved re-vascularization. The protective role of IL-6 may stem
from induction of neurotrophic factors. /n vitro experiments have shown that IL-6 can
improve the survival of retinal ganglion cells via Al adenosine receptor signalling, as
well as increasing in brain-derived neurotrophic factor (BDNF) expression (Perigolo-
Vicente et al., 2013). An earlier study found that the concentration of nerve growth factor
(NGF) in the CSF of severe TBI patients increased following IL-6 peak and correlated
with injury severity (Kossmann et al.,1996). Treatment of mouse astrocytes with either
TBI patients’ CSF containing IL-6 or recombinant IL-6 resulted in increased production

of NGF, which was abolished in the presence of IL-6 neutralising antibodies.

While it is suggested that IL-6 plays a positive role in recovery following TBI, there is
evidence pointing to the cytokine having a detrimental effect on neural cells following
injury. This seems to be the case following chronic IL-6 signalling. Treatment of
developing cerebellar granule neuron cultures with physiologically and pathologically

relevant concentrations of IL-6 resulting in reduced cluster size and protein content, as
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well as reduced viability when treated with 5 ng/ml or above (Conroy et al., 2004).
Neutralisation of IL-6 produced improved motor coordination recovery, as well as
potentially reducing the extent of BBBD in a weight drop model of TBI (Yang et
al.,2013). Injured mice performed significantly worse on rota-rod tasks compared to
sham mice 24 hours after injury. However, neutralisation of IL-6 resulted in injured mice
retaining motor co-ordination comparable to that of sham injured mice. In addition to
improved motor performance, serum levels of NSE, a protein currently investigated for
its potential use as a biomarker of BBBD in TBI, was also decreased relative to vehicle-

treated mice.

1.6: Magnetic resonance imaging in TBI

MRI and CT scans are powerful tools capable of assessing numerous aspects of brain
pathology in living patients. Anatomical scans such as T1-3D sequences can be used to
identify gross anatomical changes in brain volume. Diffusion tensor imaging (DTI) and
diffusion-weighted imaging (DWI) focus on anatomical changes in the brain architecture,
and functional MRI (fMRI) is capable of identifying regions involved in a range of
cognitive tasks via changes in blood flow. In addition to these techniques, dynamic
contrast-enhanced MRI (DCE-MRI) is useful in identifying areas of compromised blood
vasculature, a possible hallmark of several neurological conditions (Bell & Zlokovic,
2009; Dorthey et al, 2016; Stolp & Dziegielewska, 2009). However, while MRI continues
to be used to gain a better understanding of the minutia of several neurological conditions,
its utility in identifying changes associated with TBI, especially in the context of mTBI,
has yet to be fully established. This is most clearly illustrated in the WHO definition of
mTBI, which does not include medical imaging findings among its diagnostic criteria,
many other definitions include the caveat that lesions are not always found on CT or MRI
scans of mTBI cases and some definitions suggesting that the presence of pathological
findings upon medical imaging places the injury within the moderate to severe category
(Cassidy et al., 2004, Kristman et al., 2014). Despite this, several studies, both pre-clinical
and animal, have put forward possible means by which medical imaging can be used to

identify structural damage to the brain and neurovascular unit as a result of TBI

1.6.1: T1 and T2-based analysis
A T1-3D sequence produces a series of images across axial, sagittal and coronal planes
of the brain with high contrast between CSF, grey matter (GM) and WM. Analysis of

these scans can be processed with the use of software packages such as FreeSurfer and
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FSL-FIRST. Volumetric analysis can be used to identify potential early stages of atrophy
associated with neurodegenerative diseases such as AD, PD and CTE (Gavett, Stern &
McKee, 2011; Koga et al., 2016; Weintraub et al, 2011; Zeighami et al., 2015;
Migliaccio et al., 2015). Cell loss and volumetric changes in specific brain regions, such
as those associated with executive function, memory and impulse control, have been
observed in human and animal studies of TBI. While these changes are most identifiable
in moderate and severe injuries, differences in brain volume have been observed in mTBI
patients in life with the use of T1 and T2-weighted sequences. Animal models of TBI,
studies examining mild and moderate TBI have found reduced neuronal density,
increased neuronal death and gliosis, up to a year post-injury (Balancga et a/., 2016; Baratz
et al., 2015; Gao et al., 2011; Hick et al., 1993; Smith ef al.,1997). Alongside this loss in
viable neuronal cells is a reduction in neurological function, particularly in regions
responsible for memory. In life measurement of neural cell density is capable via T1 and
T2 MRI paradigms, and is being investigated as a potential marker of future onset of

neurodegenerative conditions.

A study examining adolescents who had recovered from a moderate or severe TBI
observed that changes in regions of the corpus callosum and ventricular area correlated
with reduced performance in neurological tasks probing memory, as well as reduced
general intelligence compared to age-matched controls (Verger et al, 2000; Verger et al.,
2001). Atrophy in the head of the hippocampus was observed in an adult cohort of
moderate TBI within a week of injury when compared to uninjured controls (Ariza et al.,
2006). This was in turn associated with reduced performance in memory tasks. In the
context of mTBI, comparison of controls to recovered individuals found widespread
compromises to both GM and WM integrity in those with a history of multiple mTBIs
(Little et al., 2014). Atrophy was observed for the right internal capsule and right
ventrolateral prefrontal white matter, as well as parahippocampal and cerebellar grey
matter. While changes in tissue density were present in individuals who had sustained a
single mTBI, individuals with a history of multiple mTBIs showed the most widespread
changes in tissue density, as well as greater loss of tissue integrity than those who had
sustained a single TBI. Reduced neurological performance was also observed in both
single and multiple mTBI individuals in domains associated with attention, executive
function and memory. Accompanying these neurological findings were reductions in

tissue density within regions of the parahippocampal gyri, anterior temporal lobe and
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internal capsule, regions associated with memory performance. However, only 33% of
mTBI individuals fell outside of 2 standard deviations of the control neurological scores
when normalising for volume changes. This suggests that at the time of the study, changes
in tissue density were not significantly impacting neurological performance; and may

have represented a progressive state in mTBI-induced neurological decline.

Reductions in the area of several regions were observed in mTBI patients up to two
months post-injury compared to controls, including regions such as caudate, the right
thalamus and right putamen (Zagorchev et al., 2016). These regions continued to
demonstrate significantly reduced volume over 1-year post-injury, in addition to regions
of the amygdala that showed significant reductions in volume over the time period.
Hippocampal volume also trended towards significant reductions 1-year post-injury.
Changes within regions not highlighted upon initial assessment may reflect decay in
associated regions and Wallerian degeneration within the brain, or regional-specific

responses and preservation mechanisms due to injury.

In a study of military veterans who had sustained either a mild or moderate blast-induced
TBI, cortical thickness was found to be significantly reduced in both groups compared to
that of controls (Michael ef al, 2015). Cortical thinning was significantly correlated with
measures of depression and post-traumatic stress disorder (PTSD) but not with
neuropsychological measures such as executive function or memory. In a small study
examining young adults who had sustained at least 2 sports-related mTBIs and who were
not currently recovering from a head injury, bilateral thinning of sub-cortical regions
within the frontotemporal cortex was found when compared to non-injured controls (List
et al., 2015). The extent of cortical thinning within bilateral insula, the middle temporal
cortex and right superior temporal cortex were correlated with the number of mTBIs
reported. Despite observed volumetric changes in the mTBI group, mean fractional
anisotropy (FA) and mean diffusivity (MD) values, measures of axonal tract health
discussed below, were not significantly different to that of controls. Cognitive assessment
also indicated no large differences between the groups. However, overall, the mTBI

group tended to preform worse in almost every neuropsychological assessment.

These findings show that anatomical and macroscopic changes of the brain can be
observed within life of TBI patients and are associated with neurological performance

changes. However, as has been mentioned and will be discussed below, these changes
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may reflect a more transient state than end-stage atrophy associated with neurological

disease.

1.6.2: Diffusion tensor Imaging (DTT)
Diffuse Axonal Injury (DAI) is thought to be a hallmark pathology of TBI and is

particularly evident in moderate and severe TBI (Gentleman ef al.,1995; Meythaler et al.,
2001; Smith & Meaney, 2000). However, it is thought to be a result of injuries of all
severities, as autopsies of mTBI patients reported similar axonal pathology to those of
more severe injuries (Blumbergs et al.,1994; Oppenheimer, 1968,). The acceleration-
deceleration forces applied to the head and brain during TBI causes contortion of the
brain as it is compressed, rotated and stretched, resulting in shear stress being applied to
axonal tracks (Bigler & Maxwell, 2011). Through the use of finite force models, several
regions have been identified as being particularly at risk of shear damage due to their
location and/or tissue make up, for example: areas comprised of grey-white matter
junctions, the corpus callosum, the fornices and rostral brainstem, (Inglese et al., 2005;
Filley & Kelly, 2018). Shear stress resulting from these contortions can propagate along
white matter fibres, resulting in compromised axonal tract integrity throughout the brain
and within regions distal to the focal injury. DTT utilizes the diffusion of water molecules
within the confines of neural tissue and long fibre tracts to estimate axonal tract integrity;
via four output measurements; axial diffusivity (AxD), radial diffusivity (RD), mean
diffusivity (MD) and fractional anisotropy (FA). Each of these values are used to estimate
a different facet of axonal fibre integrity; such as AxD gauging fibre length and
maturation, RD changing in response to axonal myelination and density, MD being an
inverse measure of axonal membrane density and FA giving an overall measure of
microstructure integrity (Alexander ef al. 2007). The use of these measurements allows
for the detection of subtle changes in brain structure, potential indicators of DAI in life.
Therefore, DTI facilitates long-term follow-up of changes in the brain’s microstructure
after injury. To this end, DTI has been heavily investigated for its potential in detecting
subtle changes in fibre tract integrity associated with mTBI in the absence of other
diagnostic findings. However, while several studies have demonstrated changes in axonal
tract integrity following mTBI, there remains a lack of consensus as to the direction in
which these changes occur, and their pathological significance remains to be fully

explored.
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For example, increases in FA and reductions in RD within the regions of the corona
radiata, the cerebellar peduncles and corpus callosum were reported in children assessed
within 30 days post-injury (Van Beek et al., 2015a). While the data indicated that FA was
higher and RD lower in the injured cohort shortly after injury, no statistical differences
between the groups within this time frame were reported. In an inter-hemisphere
comparison, a small study found upon, individuals who had suffered a mTBI had a larger
difference in FA values across 7 regions of interest shortly after injury (Arfanakis et al.,
2002). Changes in FA and MD were also observed in a prospective study comparing non-
concussed ice hockey players to non-contact controls following a season of play
(McAllister et al., 2014). MD was significantly higher in the corpus callosum of returning
players exposed to head trauma compared to their non-contact counterparts, in addition
to significant changes in FA and MD within the amygdala of the contact group. Changes
in axonal parameters within these regions, as well as changes within the cerebellum and
hippocampus, were found to be associated with exposure to non-concussive head impacts
incurred over the course of the study period. A detrimental effect on verbal learning and
memory was observed in a sub-group of hockey players, which was associated with the
largest change in MD within the corpus callosum. These findings build on an earlier,
smaller study that found an increase in the number of WM voxels indicating a change in
FA and MD at the end of a season of ice hockey, was dependant on the number of head
traumas sustained during the season (Bazarian ef al., 2012). Players exposed to head
impacts showed the greatest number of voxels displaying a change in WM parameters,
accumulating with the highest changes being observed in a single concussed player. Over
the course of the study, 10 regions in which tract parameters had significantly changed
were identified; including the corpus callosum, the inferior fronto-occiptial fasciculus,
bilateral regions of the internal capsule and adjoining regions of the hippocampus. In
most instances, members of the contact group displayed a larger proportion of voxels
increasing in FA and decreasing in MD, while values for members of the control group

remained largely similar to their baseline proportions.

Reductions in FA and increases in RD were identified in regions of the corpus callosum
of retired American football players with an early exposure to head trauma (under the age
of 12 years old at first exposure) (Stamm et a/, 2015). These changes were matched with
increased cognitive impairment and behavioural changes. Exposure to mTBI also appears

to limit the development of axonal tracts in children, with FA and RD significantly
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changing over time for control children but not for those exposed to mTBI. Controls
showed significant increases in FA and decreases in RD within structures of the corpus
callosum over a 6-month period, compared to children with recent exposure to mTBI,
who displayed limited changes over that time (Van Beek et al.,2015b). This lack of
change in mTBI patients was associated with decreased working memory scores
compared to controls. Other studies have highlighted the impact of sub-concussive blows
on tract integrity. Using a region of interest (ROI) approach, Bahrami et al. (2016) found
that there was a significant correlation between reductions in FA within the fronto-
occipital fasciculus and exposure to sub-concussive head injuries. Comparisons between
pre- and post-season FA values found that overall, FA reductions within the inferior
fronto-occipital fasciculus (IFOF) were due to decreases in FA within the central part of
the fibre tracts, as well as at fibre terminals. This correlation was only observed
unilaterally, possibly representing exposure of a single side to injury. No significant
changes were observed within structures of the corpus callosum. A similar correlation
had previously been observed for increases in abnormal WM voxels (measured via FA
and MD changes) over the whole brain, decreases in verbal memory and cumulative head
forces (Davenport ef al.,2014). Long term analysis of mTBI patients also indicate that
changes in axonal damage can persist and develop. A study of blast-induced mTBI
patients found developing axonal damage in patients up to 12 months post-injury
compared to controls (Donald et al.,2011). Relative anisotropy remained significantly
lower in mTBI patients compared to controls, while AxD was found to be significantly
reduced compared to initial assessment (up to 90 days post-injury), suggestive of delayed
axonal damage. Another study found a significant interaction between age and blast
exposure, and changes in tract integrity (Trotter er al, 2015). A greater negative
relationship between RD and FA and age was observed in blast-exposed individuals
compared to unexposed controls, with changes being greater in older individuals.
Lifespan trajectories of FA were plotted based on age and blast-exposure and found that
blast-exposed individuals also showed accelerated loss of axonal tract integrity compared
to controls. This relationship appeared to be unique to blast exposure, as when comparing
TBI exposure-age interactions and diffusion parameters, no significant interactions were
observed. The lack of an identified interaction suggested that blast-exposed mTBI may

be a distinct injury to that of blunt force mTBI.
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1.6.3: Contrast enhanced MRI

Dynamic contrast-enhanced MRI (DCE-MRI) allows for quantitative assessment of BBB
permeability through measurement of an administered contrast agent, such as
gadolinium- or ferumoxytol-chelates (Padhani et al., 2004; Hope et al., 2015). The signal
of the contrast agent is quantified, as well as other parameters such as blood flow and
tissue perfusion; applied to one or more tracer-kinetic models for post-processing. The
Tofts Extended Model is one of the most commonly applied models used in DCE-MRI
assessments, the primary output of which is the volume transfer constant (K""),
Secondary outputs of the model, such as interstitial volume (ve), the rate constant (Kep)
and plasma volume (vp), are also used to gauge aspects of vascular health (Sourbron &
Buckley, 2011). K™ is considered the primary endpoint by which changes to barrier
integrity in anti-angiogenic or anti-neovascular therapies is assessed and is used to
estimate barrier properties in conditions such as MS, AD, glioblastomas and stroke (Starr
et al., 2009). However, a limited number of studies have used K" measurements in the
context of human TBI studies, due to considerations of high signal/ noise ratio, low
spatial resolution and ethical considerations surrounding the administration of
gadolinium chelates (Li et al., 2014; Pinter et al., 2016). Therefore, evidence collected
from the use of DCE-MRI in conditions previously mentioned is an indicator of the
potential DCE-MRI parameters have in assessing BBB dysfunction in TBI. For example,
one study found that MS and vascular cognitive impairment (VCI) patients showed
markedly higher volume transfer coefficient when compared to a threshold set by controls
(Taheri et al.,2016). The control cohort was used to threshold for noise present in DCE
scans, while the Patlak model was used to determine the equivalent volume transfer (Ki).
MS and VCI patients showed markedly higher Ki within WM regions, as well trending
to higher mean Ki values compared to controls. In a sub-cohort of MS and VCI,
CSF/Serum albumin ratios were available and correlated with mean Ki values of white

matter regions

In another study, patients with post-traumatic epilepsy were suggested to have increased
barrier permeability compared to age-matched, non-epileptic TBI patients reporting some
degree of PCS (Tomkins et al., 2008). In both groups, most patients had their TBI
classified as mild. Within both groups, post-traumatic lesions were identified; and using
a semi-quantitative method of counting pixels with significant signal intensity changes

post-contrast, barrier integrity was assessed. Of the initial cohort of 32, 14 (43.75%) were
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identified as having increased BBB permeability, with 13 of 14 patients having a
proximal old haemorrhagic contusion to regions of increased signals. Post-traumatic
epilepsy patients were found to be more likely to present with a lesion, as well as have
associated impaired barrier integrity than non-epileptic patients, in addition to having a
significantly larger cortical volume displaying BBBD. In a sub-group of patients with
higher barrier permeability, standardised Low-Resolution Brain Electromagnetic
Tomography indicated that regions of abnormal delta activity were matched to the same

cortical regions indicating disrupted BBB integrity.

Much of the data applicable to the use of DCE-MRI in detecting minor changes in barrier
permeability come from animal models, which, while approximating a mTBI, often
involve procedures or injuries, such as craniotomy or skull fracture, that may invalidate

that term.

A study in rabbits found that K™" values calculated by the extended Tofts model were
significantly different in injured animals compared to controls, including those that
received a mild injury (Wei ef al.,2011). Utilizing a weight-drop model of TBI to produce
mild, moderate and severe injuries, the study found that average K" values were greater
at injury severities compared to sham injuries in animals 24 hours post-injury, with the
greatest increases being observed in severe TBI. Along with this, increasing K" values
correlated with the increasing size of lesion volume across all injury severities.
Correlation of K"™" with lesion volume as a reference of injury suggests that within the
weight-drop model, changes in BBB integrity may be detected within the acute stage of
injury by neuroimaging and accurately reflect the extent of the injury. A similar study,
also in rabbits and using a weight drop model, although this time performing a craniotomy
24 hours prior to TBI, found that increases in K™ were accompanied by developing
neurological deficits and WM changes (Li ef al., 2011). K™ measurements recorded at
3- and 7-days post-injury were found to predict scores of the Veterinary Coma Scale
(VCS), the animal equivalent to the Glasgow Coma Scale (GCS), at 30 days post-injury,
as well as 3-days post-injury K™ values correlating with neurological performance. This
relationship is valid for both focal and perifocal lesion values, although most clear when
considering focal lesion values. This increase in transport coefficient was accompanied
by an increase in apparent diffusion coefficient, a general measure of water movement
within tissue. However, while a similar model was employed, Li ef al.’s (2011) model

appears to more closely resemble a severe TBI, as noticeable swelling outside the skull
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was observed in MRI scans, incidences of fatal injury were reported, and a craniotomy
was performed prior to injury While these confounders may be somewhat mitigated by
the delay in the application of TBI, they still represent observations more consistent with

moderate and severe injuries.

In an attempt to mitigate some of the issues with applying the Tofts models to TBI
research, namely the low spatial resolution and unfavourable signal-to-noise ratio, an
extended DCE scan sequence showed improved localisation of BBBD, compared to non-
specific oedema findings from T2 scans (Li et al.,2014). Rats were scanned 1 hour after
receiving a CCI using a modified DCE scan protocol. The study extended the DCE
sequence to include a pre-scan module, to allow mapping of flip angle and magnetization
distributions, as well as compared and combined reversible and irreversible models of
contrast agent leakage. Li ef al.’s (2014) study found that application of a reversible
model to non-injured regions increased the level of noise in K™, However, if an
irreversible model is applied in assessing leakage within the focal region of the injury,
barrier permeability is significantly underestimated compared to use of a reversible model.
Conversely, application of reversible modelling to assess normal, non-injured tissue
significantly increased the level of noise present throughout the rest of the scanned region.
A combination of both modelling methods allowed for retention of accurate assessment
of focal and perifocal barrier leakage, as well as reductions in the levels of noise present
in non-injured tissue. This combined model suggested leakage to a similar extent to that
found upon histopathological examination using Evans Blue extravasation. The model
also indicated a non-linear relationship with the extent of oedema formation, as measured

using T2 sequences.

Utilizing a similar model, a more recent study in rats also reported that increases in K"
values following injury were accompanied with increased oedema and BBB break down
(Lu et al.,2018). K™ was higher in animals that received an injury compared to sham
injured animals within 3 hours of the injury, and higher values were sustained for up to
72 hours. This matches corresponding findings of increased brain water contents over the
72 hours, as well a gradual decline in the TJ proteins; ZO-1 and Occludin, and increases
in MMP-9, all important mediators in maintaining barrier integrity. However, while the
speed of impact and impact depth in this model was low (1.5m/s and 2.5mm respectively),
the study reflects more a moderate to severe model, due to the removal of the skull and

direct impact of the impactor tip on to brain tissue.
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As mentioned, the use of DCE-MRI and BBB assessment in mTBI cases is limited.

However, some studies have investigated the utility of the technique in humans.

For example, one study found that repetitive blows associated with normal play of
American Football can alter BBB permeability, even in the absence of a mTBI
(Wiessberg et al. 2014). American football players and track-and-field athletes, who
served as control athletes, were scanned after two months of competitive participation, at
which point barrier integrity was assessed across the whole brain using a novel linear-fit
model mentioned early in this section. The threshold value of high BBB permeability was
set to the 95™ percentile value of all slopes observed within the track-and-field athletes
and BBBD was measured by the percentage of suprathreshold voxels was accessed for
each participant. Application of Gaussian modelling clustered participants into two
distinct groups; one with a low percentage of suprathreshold voxels and referred to as the
“intact” BBB group, and a group with a high number of suprathreshold voxels, termed a
“pathological” blood-brain barrier group. Within the intact group, 55% (11/20) were
control athletes, compared to 14.2% (1/7) in the “pathological” group. The authors
reported no differences in the number of head injuries sustained between the players and
control groups, nor between intact and “pathological” groups, suggesting that repetitive

sub-concussive force to the brain may be sufficient to induce changes in BBB integrity.

A recent case-control study found that individuals with Post-Concussion Syndrome
(PCS) had higher K™ and v. (extravascular extracellular volume) values than that of
controls (Yoo et al.,2018). Individuals with PCS, who were scanned at least 2 months
following their injury, showing no signs of trauma related-haemorrhagic lesions,
compared to controls that displayed no abnormal findings on MR scan, including WM
lesions. Using a ROI approach, the study found that K" and v, were significantly higher
in both normal appearing WM and regions displaying DAI Regions of DAI investigated
included bilateral frontal GM matter interfaces and the dorsolateral midbrain. While
regions of the corpus callosum and temporal GM matter interfaces were also highlighted
as regions of DAI, they did not show significantly different K™ values. However,
median values did tend to be higher in these regions compared to controls. Also observed
was a decrease in the difference between K™ values at regions of DAI between PCS
individuals and controls after 3 months post-injury, which the authors suggest may reflect
re-establishment of integrity within damaged WM regions. In a sub-cohort of individuals

with paired MR scans and neuropsychological testing, correlation analysis identified a
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relationship between v. values, T2 hyperintense WM lesions and performance in Verbal
Learning Test (delayed recall). In addition, digit span tests Receiver operating
characteristic (ROC) analysis showed that median v at regions of WM lesions was able
to distinguish between controls and PCS patients with a sensitivity of 100% and
specificity of 71%.

While these injuries are more severe than a mTBI and occurred during a dynamic time in
brain development, they illustrate the long-lasting effects TBI have on brain structure and

neurological function.

Objective of this study

Maintenance of the BBBD plays a critical role in neuronal homeostasis by limiting the
passage of macromolecules, ions and immune cells into the neural space. Aberrant
disruption of the barrier is being increasingly linked to the early processes involved in
the development of a number of neurological and psychiatric conditions (Greene et al.,
2017, Nation et al., 2018). However, TJ proteins of the BBB have also been demonstrated
to display considerable plasticity within the regions of neural injury, capable of repair
even in presence of large scale, long-term damage such as that observed in vasogenic
oedema (Campbell et al., 2012). As moderate and severe TBI is suggested to be one of
the largest environmental risk factors in the development of a neurodegenerative disease,
BBBD and loss of homeostasis may act as linking factor between physical injury and
molecular pathology. However, in recent years attention has focused on the risk posed by
repetitive mTBI, such as those incurred by military personnel or athletes engaged in
contact sports. While epidemiology studies have yet to fully characterise a link between
mTBI and dementia risk, the neurological condition, CTE (previously dubbed Dementia
Pugilistica) has been closely associated with repetitive mTBI since its first description in
retired boxers (Castellani & Perry, 2017). In recent years, case studies have put forth
evidence of BBBD individuals engaged in contact sports and subsequently diagnosed
with CTE (Doherty et al.,2016, Tagge et al.,2018). BBBD has been well characterised in
moderate and severe, however, mTBI on the BBB have remained understudied,

particularly in humans.

The primary aim of this study was to characterise the changes in BBB in the context of

sports-related mTBI. To that end, the objectives of this study consisted of:

* Characterisation of TJs and BBB integrity in TBI-related dementia cases.
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* Investigate the utility of blood-based biomarkers, S1003, BDNF and MCP-1/ CCL2 in
identifying BBBD in contact-sports athletes over a period of 8 months in rugby athletes
and within 48hrs of an organised bout in MMA athletes.

* Investigate the evolving immune response of peripheral immune cells of contact sports

athletes to necrotic brain tissue.

* Establish the use of novel DCE-MRI analysis techniques and investigate their utility in
detecting changes to BBB integrity in the context of sport-related mTBI over a period of

8 months in rugby athletes and within 48hrs of an organised bout in MMA athletes.
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CHAPTER 2: MATERIALS AND
METHODS
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2.1: Immunohistochemistry

Previously prepared 10 um paraffin-embedded sections, as well as cryosections of post-
mortem human brain tissue from each individual reported in Chapter 3 were obtained
with ethical approval from the Dublin Brain Bank at Beaumont Hospital in Dublin.
Ireland. Neuropathological diagnoses for each subject are detailed in the reports of

Chapter 3 were prepared by Dublin Brain Bank personal.

Paraffin-embedded sections underwent xylene-based deparaffination and sequential
rehydration by submerging sections five times in solutions of 100%, 90%, 70% and 60%
ethanol solutions before submersion in dH>O. Following rehydration, sections underwent
additional antigen retrieval. Antigen retrieval was performed by boiling the
deparaffinated sections in sodium citrate buffer (10 mM sodium citrate. 0.05% Tween-20.

pH 6.0) for two 5-minute rounds.

Following deparaffination and antigen retrieval, sections underwent the protocol for
immunohistochemistry. Sections were blocked in 5% normal goat serum (NGS, Sigma),
0.5% Triton X-100 in PBS for 20 minutes before overnight incubation with primary
antibodies in dilutions of 1:100 to 1:250. Following overnight incubation in primary
antibody solutions, sections underwent five 5-minute washes in PBS, before sections
were incubated with fluorescently-conjugated secondary antibodies at a dilution of 1:500
for 3 hours at room temperature. After incubation in secondary antibody solutions,
sections underwent five 5-minute washes in PBS. Following washing, sections were
counterstained with Hoechst 33258 for 30 seconds at a dilution of 1:5,000 of a stock 1
mg/mL solution to visualise nuclei. After nuclei counterstaining, sections were mounted
using Polymount Aqua Medium and a coverslip. Sections were stored at 4°C until imaged.
Imaging of staining sections was carried out using a Carl Zeiss LSM 710 confocal

microscope.

Primary antibodies used were rabbit anti-claudin-5 (1:250 dilution, Invitrogen), mouse
anti-p-tau (1:250 dilution, Innogenetics), and rabbit anti-ZO-1 (1:250 dilution,
Invitrogen). Labelling of human IgG and fibrinogen used Cy3-conjugated goat anti-
mouse IgG (1:100, Abcam) and FITC-conjugated rabbit anti-human fibrinogen (1:100,
DAKO) respectively. Secondary antibodies used were goat anti-rabbit Cy3 conjugated
antibodies (1:500, Abcam) and goat anti-mouse Alexa Fluro-488 conjugated antibodies

(1:500).
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2.2: Patient recruitment

All ethical approvals were in place prior to initiation of studies on human subjects. Over
the course of the study, a total of three participant groups were recruited to the study: a
school-aged rugby cohort (aged 17-18), a university-age rugby cohort (aged 21-24) and
an MMA cohort (aged 24-29). All participants were healthy at the time of recruitment.
Participants were recruited through direct contact with coaches of the school and
university teams, and through information evenings carried out by the research team in
MMA gyms in the Dublin area. Participants were considered suitable for the study if: 1)
they actively engaged in the contact sport under study (either rugby or MMA); 2) they
had not been diagnosed with any mental health disorders; 3) they had no history of kidney
problems; 4) they were good health at the time of enrolment. Demographic charts
detailing mTBI history and timing of post-season MRI assessment for rugby participants
(Table 2.1) and MMA participants (Table 2.2) were made from information collected
during baseline, post-match and post-season assessment by medical personnel conducting

physical assessment.

Rugby participants were assessed within a month of the beginning of the competitive
season. The competive season lasted roughly 8 months, beginning in September 2015
and ending in late April 2016. Following the completion of the competitive season,
returning participants were assessed with two months of the match. In the cases of rugby
participants who underwent post-match assessment, this was carried out within 2 hours
of the match. Post-match blood samples, as well as baseline and post-season samples,

were processed immediately onsite following collection.

MMA participants underwent baseline assessment during a period in which they were
one week detached from a competive bout and heavy-contact sparring sessions. This
period was chosen to accommodate participants’ training schedules. Post-bout

assessments were carried within 48hrs following a competitive bout.

Assessments for all participants at all time points were carried out in a clinical research
facility in St. James’ Hospital, Dublin, by professional medical personal. Assessment at
each time point consisted of participants undergoing a brief physical examination by
medical personal to assess any external injuries, as well as noting any neurological
complaints consistent with symptoms of mTBI present at the time of assessment. Blood

samples collected via venepuncture were collected during the assessment by either
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medical personal or trained research staff. Blood samples consisted of two 8ml EDTA-
coated tubes for PBMC and plasma isolation, one 5ml “red capped” tube for serum
collection and one 5Sml “red capped” tube which was sent to St James’ haematology
department for routine blood screening and creatine assessment. MRI scans carried out
at the immediately after blood collection consisted of T1, T2 and FLAIR scans, as well
as DCE-MRI and DTI sequences.

Initially, 22 participants for the school-aged cohort and 10 participants for the university-
aged cohort, totalling 33 participants signed up for the study. However only 11 of the
school-age cohort and 7 from the university-aged cohort were retained for post-season
evaluation, resulting in a total of 18 participant available for comparison with baseline
values (Figure 2.1). In addition, the university-based team participants (Initially n = 10
recruited but only n = 7 were scanned post-match) underwent an assessment within 2

hours of playing a full contact competitive rugby match.

To date, 18 participants have been recruited as part of the MMA cohort. However, at the
time of submission only 5 participants had undergone baseline and post-bout assessment,

and therefore only these 5 participants were eligible to be included in this work.
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52 participants
(required)

School-aged University-aged
participantsrecruited participants recruited
(n=30) (n=15)

Retained Retained
Dropout rate School-age Dropout rate University-aged
(n=19) participants (n=7) participants
(n=11) (n=8)

Post-season Post-match
assessment assessment
(n=6) (n=8)

Post-season

assessment

Participants
(n=17)

Figure 2. 1: Flowchart of participant retention within the rugby cohort.

A flowchart detailing participant retention with the school-aged and university-aged rugby cohorts. Prior
to the commencement of the study, power analysis indicated a cohort size of 30 participants in order to
detect a moderate effect size. Initial recruitment of within a local school rugby club garnered the required
numbers for initial assessment. However, many participants dropped out of the study (n=19), either
through not attending baseline assessment dates or choosing not to complete the post-season assessment.
The university-age cohort was recruited to bolster cohort numbers and engaging with a local university
team yielded an additional 15 participants. Within this cohort, dropout rates remained high (n=7),
primarily due to participants choosing not to attend post-season assessment. Of the retained cohort, two
participants did not attend post-season assessment, but did undergo post-match assessment. University-
aged participants that completed post-season assessment were pooled with school-aged participants for a
pre-post-season cohort of 17 participants. The pre-post-match cohort total 8 participants
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2.3: PBMC isolation from human whole blood

Plasma, Peripheral Blood Mononuclear Cells and erythrocyte cell fractions were isolated

via the density gradient separation protocol as follows.

Whole blood (~16mls) collected in EDTA-coated tubes was diluted in a 1:1 ratio with
PBS. Diluted whole blood was gently layered atop 10ml of Lymphoprep (Stemcell
Technologies, Vancouver, Canada). The buffy coat layer of whole blood containing the
PBMCs was separated from whole blood by spinning the layered blood at 400G for
45mins. Acceleration and deceleration of the centrifuge was set to zero. Following this
step, the whole blood separated to plasma, buffy coat/PBS and red blood cell layers. The
plasma layer was gently removed in order to not to disturb the buffy coat layer. The
collected plasma was stored at -80°C until required. The buffy coat layer was gently
removed in order to not collect any of the red blood fraction and transferred to a fresh
falcon tube. The buffy-coat layer was washed three times by resuspending the layer in
40ml sterile PBS, and the spun down at 1000rpm for 15 minutes. Acceleration and
deceleration of the centrifuge was set to maximum. Following washing the, the cell pellet
made up of PBMCs were resuspended in RMPI culture media supplemented with 10%
DMSO and frozen for later use at -80°C overnight, before being transferred to liquid

nitrogen for long-term storage.

2.4: Necrotic Brain Conditioned Media

In order to generate cell media supplemented with antigens of necrotic brain tissue, brains
were dissected from healthy adult C57/BLJ mice. Following dissection, the olfactory blub
and brain stem were removed, and the brain gently divided into units of one hemisphere
each (0.2-.0.3g). One hemisphere per 3 ml of RMPI media was used to generate the
conditioned media. RPMI media containing the dissected brain tissue was flash frozen in
liquid nitrogen, before being allowed to thaw completely in a 37°C water bath. This
freeze-thaw process was repeated 3 times. Brain tissue that remain intact was
homogenized. Particulate matter in the media was pelleted by centrifuging the brain-
containing media at 1500 g for 30 min. The supernatant was gently removed from the
tissue pellet and sterile filtered with 0.2-micron filter in to a fresh storage tube.

Conditioned media was stored at -20°C until required.
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2.5: PBMC stimulation with Necrotic Brain Conditioned
Media

After being brought up in 10% FBS/ RMPI media, PBMCs were counted and seeded in
a 96-well plate at a density of 1x106 cells/ ml.

Cells incubated overnight at 37°C/ 5% COa,. Cells were then spun down at 1000rpm for
10min to ensure cells were at the base of the well before the media was carefully removed.
Cells were supplied with either fresh 10% FBS/ RMPI, which served as the negative
control, or 10% FBS/ RMPI supplemented with LPS (100ng/ml). The cells were primed
with LPS supplemented media for 3 hours. After the 3-hour incubation, cells were spun
down at 1000rpm for 10min and the media was removed. Fresh media containing before
being spun down and treated with either ATP supplemented or conditioned media. Cells

were incubated for 30mins at 370C before being spun down and the supernatant collected.

Collected supernatants were analysed for release of IL-1f and IL-6 via ELISA (R&D

Systems, Minneapolis, USA) per the manufacturer’s recommended protocol (Section 2.6).

2.6: Enzyme-linked immunosorbent assay (ELISA)

Supernatants collected from PBMCs exposed to necrotic brain conditioned media and
plasma samples collected via venepuncture were screened for various analytes via ELISA
kit, the specifics of which are described below. The absorbance of each well was read at
450nm on a microplate photometer (Thermo Fisher Scientific Multiskan FC).
Concentrations of the analytes were determined from a standard curve after correcting

for background absorbance and dilution factors.

IL-1B in PBMC supernatant was measured using Human IL-1B/ IL-1F2 DuoSet ELISA
Kit (R&D Systems). The range of detection was between 3.9 and 250 pg/ml.

IL-6 in PBMC supernatant was measured using Human IL-6 DuoSet ELISA Kit (R&D
Systems). The range of detection was between 9.4 and 600 pg/ml.

Concentrations of biomarkers contained in plasma samples of both rugby and MMA
participants were analysed using the following ELISA kits. Absorbance of each well was

read at 450nm on a microplate photometer (Thermo Fisher Scientific Multiskan FC).
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Concentrations of the analytes were determined from a standard curve after correcting

for background absorbance and dilution factors

S100B in human plasma samples was measured using Human S100p DuoSet ELISA Kit
(R&D Systems). The range of detection was between 46.9 and 3000 pg/ml.

BDNF in human plasma samples was measured using Human/ Mouse BDNF DuoSet

ELISA Kit (R&D Systems). The range of detection was between 23.4 and 1500 pg/ml.

MCP-1 in human plasma samples was measured using Human MCP-1 (CCL2) Standard
ABTS ELISA Kit (R&D Systems). The range of detection was between 15.62 and 1000
pg/ml.

2.7: Magnetic Resonance Imaging (MRI)

MRI was performed using a 3T Philips Achieva scanner in the Center for Advanced
Medical Imaging, St. James’ Hospital, Dublin. The scanning protocol included a T1-
weighted anatomical scan (3D gradient echo, TE/TR =3/6.7 ms, acquisition matrix
268x266, voxel size: 0.83x0.83x.9 mm), T2-weighted imaging (TE/TR =80/3000 ms,
voxel size: 0.45x0.45x.4 mm), FLAIR (TE/TR =125/11000 ms, voxel size:0.45x0.45x4
mm) and DTI sequence (TE/ TR=55/ 12877 ms, Flip Angle=90 0, acquisition matrix=
124x120, FOV=250%250 mm2, b0=1000 s/mm?2).

In the school-aged cohort, the calculation of pre-contrast longitudinal relaxation time
(T10), the variable flip angle (VFA) method was used (3D T1w-FFE, TE/TR =2.78/5.67
ms, acquisition matrix: 240x184, voxel size: 0.68x0.68x5 mm, flip angles: 2,10,16 and
24°). DCE sequence was the acquired (Axial, 3D T1w-FFE, TE/TR = 2.78/5.6 ms,
acquisition matrix: 240x184, voxel size: 0.68x0.68x5 mm, flip angle: 6°, At = 6.5 Sec,
temporal repetitions: 70, total scan length: 7.6 minutes). An intravenous bolus injection
of the contrast agent gadobentate dimeglumine (Gd-BOPTA, Bracco Diagnostics Inc.,
Milan, Italy) was administered using an automatic injector after the first three DCE

repetitions.

For the second, university-aged cohort, T1-weighted, T2-weighted and FLAIR imaging
parameters were kept the same. For the calculation of pre-contrast longitudinal relaxation
time (T10), the VFA method was used (3D T1w-FFE, TE/TR =2.78/5.67 ms, acquisition
matrix: 208x,204 voxel size: 0.86x0.86x6 mm, flip angles:10,15, 20, 25 and 30°). DCE

sequence was the acquired (Axial, 3D T1w-FFE, TE/TR = 2.78/5.6 ms, acquisition
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matrix: 208x,204 voxel size: 0.86x0.86x6 mm, flip angle: 20°, At = 22.2 Sec, temporal
repetitions: 61, total scan length: 22.6 minutes). Intravenous bolus injection of the
contrast agent gadobentate dimeglumine was administered using an automatic injector

after the first five DCE repetitions.
DCE-scan protocols for the MMA participants was the same as the university-aged cohort.

Post-acquisition image analysis of DCE-MRI images was done using a custom Matlab
script that estimated contrast agent extraversion using the LDM, as reported in Chassidim
et al. (2013) and Wissberg et al. (2014), as well as Tofts-extend Model. Training in the
use of the script was carried out in person with the authors of the script; Dr. Ronel Veksler

of Ben Gurion University, Israel.

Post-acquisition image analysis of DCE-MRI images was done using a custom Matlab
script that estimated contrast agent extraversion using the LDM, as reported in Chassidim
et al. (2013) and Wissberg et al. (2014), as well as Tofts-extend Model. The LDM
estimated the Normalised Perfusion Index (pixel intensity/ time) by calculating the linear
slope of contrast agent intensity for each voxel and normalising to the Venous Input
Function. The Tofts-extended model calculates (Formula 1) Volume Transfer Constant

(Ktrans), which, in the case of the brain, is equivalent to the Permeability Surface Product
(PS)

i(t) = vpd(t) + Ktranse — tKtrans /ve
Derivation of the Ktran is done using Formula 2:
Ktrans = FpPSFp + PS

For a further explanation as to the derivation of the formulae and each of its components,
one is directed to Sourbron and Buckley (2011). Processing of the images involved use

of the script through Matlab and consisted of the following steps:

1. Converting DICOM images of the MRI scan to. nii format and preforming

image alignment.
2. Setting repetition time of T1 and DCE scans.

3. Selecting the flip angles to be included in the analysis of DCE signal.
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4. Setting the time between image acquisition during the acquisition time.
During this study, image acquisition was acquired every 20 seconds

during the DCE scan.

5. Running the script to allow for selection of Regions of Interest (ROI) to
serve as the reference point for Arterial Input Function (AIF) and Venous
Input Function (VIF). For the entirety of this study, the AIF was taken
from the carotid artery and the VIF was set to the signal from the sagittal

sinus at the posterior of the brain.

6. Set the time during the DCE scan after which to analyse the signal for the
LDM. This only affects the LDM results. For the entirety of this study,

this was set to 360 seconds.

7. Run script. Enter applicable participant details when prompted.

Diffusion weighting was consisting of 32 non-collinear directions, and a non-diffusion

tensor image whose b0=0 s/mm2. Nineteen axial sections of scanning in Smm thickness

without gap, covering the whole brain were obtained.

Post-scan DTT analysis was carried out using the ExploreDTI suite. Training in the use

of the software and analysis was carried out in person with Dr. Kathy Ruddy of Trinity

College Dublin, Ireland. Processing of the images consisted of the following steps:

1.

Converting the DICOM files to. nii format using the third-party software

“dem2niigui.mat”.

With the ExploreDTI suite, compute the B-matrix from BVEC and BVAL files.

. Align .nii files for further analysis by ExploreDTI analytics. Use the

“Flip/permute dimensions in 3D/4D * nii file(s)” plugin function to ensure correct

alignment.

Create a diffusion tensor file for the scan from the flipped DTI scan file and

corresponding b-matrix file.

An optional correction step can be carried out at this point. Correct for motion
artefacts by registering the DTI scan to reference scans (i.e. T1 or T2 structural
scans). Use the SM/ EC/ EPI correction function to perform an EPI (non-rigid

correction). For T1 reference scans, the options of “Avg(DWIs)” or “FA” are
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available. For T2 scans, the correction option of “non-DWI” is available. Once
set, use the “Correct for subject motion & EC/ EPI distortions” function and select
the folder contain both the flipped DTI scans and the reference scans. For the
entirety of this study, this step was carried out using T1 scans as reference and

using the “FA” correction option.

6. Whole brain tractography was performed on the corrected DTI files using the
“wholebrain tractography (DTI)” function.

7. Analysis of tractography parameters was performed using a pre-determined brain
atlas. This was done via the “network analysis tool (get connectivity matrices)”
function and selecting the “from atlas template/ labels” option and selecting the
desired reference atlas. For the entity of this study, the ICBM brain atlas was

used as the reference atlas.

2.8: Statistical Analysis

Statistical analyses were performed using two-tailed Wilcoxon t test, with statistical
significance being considered at P< 0.05. For correlation analysis, association strength
46 was set at 0-0.39 for no association, 0.4-.0.59 for a weak association, 0.6-0.79 for a
moderate association and 0.8-1 for a strong association. Prior to the commencement of
the study and recruitment of participants, power analysis was performed using the
G*Power software suite. A priori analysis set with a power value of 0.85 and assuming a
moderate effect size (p=0.4) and a error probability of 0.05. This gave a required sample
size of 50 participant (Figure 2.2). However, following the large attrition in participation
numbers, post-hoc power analysis was recalculated following final assessment of the
university participants in order to determine the power of the study with the number of
individuals available (n=18) (Figure 2.3). This gave a greatly diminished power value

(1-B error probability = 0.41).

As part of the study focusing on the MMA participants, power analysis was calculated
using G*Power using an expected sample size of 30 participants and a large effect size

(p=0.5) (Figure 2.4).
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FIGURE 2. 2: A PRIORI POWER ANALYSIS FOR THE RUGBY PHASE INDICATES THAT 50
PARTICIPANTS ARE REQUIRED TO POWER THE STUDY

Prior to the start of the study, it was calculated that 52 participants would be required to suitably
power the study (red box). Based number of required participants was based on a moderate effect
size (p=0.4), with an a-error probability of 0.05, and an acceptable degree of power (1-f error

probability 0.8).
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FIGURE 2. 3: POST-HOC POWER ANALYSIS USING THE AVAILABLE NUMBER OF PARTICIPANTS
FOR THE RUGBY STUDY FOUND THE STUDY WAS UNDERPOWERED USING THE INITIAL
PARAMETERS.

Post-hoc power analysis using the number of available participants (n=18) as part of both
schoolboy- and university-aged cohorts for the rugby phase of the study found that given the prior
set parameters, the study was under powered (1- error probability = 0.41). Effect size (p=0.4) and
a-error probability (set to 0.05) were retained from a priori analysis.
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FIGURE 2. 4: A PRIORI POWER ANALYSIS FOR THE RUGBY PHASE INDICATES THAT 50
PARTICIPANTS ARE REQUIRED TO POWER THE STUDY

Prior to commencement of the MMA study, power analysis was carried out to determine the
number of participants required. Taking in to context results seen from the rugby phase of the study,
the effect size was changed to reflect a large effect size (p=0.4). The a-error probability was kept

to 0.05, and an acceptable degree of power (1-B error probability 0.80). The required number of
participants for this sort of study was determined to be n-34 (red box).
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CHAPTER 3: CASE REPORTS OF
DEMENTIA PATIENTS
CONNECTED BY A HISTORY OF
TBI



3.1: Abstract

A history of head trauma has long been associated with the development of dementia later

in life, with diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD),
serving as the strongest environmental risk factor for dementia development, and linking
traumatic brain injury (TBI) and neurodegenerative disease. In recent years, attention has
shifted to the risk posed by repetitive, mild TBI (mTBI) due to the re-emergence of the
neurodegenerative condition Chronic Traumatic Encephalopathy (CTE). The publication
of several high-profile case reports of former athletes in contact sports being diagnosed
with CTE has ignited an increased interest in the risks posed by mTBI. Additional reports
of CTE in military veterans exposed to blast-induced mTBI, as well as football players
who frequently “header” the ball, suggest that physical forces of mTBI contribute to the
mechanisms by which the dementia condition develops (Goldstein et al.,2012; Ling et
al., 2017). Presented in this section is a series of case reports examining the state of the
BBB in individuals with a history of head trauma diagnosed with a neurodegenerative
disease. Two of these cases (Case 1 and Case 2) were diagnosed with CTE and were
noted to have had a long career in contact sports in which they incurred multiple mTBI
over their active years. The third (Case 3) was of a unique case in which the individual
was diagnosed with multiple neurodegenerative conditions, the only finding of note in
their medical history was a single severe TBI incurred in their youth. In each of these
cases, the level of the tight junction (TJ) protein claudin-5, as well as phosphorylated tau
(p-tau) pathology was examined. In addition, the extent of BBB dysfunction (BBBD) was
explored by examining the degree of endogenous immunoglobulin G (IgG) and
fibrinogen extravasation in post-mortem sections of each case. In both Casel and Case 2,
discontinuous or absent claudin-5 immunoreactivity was observed in regions of intense
p-tau deposition, accompanied by evidence of hlgG and fibrinogen extravasation,
suggesting BBBD at these sites. Reduced levels of claudin-5 reactivity was also observed
in Case 3, along with hIgG extravasation and p-tau deposition patterns unique from CTE.
These case reports are among the first evidence of BBB dysfunction in CTE and suggest

that disruptions to the BBB may arise as a result of mTBI acquired in contact sports.
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3.2: Introduction

TBI is a major cause of death worldwide, representing roughly 9% of all worldwide
deaths, a leading cause of mortality in children and young adults globally and represents
a large injury burden in the elderly, with age-standardised injury rates increasing by 8.4%
in 16 years (WHO, 2014; CDC, 2004). Cerebral oedema, BBB dysfunction (BBBD) and
subsequent pathophysiological reactions, such as inflammation and neurometabolic
changes, resulting from moderate and severe TBI are well characterised processes
evolving from the injury (O’Leary & Nichol, 2018). However, the physiological
responses arising from mTBI are less well characterised, although animal models suggest
that BBB dysfunction is at least a common process (Nag et al., 2007). While mTBI is an
injury that by some definitions does not produce gross neuroanatomical changes, the
implications of sustaining multiple injuries or subclinical injuries for the long-term brain
health of individuals has become increasingly pertinent. Athletes participating in contact
sports are suggested to be at a particularly high risk of mTBI sequelae. This is due in part
to recent high-profile case studies concerning early onset neurodegenerative diseases in
athletes engaged in contact sports and the return of “Punch Drunk” syndrome to the public
domain in the form of CTE (Parker, 1934; Omalu et al., 2010a; Omalu et al., 2010b;
Alosco et al., 2018; Tagge et al., 2018).

Increased risk of dementia is suggested to be a consequence of exposure to TBI, with the
risk of developing AD has been found to increase up to 82% in men with a history of TBI,
while the risk of developing PD or non-AD dementia estimated to increase by 30% and
40% respectively (Mortimer et al, 1991; Fleminger et al., 2003; Rosso et al., 2003;
Gardber et al., 2014). However, meta-analyses of TBI studies propose a less than clear
relationship between TBI and its long-term risks for dementia development, with recent
reports indicating conflicting findings regarding mTBI’s contribution to dementia risk
(Godbolt et al., 2014; Perry et al., 2016). Some large-scale meta-analysis found a non-
specific association between TBI and development (Huang et al., 2018). The lack of a
clear link between TBI and dementia, particularly mTBI, mirrors the confusion
surrounding an accurate definition of the condition. Numerous health bodies have put
forward definitions for the injury, but there is a lack of consistency between these
definitions. This is then reflected in a possible underdiagnosis of the condition, or

dissuade individuals from reporting injuries to health practitioners, which may, in turn,
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lead to difficulties in recruiting individuals with mTBI or stratifying mTBI from other

severities.

Within many of these neurodegenerative diseases, aberrant aggregation of proteins to
form plaques or neurofibrillary tangles (NFTs). These protein aggregates are often
identifiable hallmarks of the disease and used as confirmation markers of a given
condition upon autopsy. NFTs of p-tau protein and amyloid-f (AB) plaques within the
neocortex and hippocampus are classic markers of AD, while diffuse AP plaques are
found in the frontal and temporal lobes of frontotemporal dementia (FTD). Perivascular
p-tau and NFTs within the sulcal depths have become the defining hallmark of the
seemingly TBI-unique condition CTE (Baugh et al., 2014).

Currently, CTE is only diagnosable post-mortem, as a number of the clinical
presentations of the condition overlap with other neurodegenerative diseases, most
notably AD and FTD (Prince et al., 2013; Tartaglia et al., 2014). However, at least within
the limited number of CTE cases reported to date, pathological examination appears to
indicate a unique pattern of findings, enough to warrant proposal of potential diagnostic
and disease progression criteria (Baugh et al., 2014; McKee et al., 2016). These include
dilated ventricles, swollen cortical and subcortical axons and focal, perivascular NFTs
within the sulcal depths in the early stages. Disease progression is marked by widespread
p-tau, increased cerebral and medial temporal atrophy, enlarged ventricles and severe
cortical axonal loss. However, perivascular p-tau aggregates are currently the only
required diagnostic criteria, with the other pathological markers being deemed as

supportive findings (McKee ef al., 2016).

Changes in BBB integrity and TJ complexes in the context of chronic neurodegenerative
disease, while implicated, remains ill-defined in regard to its role in disease development
and progression. Truncated capillaries, increases in microvascular density and loss of
pericyte and basement membrane coverage have been reported in brain tissue of AD, PD
and HD cases (Drounin-Ouellet et al., 2015; Pienaar et al., 2015; Halliday et al., 2016),
while post-mortem evidence of leaky blood vessels has been identified in AD, PD, HD
and ALS (Sweeney, Sagare & Zlokovic, 2018). Endogenous blood components, such as
IgG, fibrinogen and albumin, have been found upon post-mortem examination of disease
brains, localising with AP deposits in AD, suggesting a link between BBBD and the
disease (Sengillo ef al.,2013). Changes to the make-up of the neurovascular unit may
represent a cyclical process, in which the loss of pericyte coverage deprives endothelial
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cells of soluble factors required for vascular maintenance, resulting in changes in cell
thickness, length or density. Aberrant angiogenesis may arise due to this reduction in the
endothelial cell population. The increases in pro-angiogenic factors, potentially generated
by hypoxia-responsive pathways, identified in AD and PD patients are suspected to
produce the increase in permeable vasculature seen in these diseases when coupled with
reduced pericyte coverage (Bradaric et al., 2012; Grammas., 2011). Additionally,
disruptions in TJ complexes and protein expression have also been reported in cases of
AD, PD and Huntington’s disease (HD) cases, resulting in increased paracellular
permeability of the BBB. TJ protein expression has also been shown to be downregulated
by the presence of A monomers, suggesting that neurotoxic aggregates present in these
proteinopathies contribute to BBBD in these diseases, and demonstrating the intimate

link between the two (Keaney et al., 2015).

In each of the following cases reported within this chapter, in life medical and
neurological assessment was carried out by medical personal at either St. James’ Hospital
Dublin, or St. Vincent’s Hospital, Dublin. Preparation of post-mortem tissue, dissection
and documentation of gross anatomy of brain sections, sectioning of tissue samples and
light microscopy immunohistochemical analysis was carried out by personnel at the
Dublin Brain Bank, Beaumount Hospital, Dublin. Immunofluorescent histochemistry

was performed by the candidate: Eoin O’Keeffe

3.3: Results

3.3.1: Case Study 1: BBB dysfunction present in a boxer with

CTE and schizophrenia

The results presented in this section were published in Farrell, Michael, Susan Aherne,
Sean O’Riordan, Eoin O Keeffe, Chris Greene, and Matthew Campbell. 2019. “Blood-
Brain Barrier Dysfunction in a Boxer with Chronic Traumatic Encephalopathy and

Schizophrenia.” Clinical Neuropathology 38 (03): 51-58. doi:10.5414/NP301130.

See Appendix |

3.4.1.1: Patient History and pathology findings
In 2009, a 64-year-old man presented to Neurology services in St. Vincent Hospital,

Dublin, with multiple symptoms, including short-term memory loss, slurred speech, gait
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disturbances and bradykinesia. Prior to presenting to neurological services, the patient
was reported to be healthy and engaging in regular exercise. Over the course of 8 years
following the initial clinical presentation, the patient’s bradykinesia worsened, the
frequency of falling increased, gait became abnormal, dysarthria worsened, cognitive
impairment increased with worsening short-term memory and increasing emotional
instability. Neurological assessment suggested that the patient had a progressive
neurodegenerative disorder with elements of cognitive impairment and Parkinsonism.
Single-photon emission computed tomography (SPECT) imaging found scintigraphic
features suggesting PD according to Catafau Classification (Catafau et al., 2004).
Medical imaging assessment found prominent involution changes on CT scan and mild

periventricular and left frontal subcortical deep white matter (WM) ischemia.

The patient’s medical history indicated excessive alcohol consumption for more than 30
years, type 2 diabetes mellitus and hypercholesterolemia. Initial indication of mental
issues was reported in 1989 with psychiatric symptoms, including impulsive behaviour,
paranoia and bouts of anger. The patient was diagnosed with paranoid schizophrenia in

1991.

Personal history also reported that the patient had a 19-year history of competitive
professional boxing between the ages of 16 and 35. In addition to this, the patient was
also a military physical trainer in the Middle East. Cause of death was identified during
autopsy as severe acute traumatic subarachnoid haemorrhage as a result of a fall suffered
at home. Examination of the brain reported no signs of atrophy in the temporal lobes,
hippocampus, caudate, putamen or globus pallidus (Figure 3.1 a-c), although a prior
brain injury was noted by the presence of a chronic subdural hematoma membrane

(Figure 3.1 d).

Upon immunohistochemical examination by the attending pathologist, p-t tangles in the
pyramidal layer and dentate fascia of the hippocampus were noted, in addition to p-tau
deposits in the substantia nigra (Figure 3.2). Perivascular astrocytic p-tau was also
identified in the sulcal depths of the neocortex (Figure 3.2). Immunohistochemistry
staining AP was negative. These findings, in the context of the patient’s history mTBI

exposure, led to a neurological diagnosis of CTE.
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FIGURE 3. 1: MACROSCOPIC EXAMINATION IMAGES OF THE BRAIN OF A FORMER BOXER
DIAGNOSED WITH CTE.

Macroscopic examination the brain a pathologist indicated no signs of atrophy in the a)
temporal lobes, b) hippocampus or ¢) caudate, putamen and global pallidus. d) Pathological
examination did note evidence of prior trauma with a chronic subdural hematoma
membrane. CN = caudate nucleus; GP = globus pallidus; P =putamen; D = dura; SH =
subdural hematoma. Image used with permission from Campbell lab publications (Farrell et
al.,2018).
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FIGURE 3. 2: IMMUNOHISTOCHEMISTRY STAINING FOR P- TAU DEPOSITION IN MULTIPLE
BRAIN REGIONS OF A FORMER BOXER DIAGNOSED WITH CTE.

Photomicrographs of p-tau immunostaining in multiple regions of the brain. Perivascular p-
tau deposition was noted in the sulcal depths, as well as around vessels of the neocortex and
substanita nigra (arrowheads). Immunostaining was carried out by personnel within the
Dublin Brain Bank. Image used with permission from Campbell lab publications (Farrell et
al.,2018).
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3.3.1.2: BBB disruption and loss of TJ integrity

Fluorescent immunohistochemical examination of the TJ protein, claudin-5, in the
context of p-tau found that the TJ appeared disrupted in the presence of the microtubule-
binding protein (Figure 3.3). In areas where there was dense deposition of p-tau,
immunoreactivity for CLDNS5 was greatly reduced or even completely absent. However,
in the absence of p-tau immunoreactivity, CLDNS reactivity appeared normal, forming
long continuous strands. The diminished presence of CLDNS, the most abundant TJ
protein present in the TJ complexes of the BBB, in areas of dense p-tau deposition suggest

that BBBD is present in these areas.

To investigate the extent of BBBD, immunohistochemistry staining was performed for

the endogenous blood proteins hIgG (Figure 3.4) and fibrinogen (Figure3.5).

Immunoreactivity for hIgG was appeared greatest in perivascular areas surrounding large
vessels. Surrounding smaller vessels, there was no evidence of hlgG extravasation. This
was supported by CLDNS staining, which mostly showed continuous, strand-like staining,
suggesting normal TJ complexes. However, some small vessels did show signs a
impairments to TJ complexes, with globular CLDN5 immunoreactivity. These were

accompanied with evidence of extravasated IgG.

There was a high level of immunoreactivity to endogenous fibrinogen, particularly
surrounding large vessels, suggesting disruption of the BBB. However, CLDNS5
immunoreactivity was also detected within these regions, suggesting an intact BBB.
Smaller vessels also showed continuous, strand-like patterns indicative of a normal BBB.
Therefore*, fibrinogen detected surrounding these vessels likely represents a historic

disruption of the BBB, one that has been restored to homeostatic levels.

72



FIGURE 3. 3: DENSE PHOSPHORYLATED-TAU DEPOSITION IS ACCOMPANIED BY ABSENT OR
REDUCED CLDNS IMMUNOREACTIVITY.

Areas of dense p-tau deposition (dotted white line) localised around large vessels (some form of arrow). Areas
of dense p-tau staining coincided with reduced or absent immunoreactivity to the TJ protein, CLDNS. In the
absence dense p-tau deposition, CLDNS staining appears normal as long, continuous strands (flat head arrows).
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FIGURE 3. 4: HIGG EXTRAVASATION IS LIMITED TO LARGER VESSELS.

hlgG extravasation was largely limited to perivascular regions of large vessels (white dotted line). higG staining
was not observed in the area surrounding smaller vessels, which coincided with continuous, strand-like staining of
CLDNS (flat arrow head), suggesting an intact BBB. However, some small vessels do show some impairment to
integrity, with globular CLDN5 immunoreactivity surrounded by hIgG extraversion (notched arrow).
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FIGURE 3.5: CLDNS5 STAINING WITH FIBRINOGEN DENSE REGIONS SUGGESTS HISTORIC DISRUPTION
AND HEALING OF THE BBB.

A high level of immunoreactivity to endogenous blood-based protein fibrinogen was detected surrounding larger vessels (dotted
white line). Despite this, claudin-5 immunoreactivity was detected within this region, suggesting that the BBB remained intact
(notched arrows). Smaller vessels continuous, strand-like patterns of CLDNS staining, in the absence of fibrinogen leakage (flat
arrows). Therefore, fibrinogen staining detected suggests a previous breach in the BBB that has subsequently healed.
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3.3.2: Case Study 2: BBB dysfunction present in rugby player
with CTE and PSP

The results presented in this section were published in Doherty, Colin P, Eoin O Keefe,
Eugene Wallace, Teresa Loftus, James Keaney, John Kealy, Marian M Humphries, et al.
2016. “Blood—Brain Barrier Dysfunction as a Hallmark Pathology in Chronic Traumatic
Encephalopathy.” Journal of Neuropathology & Experimental Neurology 75 (7): 656—
62. doi:10.1093/jnen/nlw036.

See Appendix 11

3.3.2.1: Patient history and pathology findings

In 2011, a 56-year-old man presented to Neurology services in St. James’ Hospital,
Dublin, following an acute bout of confusion. A medical history enquiry found a
progressive worsening of attention and memory issues and difficulty in task organisation
going back 5 years prior to clinical presentation. Neurological findings at initial
presentation included axial rigidity, hypomimia, positive glabellar tap, asymmetrical
upper limb rigidity, bradykinesia and ideomotor apraxia. Cognitive performance as
measured by the Montreal Cognitive Assessment (MoCA) yielded a score of 17/30, with
difficulty in verbal fluency and recall tasks. Following an initial diagnosis of
dysexecutive mild cognitive impairment, the patient experience rapid progression of
cognitive symptoms and the development of Parkinsonism within a year after the initial
assessment. Due to this progression of symptoms, a diagnosis of Progressive
Supranuclear Palsy (PSP) was made. Symptom progression continued up to time of death
one year from initial presentation. Cause of death was respiratory failure secondary to

aspiration pneumonia.

Family history indicated that the patient’s mother developed a psychotic depressive order
in her 70’s and went on to develop mild cognitive difficulties within a decade. Late-onset
AD was diagnosed in the patient’s maternal uncle. Alcohol consumption was noted as
20-30 units a week. Past medical history indicated asthma, hypertension, hypertrophic
cardiomyopathy, gout and left myringotomy. Medication taken were ramipril, aspirin and

atorvastatin.

Personal history noted that the patient had engaged in a long career of amateur rugby

union, which was reported to have lasted from early teens to the age of 50. A retrospective
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investigation using testimonies from first-degree relatives indicated the patient had
sustained numerous head injuries consistent with mTBI over the course of his amateur
rugby career. A single work-related head injury was also noted, with no loss of

consciousness or formal medical attention reported.

Initial MRI scans indicated normal age-related WM changes with no other significant
findings. However, retrospective review following death and prior to autopsy identified
anteriorly cavum, posteriorly fenestrated septum pellucidum and Dbilateral
hyperintensities on T1 images within the medial temporal lobe, indicative of gliosis
(Figure 3.6a). Positron Emission Tomography (PET) scans indicated hypometabolism in
the frontal and posterior cingulate (Figure 3.6b), while a dopamine transport scan
showed signs of reduced uptake of fluorodeoxyglucose bilaterally within the caudate and

putamen nuclei.

Gross anatomical examination on autopsy found no notable findings, with no evidence
of focal lesions or generalised anatomical changes resulting from injury (Figure 3.6¢),

observed in the basal ganglia.

Upon immunohistochemical examination by the attending pathologist, p-tau tangles were
reported in the neocortex, hippocampus and striatum, with notable perivascular, subpial
and sulcal depth p-tau deposits. Astrocytic plaques staining positive p-tau were found
primarily in perivascular and subpial regions (Figure 3.6d). Microscopic examination
also revealed substantial neuronal loss in the CA4, CA3 and CA2 regions of the
hippocampi and superficial line spongiosis of the cortex (Figure 3.6e). Based on these

finding a diagnosis of CTE was put forward.
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FIGURE 3. 6: IN LIFE NEUROIMAGING AND POST-MORTEM BRAIN EXAMINATION OF
AMATEUR RUGBY PLAYER DIAGNOSED WITH CTE.

a) Sagittal FLAIR images of the patient carried out upon initial workup of diagnosis.
Retrospective assessment of FLAIR images suggested white matter abnormalities (arrow)
within areas of sampling. b) PET imaging using fluorodeoxyglucose as a tracer. Areas of
hypometabolism were identified in the i) inferior left frontal and anterior temporal lobes and
ii) bilateral medial temporal lobes. ¢) Macroscopic examination of the left cerebral
hemisphere indicated minimal anterior frontal atrophy. d) Immunostaining for p-tau within
the depths of sulci indicated widespread immunoreactivity surround blood vessels. e)
Immunohistochemical staining for TDP-43 indicated cytoplasmic accumulation in neurons
of the dentate fascia.
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3.3.2.2: BBBD and loss TJ integrity

Immunohistochemical examination found that p-tau staining was widespread throughout
the sections, with the densest deposits begin identified surrounding blood vessels (Figure
3.7). Within regions of dense perivascular p-tau deposition, immunoreactivity to CLDNS5
was greatly diminished or absent. The regions of perivascular p-tau were also devoid of
any evidence of normal, strand-like CLDNS staining, suggesting a major disruption to
the BBB within these areas. However, in the absence of p-tau immunoreactivity, CLDNS5
appeared normal, forming strands along blood vessels, suggesting that BBB integrity was
retained within these areas. Similar staining patterns were found for the TJ protein: ZO-
1, in the context of p-tau (Figure 3.8). Areas with the densest p-tau immunoreactivity
showed a marked reduction or even complete absence of ZO-1 staining. However, in the
absence of p-tau deposition, ZO-1 staining remained intact. This suggests that the

presence of p-tau can reduce the level of TJ proteins, leading to BBBD.

To determine the degree of BBBD within these regions of dense perivascular p-tau,
sections was stained for endogenous blood protein hlgG (Figure 3.9) and fibrinogen

(Figure 3.10).

hlgG immunoreactivity was present surrounding vessels, corroborating observations
made using TJ immunohistochemistry that an impairment to BBB integrity was present.
Within these areas of extravasating hlgG, dense deposits of p-tau were also present,
indicating that BBBD was present in vessels surrounded by p-tau. Extravasating
fibrinogen was also found within sections stained for p-tau and fibrinogen. Examination
of immunoreactivity for endogenous fibrinogen showed similar finding to that of hIgG/
p-tau staining, with extravasating fibrinogen overlapping with areas of p-tau deposition.
In vessels that displayed lumen-contain fibrinogen immunoreactivity, p-tau deposition

was noted in areas distant from the vessel and less densely deposited.
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FIGURE 3. 7: IMMUNOHISTOCHEMICAL STAINING OF TIGHT JUNCTION PROTEIN CLAUDIN-5 (RED) AND P-TAU
(GREEN) IN THE BRAIN OF A FORMER AMATEUR RUGBY PLAYER DIAGNOSED WITH CTE.

Areas of dense p-tau immunoreactivity coincided with an absence of CLDN-5 immunoreactivity (dotted white
line), suggesting loss of BBB integrity within these regions. In the absence of p-tau deposition, CLDN-5 staining
appeared in normal, strand-like pattern (flat arrows), indicative of an intact barrier.
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FIGURE 3. 8:IMMUNOHISTOCHEMICAL STAINING OF TIGHT JUNCTION PROTEIN ZO-1 (RED) AND P-TAU (GREEN) IN
THE BRAIN OF A FORMER AMATEUR RUGBY PLAYER DIAGNOSED WITH CTE.

Areas of dense p-tau immunoreactivity coincided with a loss of the tight junction protein: ZO-1 immunoreactivity
(dotted white line), similar to the patterning found with CLDN-5 immunoreactivity (Figure 3.7). ZO-1
immunoreactivity was diminished and showed discontinuous patterning within these regions. Similar to CLDN-5
immunoreactivity, in the absence of p-tau reactivity, ZO-1 immunoreactivity appeared normal and strand-like
patterning (flat arrow). 81




FIGURE 3. 9: IMMUNOHISTOCHEMICAL STAINING OF ENDOGENOUS IGG (RED) AND P-TAU IGG (GREEN) IN THE

BRAIN OF A FORMER AMATEUR RUGBY PLAYER DIAGNOSED WITH CTE.
hlgG immunoreactivity was detected surrounding vessels (dotted white legends). Within these regions of hlgG

immunoreactivity, dense p-tau immunoreactivity was detected (notched arrows), suggesting BBB disruption is

present in regions with of p-tau deposition.




FIGURE 3. 10: IMMUNOHISTOCHEMICAL STAINING OF P-TAU (GREEN) AND ENDOGENOUS FIBRINOGEN (RED) IN THE
BRAIN OF A FORMER AMATEUR RUGBY PLAYER DIAGNOSED WITH CTE.

Immunoreactivity for the endogenous blood-based protein, fibrinogen, was detected in regions with the densest p-
tau immunoreactivity (flat arrow). In areas where p-tau immunoreactivity was sparse and distal to blood vessels,
fibrinogen was retained within the luminal space (notched arrow). This suggests BBB disruption is evident in areas
with p-tau deposition.
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3.3.3: Case Study 3: Neuropolypathology in patient with single

severe TBI in history

The findings presented in this section were published in Doherty, Colin P., Eoin O Keeffe,
James Keaney, Brian Lawlor, Robert F. Coen, Michael Farrell, and Matthew Campbell.
2019. “Neuropolypathology as a Result of Severe Traumatic Brain Injury?” Clinical
Neuropathology 38 (01): 14-22. doi:10.5414/NP301131.

See Appendix 111

3.3.3.1: Patient History and pathology findings

In 2009, a 66-year-old man presented to neurological services, reporting repetitive,
unexplained bouts of anger and frustration, as well as memory and concentration lapses
in regard to language and name usage. The patient also reported episodes of depression,
brought about due to a recent bereavement; and was subsequently treated for the same.
Neurological exam noted no abnormal findings in cranial nerves, limbs gait and balance.
Upon cognitive assessment using the MoCA, the patient scored 25 out of 30, losing marks
on the delayed recall (2/5), orientation (5/6) and minor flaws in the Clock-Draw test
(Figure 3.11g). A thorough follow-up neuropsychological assessment was carried out at
the end of 2010, including the National Adult Reading Test (NART2) (which marked the
patient as high average intelligence), Cambridge Cognition Examination (CAMCOQG)
(resulting in a score of 94/107) and Mini Mental State Examination (MMSE) (resulting
in a score of 27/30). No language difficulties were reported on the Boston Naming Test,
although fluency was reduced. The patient’s memory was reported as occasionally patchy,
but not indicative of the rapid memory loss associated with AD. Mild executive function
deficits were noted on verbal fluency tests regarding interference/ intrusion and reduced

mental flexibility.

Personal medical history was unremarkable save for a single severe TBI incurred at the
age of 12 as a result of a kick from a horse to the head. This injury resulted in loss of
consciousness, hospitalization and coma for several days. However, prior to presentation,

no adverse behavioural or neurological symptoms were noted.
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MRI scans showed mild general atrophy in the absence of focal atrophy (Figure 3.11a-
¢), while PET imaging showed widespread cortical hypometabolism (Figure 3.11d-f),

which was suggestive of reduced neural function.

A follow-up assessment in 2011 noted significant progression in psychiatric and
cognitive symptoms, a repeat of the MoCA2 test resulted in a reduced score of 16/30
(Figure 3.11h). The patient was admitted to psychiatric care within a year of this
assessment, and an in-life diagnosis of atypical AD was made. The patient’s health

gradually declined until his death in 2016 due to hypostatic pneumonia.

Post-mortem examination of the brain found frontal atrophy, ventriculomegaly and
enlargement of the Sylvian fissure. Pallor of the substantia nigra and post-traumatic

cicatrix was also reported (Figure 3.12a-e).
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FIGURE 3. 11: INITIAL NEUROLOGICAL AND NEUROIMAGING ASSESSMENT OF A PATIENT
PRESENTING WITH EMOTIONAL INSTABILITY AND LAPSES IN MEMORY.

MRI and PET imaging carried out between 2009 and 2011. a-c) FLAIR MRI images of a) the temporal
lobes, b) the lateral ventricles and c) centrum semi-ovale. Generalised atrophy was noted, in the absence
of any other abnormal finding. d-f) PET scan images using a radiolabelled fluorodeoxyglucose tracer of
the ¢) caudate, f) temporal lobes and d) the caentrum semiovale. Generalized hypometabolism of the cortex
was reported. g & h) The MOCA exam completed by the patient in g) 2009 and h) 2011. Hand placement
for the clock was incorrect on both occasions. All assessments were carried out by medical personnel in
St. James’s Hospital, Dublin. Used with permission from Campbell lab publications (Doherty et al., 2018).
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FIGURE 3. 12: SECTIONS OF BRAIN FOR MACROSCOPIC EXAMINATION FROM PATIENT
PRESENTING WITH EMOTIONAL INSTABILITY AND LAPSES IN MEMORY.

a) Frontal whole brain sections indicated to have generalized atrophy upon pathologist
examination. b) Coronal sections of frontal atrophy section. ¢) Ventriculomegaly (arrow head)
and enlarged Sylvian fissure (*). d) Normal appearing hippocampus (arrow head). e) Pallor of
the substantia nigra. Sections were prepared by personnel from the Dublin Brain Bank,
Beaumont Hospital, Dublin. Used with permission from Campbell lab publications (Doherty et
al., 2018).
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Histological examination of the brain found hyaline changes to large vessels within
cortical regions and the parenchyma of the sulcal depths, accompanied by superficial
spongiosis of cortical tissue (Figure 3.13a-b). examination of hippocampus histology
showed an absence of atrophy (Figure 3.13c), however, neurofibrillary tangles (NFTs)
and pyramidal inclusions were identified within the hippocampus and the neocortex

(Figure 3. 13c.i & c.ii).

Immunostaining for p-tau and amyloid- found diffuse staining of p-tau within the sulcal
depths as well as intense amyloid-p staining surrounding larger vessels, indicative of
severe cerebral amyloid angiopathy (Figure 3. 14a.i and a.ii). Diffuse p-tau staining, as
well as NFTs and dystrophic neurites was identified in sub-cortical white matter, in
addition to perivascular p-t deposits (Figure 3.14b-e). Inmunostaining for a-synuclein-
positive Lewy bodies displayed positive staining within the superior temporal gyrus, the
amygdala, the lateral frontal lobe and the substanita nigra, as well as regions of the
neocortex (Figure 3.15 a-d). Based on these findings, the attending pathologist gave an
ABC score of dementia progression as A3, B3, C2, based on pathology scoring criteria

(Kovacs & Gelpi, 2012).
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FIGURE 3. 13: HISTOLOGY OF CORTICAL, SULCAL DEPTHS AND HIPPOCAMPUS
PATIENT PRESENTING WITH EMOTIONAL INSTABILITY AND LAPSES IN MEMORY.

a.i) Hyaline changes in large vessels within cortical regions. a.ii) Superficial spongiosis of
cortical tissue. b) Hyaline changes in vessels of the parenchyma of the sulcal depths. ¢)
Histology of hippocampus indicating an absence of atrophy. c.i) Neurofibrillary tangles
present within the hippocampus. ¢.ii) Pyramidal inclusions (arrows) within the hippocampus.
Sections and histology were prepared by personnel from the Dublin Brain Bank, Beaumont
Hospital, Dublin. Used with permission from Campbell lab publications (Doherty et al.,
2018).
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FIGURE 3. 14: IMMUNOHISTOCHEMISTRY FOR AMYLOID-B AND P-TAU IN IN PATIENT
PRESENTING WITH EMOTIONAL INSTABILITY AND LAPSES IN MEMORY.

a.i) Diffuse staining of p-tau plaques within sulcal depths. a.ii) Amyloid-p staining surrounding
large vessels, noted for severe cerebral amyloid angiopathy (CAA). b) Immunostaining for p-
tau, neurofibrillary tangles and dystrophic neurites. ¢-d) Immunostaining for p-tau,
neurofibrillary tangles and dystrophic neurites. e) Perivascular p-tau immunostaining present
within sub-cortical white matter. Sections and histology were prepared by personnel from the
Dublin Brain Bank, Beaumont Hospital, Dublin. Used with permission from Campbell lab
publications (Doherty et al., 2018).
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FIGURE 3. 15: IMMUNOSTAINING FOR A-SYNUCLEIN-POSITIVE LEWY BODIES.

Immunostaining for a-synuclein indicated the presence of Lewy bodies within the a)
superior temporal gyrus (STG), b) lateral frontal lobe, c) the amygdala and d) the substantia
nigra. Pallor of the substantia nigra was also reported. Sections and histology were prepared
by personnel from the Dublin Brain Bank, Beaumont Hospital, Dublin. Used with
permission from Campbell lab publications (Doherty ef al., 2018).
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3.3.3.2: BBBD and loss of TJ integrity

Immunostaining for p-tau found that immunoreactivity formed dense clusters of p-tau,
rather that more widespread tau immunoreactivity previously outlined in this chapter
(Figure 3.16). However, similar to the previously detailed case studies, CLDN5
immunoreactivity was absent when within to these dense clusters of p-tau, in the
surrounding proximity. In the absence of p-tau clusters, or where p-tau immunoreactivity
was sparse, CLDNS5 appeared normal long blood vessels. It was noted however that larger
vessels had large gulfs of space between vessel wall and neighbouring cells. In these
vessels, staining patterns of CLDNS5 appeared more globular and discontinuous,
suggesting some change to BBB integrity within these regions. However, these gulfs in

neighbouring cells did not coincide with an enrichment of p-tau deposition.

Upon investigating the extent of BBBD within this individual, it was found that hlgG
immunoreactivity was mostly contained within the lumen of blood vessels (Figure 3.17).
This was accompanied with CLDNS patterning, suggesting that BBB was mostly intact
across the sections examined. However, that staining pattern for CLDNS appeared
globular and discontinues within these regions, suggesting some degree of disruption to
CLDNS5 localisation within the endothelial cells. There was limited diffuse hlgG
immunoreactivity in areas noted of being devoid of CLDNS immunoreactivity,
suggesting that the BBB has been disrupted within limited areas. However, taken together,
the globular staining of CLDNS and limited extravasation of hIgG may indicate historic

disruptions to the BBB rather than ongoing disruption present at time of death.
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FIGURE 3. 16: IMMUNOHISTOCHEMICAL STAINING OF TIGHT JUNCTION PROTEIN CLAUDIN-5 (RED) AND P-TAU
(GREEN) IN THE BRAIN OF AN INDIVIDUAL DIAGNOSED WITH MULTIPLE NEUROPATHOLOGIES

Immunoreactivity for p-tau was noted for appearing in dense clusters. Within these regions, immunoactivity for the
tight junction protein: CLDN-5 was absent or reduced (white dotted line). In the absence p-tau deposition, CLDN-5
appeared normal and strand-like (flat arrow). It was also noted that large gaps were present between larger vessels
and surrounding cells (solid white line). CLDN-5 immunoreactivity discontinuous and globular, suggesting a
possible vascular pathology. Immunoreactivity for p-tau was not observed in these regions.




FIGURE 3. 17: IMMUNOHISTOCHEMICAL STAINING OF TIGHT JUNCTION PROTEIN CLAUDIN-5 (RED) AND
ENDOGENOUS IGG (GREEN) IN THE BRAIN OF AN INDIVIDUAL DIAGNOSED WITH MULTIPLE NEUROPATHOLOGIES.
Immunoreactivity for endogenous hlgG appeared mostly within the luminal space. Immunoreactivity for the tight
junction protein: CLDN-5, was largely intact in these areas, however, signal appeared diminished and globular
(flat arrows). CLDN-5 immunoreactivity appeared normal and strand-like in areas devoid of extravasating hlgG
(notched arrows). Diffuse immunoreactivity for hIgG was noted in areas lacking CLDN-5 immunoreactivity,
suggesting limited BBB disruption (white dotted line). 94




3.3.4: Comparison of tau and BBBD pathology in reported

cases studies with that of a control brain

The Dublin brain bank prepared and provided a limited number of frozen sections of
brain tissue from an individual that had no reported diagnosis of neurological conditions
or pathologies prior to their death. Information provided from brain bank along with the
tissue indicated that the individual was man in his mid-50’s, with no notable history of
head trauma. However, the possibility of the individual having sustained an unreported
mTBI was not documented at the time of donation. This tissue served as a limited control
in investigating the staining pattern of the TJ protein CLDNS, the presence or absence of
p-tau deposition and the presence or absence of BBBD through the extravasation of

endogenous, blood-based proteins.

Immunohistochemical staining for the TJ protein: CLDNS5, showed long, continuous
strand-like patterns of the protein (Figure 3.18 A). In addition to the continuous strands
of CLDNS, immunoreactivity of p-tau was almost completely absent from control tissue
sections (Figure 3.18 B). This contrasts with findings made in all three case studies. In
case study 1 and case study 2, both involving individuals diagnosed with CTE, CLDN5
immunoreactivity is greatly diminished in areas of dense p-tau deposition (Figure 3.18D
& G respectively, dotted white line). The is also notable widespread immunoreactivity
for p-tau in both case study 1 and 2 (Figure 3.18 E & H respectively). Reduced CLDN5
immunoreactivity within p-tau deposits was also observed in case study 3 (Figure 3.18 J,
dotted white line), a case of neuropolypathology brought about by a historic severe TBI.
Widespread p-tau immunoreactivity is also present, along with the dense clusters of p-
tau unique to case study 3 (Figure 3.18 K). In all three a case studies, areas that show a
relatively reduced density of p-tau deposition show normal, strand-like CLDNS (Figure
3.18 F, I & L), similar to control sections (Figure 3.18 C). Such a finding suggests that
the presence of p-tau deposits in close proximity to blood vessels can influence the

presence of CLDNS within the neurovasculature.

A limited comparison of the integrity the BBB was also made between the control tissue
and that of the case studies. Immunostaining for endogenous hIgG proteins found that
hIgG was confined with CLDN-5 postive blood vessels (Figure 3.19 A-C). No areas were
noted for diffuse staining of hIgG indicative of extravasated protein into the perivascular

space. In case study 1 however, area lacking CLDNS displayed diffuse immunoreactivity
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of hlgG, while areas that showed control-like patterning of CLDNS5 had hlgG
immunoreactivity confined within these blood vessels (Figure 3.19 D-F). Case study 3
displayed hIgG immunoreactivity confined mostly within CLDNS-postive vessels
(Figure 3.19 J-L). However, postOve hlgG immunoreactivity was noted near a CLDN5-
postive vessel (Figure 3.19 L, dotted white line), which may be indicative of a historic
disruption to the BBB.

Similarly, immunoreactivity for the blood-based protein fibrinogen displayed a structural
pattern, indicative of confinement with blood vessels (Figure 3.20 A-C). The absence of
p-tau was also evident in these sections. In case study 2, fibrinogen extravasation,
indicated by diffuse immunoreactivity surround larger vessels, was evident and coincided
with p-tau deposits near these vessels (Figure 3.20 D-F).

These comparisons suggest the BBBD is not present in control brain tissue that lacks a
history of TBI, and that the history of head trauma likely contributed to the findings

presented for each case study.
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Control Control Control

Case 1: Boxing Case 1: Boxing Case 1: Boxing

Case 2: Rugby

Case 3: Polypatholgy Case 3: Polypatholgy

FIGURE 3. 18: NORMAL CLAUDIN-5 IMMUNOREACTIVITY COINCIDES WITH AN ABSENT OF PHOSPHORYLATED-TAU
IMMUNOREACTIVITY IN CONTROL TISSUE.

Immunohistochemical staining for the TJ protein: CLDNS, and tau in brain tissue of control (A-C), Case Study 1 (boxer, D-F),
Case Study 2 (rugby player, G-I) and Case Study 3 (polypathology, J-L). Immunoreactivity for CLDNS appeared in long,
continuous, strand-like patterns in control tissue (A), while p-tau immunoreactivity was almost entirely absent (B). The staining
pattern for CLDNS suggests that normal localisation can occure in the absence of p-tau depostion (C). The absence of p-tau and
the strand-like patterning of CLDNS contrasts with the immunohistochemistry findings made within each case study. Within case
study 1 and 2, p-tau immunoreactivity is widespread (E and H respectively, dotted white line), while CLDNS5 patterning was
absent or diminished within regions of dense p-tau deposition and similar to the control section in areas distant to p-tau deposition
(D and G respectively, flat-headed arrows). Phosphorylated-tau deposition was also widespread in case study 3, as well as
forming dense clusters (K, dotter white line). CLDNS staining also appeared similar to that of control sections when distal to p-
tau depositions (J, flat-headed arrows). The large gaps between blood vessels (solid white line) was also absent in control tissue.
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Case 1: Boxing Case 1: Boxing Case 1: Boxing

Case 3: Polypathology Case 3: Polypathology Case 3: Polypathology

FIGURE 3. 19: ABSENCE OF HIGG EXTRAVASATION SUGGESTS NORMAL BBB FUNCTION IN CONTROL TISSUE.
Immunohistochemical staining for the TJ protein: CLDNS, and tau in brain tissue of control (A-C), Case Study 1
(boxer, D-F), Case Study 3 (neuropolypathology, G-I). CLDN5 immunoreactivity appeared continuous and strand-
like, along the blood vessels (A). Immunoreactivity for hIgG appeared to be confined within blood-vessels in
control tissue (B). CLDNS immunoreactivity surrounded areas of hIgG immunoreactivity, indicating that hIgG
confined within blood vessels in control tissue. There was no evidence of hlgG extravasation in control tissue
suggest an absence of BBBD (C). In contrast, case study 2 demonstrates hIgG extravasation near vessels lacking
CLDNS5 immunoreactivity (dotted white line) (D-E). Areas without signs of hlgG extravasation show CLDN5
staining similar to that found in control tissue (flat-headed arrows) (D & F). In case study 3, hIgG was mostly
confined to blood vessles surrounded by CLDNS5 immunoreactivity (flat-headed arrows) (G & I). Potential
evidence of a historic disruption to the BBB is identified in case study 3 by immunoreactivity for hIgG near to a
blood vessel that stained positive for CLDN5 (dotted white line) (H).
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Case 2: Rugby Case 2: Rugb Case 2: Rugby

FIGURE 3. 20: FIBRINOGEN EXTRAVASATION AND IMMUNOREACTIVITY FOR P-TAU
IS ABSENT IN CONTROL TISSUE.

Immunohistochemical staining for the TJ protein: CLDNS, and tau in brain tissue of control
(A-C), Case Study 2 (rugby player, D-F). Immunostaining for endogenous fibrinogen within
control tissue found that the protein was confined within blood-vessels (A & C). In addition
to this, p-tau immunoreactivity was almost completely absent (B). The absence of fibrinogen
extravasation and p-tau immunoreactivity suggests a link between BBBD and deposition of
the microtubule-binding protein. In contrast, case study 2 showed diffuse immunoreactivity
for fibrinogen suggesting extravasation for the protein (D). This coincided with areas of the
densest p-tau deposits (E, flat-headed arrow). Immunoreactivity suggested confinement of
fibrinogen within blood vessels in areas of sparse absence of p-tau staining (D & F, notched
arrows).
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3.4: Discussion

BBBD has been demonstrated in a number of animal studies as an early event in TBI,
and recent case reports have shown that all levels of TBI can result in disruption of the
BBB (Hay et al., 2015; Tagge et al., 2018). Recent findings have indicated that focal
BBBD is accompanied with potential early markers of CTE development, strengthening
the possibility that BBB dysfunction is an early inciting event to disease development
(Tagge et al., 2018). Presented in this chapter are three case studies linked by BBBD,
distinct tauopathies and a history of TBI.

Cases 1 and 2 both had long careers in competitive contact sports and accompanying
history of mTBI exposure. The clinical history of Case 1 and 2 is in keeping with our
current understanding of individuals at risk of developing CTE; previously healthy
individuals with no prior history of dementia-like illness, no gross morphological changes
and mild cognitive impairment upon presentation. Autopsy and subsequence molecular
examination found that perivascular p-tau was widespread and readily apparent in both
cases, accompanied by loss of TJ protein expression in areas proximal to p-tau deposits.
However, TJ expression appeared normal in the absence of phosphorylated tau aggerates,
even within the space of microns. The proximity of BBB dysfunction and pathological
aggregates suggest an intimate link between disease progression and compromised BBB

integrity.

Case 3 presents an interesting possibility with regards to the consequences of severe TBIs.
As noted, the individual had an unremarkable medical history, save for a single severe
TBI incurred over 4 decades prior to presentation of emotional instability, memory and
concentration deficits. However, upon autopsy examination was diagnosed with multiple
neuropathologies, including Diffuse Lewy Body Disease (DLBD), FTD and AD,
accompanied by BBB dysfunction in areas dense with p-tau. While the diagnoses and
presentation of this case is distinct from that of Case 1 and 2, it nonetheless highlights in

a link between compromises to the BBB and the development of dementia later in life.

Cases 1 and 2 both display clear BBB dysfunction in regions of dense, perivascular p-tau
deposition, and current CTE diagnostic guidelines stipulate perivascular p-tau in the
depths of the sulci as a requirement for the diagnosis of CTE to be made (McKee et al.,
2016). However, confounding factors in both cases must be considered when dealing with

what remains a controversial condition. Both cases were reported to have a high intake
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of alcohol on a regular basis, which may have contributed to decreased levels of TJ
proteins (Yu et al., 2017). Case 1 was also notable for a previous diagnosis of
schizophrenia, a condition for which there is increasing evidence to support a
cerebrovasculature role underlying the condition. The potential biomarker for BBBD;
S100B, has been shown to be increased in serum of schizophrenic patients; mutations
resulting in reduced expression of TJ proteins have been associated with schizophrenia
development and knockdown of the TJ protein; claudin-5 has produced schizophrenic-
like phenotypes in mice (Schroeter et al., 2003; Enwright ef al., 2017; Greene et al., 2017).
However, CTE has been diagnosed in individuals with schizophrenia previously (Shively
et al., 2017). The case series reported by Shively et al. detailed findings of perivascular
p-tau deposition consistent with CTE in institutionalised schizophrenic patients, up to 40
years after undergoing a leucotomy. In these cases, it is proposed the single, localised
axonal injury lead to the subsequent development of CTE. However, it must be
acknowledged that the injuries described by Shively et al. differ substantially from those
of our case. In addition to the diagnosis of schizophrenia, the individual of Case 1 died
via subarachnoid haemorrhage brought about by a fall. Severe TBI has a known influence
on BBB integrity, demonstrated both in animal models and human cases (Baskaya et
al.,1997; O’Leary & Nichol, 2018). All these factors and their potential influence should
be considered when examining the BBBD and cognitive degeneration observed in these
cases. Despite this, the long history of repetitive mTBI in both cases should not be
overlooked; and could pose as a potential inciting factor to neurocognitive decline, as

well as the development of a psychiatric condition in regard to Case 1.

Case 3 represents the potential long-term consequences of a single, severe TBI. It may
also suggest a potential difference between a single, severe injury and repetitive, mTBIL.
As noted in Case 3; widespread amyloid plaques were observed, which were absent in
Cases 1 and 2. A study of moderate and severe TBI survivors also reported widespread
amyloid pathology in roughly a third of TBI cases, but absent or normal amounts for their
age bracket in age-matched controls (Johnson, Stewart & Smith, 2011). However,
polypathologies have also been diagnosed in footballers who repeatably header the ball,
which could suggest that both mTBI and severe TBI follow similar disease trajectories
(Ling et al.,2017). Therefore, environmental factors, secondary to the injury, may play a
role in the direction of disease development. However, of note is the much shorter

survival time after TBI in the individuals of Johnson, Stewart & Smith’s study than that
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of the case study presented here (Mean 8.2 years compared to 51 years.). The long
survival time after injury is also a confounding factor. While it may be possible that
BBBD lingered since the injury, it may also be the case that the BBBD due to the severe
TBI influenced BBB changes over the course of ageing, ultimately leading the
development of multiple dementia conditions. A recent study has demonstrated increased
permeability of the BBB to endogenous blood-based proteins in non-pathological human
brains, in the absence of changes in microvascular density or pericyte coverage (Goodall
et al., 2018). In addition, a recent case reported attributed the development of CTE to a
single severe TBI incurred by an individual 42-years prior to death (Tribett ef al.,2019).
Similar to Case 3, the manifestation of the disease state occurred rapidly after many years
of injury and in the absence of other notable medical findings, suggesting that the effects
TBI may linger for many years and develop to a critical mass until a neurodegenerative

condition can manifest.

Control tissue was in very limited supply during the course of the study, with only single
non-pathological brain available for sectioning purposes during preparation of this work.
While comparisons made with the tissue available is limited, they do make the findings
within the pathological case studies all the more striking. In contrast to all three case
studies, p-tau appears to be entirely absent in the sections provided. Accompanying this
observation is the patterning of CLDNS5 within the sections. Immunohistochemistry for
the TJ protein appears continuous long the membranes of blood vessels, in contrast to
case study 1, 2 and 3, in which CLDNS can appear discontinuous, diminished or absent
entirely in areas in proximity to p-tau. Comparison with control tissue also highlights the
“normal” staining pattern of CLDNS5 in pathological tissue in areas of sparse p-tau
deposition. Complimenting the continuous patterning of CLDNS is the noted lack of
observable extravasation of endogenous blood-base proteins; fibrinogen and hlgG. The
confinement of these proteins within vasculature structures marked by CLDNS indicates
that BBBD does not appear to be present within sections of tissue in this individual, in
contrast to case study 1 & 2, which displayed signs of BBBD at time of death. However,
among the limitations of the inclusion of this control tissue is the lack of an accurate head
trauma history for the donating individual. While it was not indicated that the donor had
a history of head trauma, at the time of donation, these details were not heavily

investigated. Future studies could benefit from great documentation of prior medical
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history, especially in cases of control specimens. However, it must be acknowledged that

such enquiries may be difficult to make at the time of donation.

The differences between Cases 1 and 2 and that of Case 3 also poses the possibility that
repetitive mTBI and a single, more severe TBI may trigger distinct pathological pathways.
The observation of widespread amyloid plaques in Case 3, but their absence in Cases 1
and 2 may lend itself to this possibility. This is in part strengthened by a study of moderate
and severe TBI survivors who died at least 1 year after injury, although this is confounded
by findings of polypathologies in repetitive mTBI case and the CTE in cases of single
severe TBI (Johnson, Stewart & Smith, 2011; Shively et al. 2017; Ling et al., 2017;
Tribett et al.,2019). In roughly a third of TBI cases, widespread amyloid plaque pathology
is present, while it is largely absent in age-matched controls. In cases where amyloid
plaques were present in controls, they were limited to individuals over 60 years old and
considered as normal for their age bracket. However, this study also found that cases
with amyloid pathology also displayed widespread NFT deposition in keeping with that
observed in CTE cases reported to date. The survival time following TBI on average was
also much less than that of Case 3, averaging 8.2 years compared to the 51 years of our

case study.

The findings presented in this chapter suggest that loss of the TJ protein CLDNS5 and the
ensuing development of BBBD, is linked with the accumulation of p-tau deposits. In the
cases of case study 1 & 2, both reports are linked by a diagnosis of CTE as a result of
repetitive “mild” head trauma. In the case of case study 3, the rapid neuro-decline and
subsequent development of multiple neuropathologies was attributed by a severe TBI
incurred several years prior to diseases manifestation. Taken in that light, the finding
presented here suggest that BBBD is closely associated with head trauma of all severities
and appears to be linked with tau pathology. This is highlighted by the absence of BBBD

and p-tau pathology in a non-injured control specimen.
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Chapter 4: Changes in serological

markers of mTBI in contact sports



4.1: Abstract

Current diagnosis and segregation of traumatic brain injury (TBI) rely largely on the
Glasgow Coma Scale and neuropsychiatric assessment by trained medical personnel,
supplemented with the use of medical imaging techniques to determine the extent of
damage to the brain as a result from the injury. However, this assessment retains a degree
of subjectivity, and when repeated assessments are conducted, such as in the contact
sports, learned behaviour can compromise the accuracy of such assessments, while
medical imaging often reports no findings in mild TBI (mTBI) cases. Therefore, the
search for a fluid biomarker by which to diagnose mTBI has been highly sought. In this
section, the utility of potential biomarkers S100p, brain-derived neurotrophic factor
(BDNF) and monocyte chemoattractant protein-1 (MCP-1)/C-C motif chemokine ligand
2 (CCL2), as well inflammatory cytokines interleukin-1 B (IL-1 B) and interleukin-6 (IL-
6) are explored, as well as the potential in gauging changes in individual immune
response to necrotic neural tissue. Over the course of two years, a total of 18 amateur
rugby players (aged 17-22) were recruited and followed for mTBI over the course of a
competitive season. Plasma samples were collected for serological analysis of blood-
based biomarkers before the commencement of the season, as well as shortly after the
season’s end. Significant increases were observed in circulating BDNF levels post-season
compared to baseline, while a significant decrease was found for circulating S100p levels.
No mTBIs were reported over the study period. Peripheral immune cells also showed
increased IL-1P secretion in response to necrotic brain tissue. Plasma samples were
collected for a subset of players (n=7) within two hours of completing a competitive
match. Serological analysis found significant increases in circulating S1008 and MCP-1/
CCL2 levels following competitive play. In order to directly tie serological readout and
immune response to head trauma, a cohort of mixed martial arts (MMA) fighters were
recruited (n=15). Presented here are the findings from a limited number of participants
(n=5) when comparing post-fight biomarker levels with that of matched baseline. For the
MMA study within the limited cohort available so far, no significant changes have been

identified between baseline and post-fight samples in any biomarker to date.
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4.2: Introduction

Part of the difficulty in the diagnosis of mTBI is the lack of a reliable, quantifiable means
to measure the injury. Moderate and severe injuries present with clear physical lesions
when examined using CT or MRI techniques, and several batteries of tests can be utilized
in the acute phases of milder injuries, with more extensive neuropsychiatric and
functional balance assessment can be carried out given time and a suitable environment
(Feddermann-Demont et al., 2017; Raftery et al., 2017). However, while these tools are
useful in making a diagnosis of mTBI, neuropsychiatric results often require specialised
training to interpret, while neuroimaging assessment requires dedicated facilities to
perform. In addition to these limitations, screening by neuropsychiatric testing or
neuroimaging are often limited to a single assessment; and offer no prognostic
information on injury outcome. Therefore, blood-based biomarkers have been heavily
investigated for their potential as a rapid point-of-care test to further facilitate mTBI
diagnosis as well as their potential prognostic value. Currently, there are several potential
blood-based biomarkers under investigation for their use in the context of mTBI, although

many have failed to be robust enough to progress to clinical or commercial use.

S100pB is heavily researched as a candidate biomarker due to its utility as a negative
prediction of CT positive lesions following head trauma (Townend & Ingebrigtsen, 2006).
Studies have found that serum levels of S100p increase following engagement in contact
sports, and some suggest that circulating protein levels correlate with the number of
blows incurred during play (Graham et al., 2011; Shahim et al., 2014; Rogatzki et al.,
2016; Bouvier et al., 2017). These findings are often reported to be observed in the acute
phases of injury (1-3 hours) following match play, and circulating S1008 levels have
been noted to return to baseline levels within roughly 6 hours, placing a limit on its utility
outside of the context of acute injury assessment. Several other factors also limit the
validity of S100f as a suitable biomarker for concussion; peripheral sources of S100p,
such as those found in bone or adipose tissue, and their contribution to circulating protein
levels must be considered, especially in cases of poly-trauma or sports with a large degree
of full body contact, such as rugby or American football. In addition to this, exertion has
also been shown to increased S100p levels in the blood, even in non-contact sports such
as running, rowing or resistance training (Stocchero et al., 2014; O’Connell et al., 2018;

Rogatzki et al., 2018).
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BDNF is involved in synaptic plasticity and neuronal survival; and highly expressed in
the central nervous system. However, the neurotrophin has also been found to be
expressed in peripheral tissue, such as the lung, testis, and heart, as well as being secreted
from vascular endothelial cells (Saruta ef al., 2012). BDNF has been investigated as a
marker of the secondary injuries associated with TBI, however, an association between
serum levels and TBI remains to be determined (Simon et al., 2017; Korley et al., 2016).
Due to the neurotrophin’s role in synaptic plasticity and memory function, increases in
circulating levels are thought to be an indicator of neuroprotective processes and
restoration of synaptic connections in animal models of TBI (Mahmood et al., 2009; Chen
et al., 2005.; Allison & Ivanco, 2018). In humans, reductions in serum BDNF levels
following severe TBI were associated with poor recovery in memory function; and
thought to represent neuronal degradation (Failla et al., 2016; Korley et al., 2016). In the
context of sports-related concussion, BDNF has been largely understudied. A recent
meta-analysis of concussion-related biomarkers identified only two studies of 13 that
measured BDNF serum levels, and only one identified a significant increase from

controls (Zetterberg et al., 2009 Papa et al., 2015).

The inflammatory response following TBI can contribute to a number of secondary injury
processes resulting from the injury; and auto-immune responses against antigens released
from damaged neural tissue have been reported following repetitive mTBI in American
football players (Marchi et al., 2013; Lozano et al., 2015). Disruption of the BBB, as well
as neural-target antigen response, could, therefore, be an inciting event to chronic neural
inflammation and gradual neural degradation, such as that identified in autopsies of TBI
patients (Johnson et al., 2013). As such, serum cytokines and chemokine levels have been
included in the investigation for potential biomarker of TBI, although primarily as
prognostic markers of functional recovery in moderate and severe injuries. Elevations in
blood concentrations of IL-1p and IL-6 have been found in individuals shortly after injury,
as well as associations between high serum levels within the first 24 hours following
injury and poor 6-month neurological outcome and mortality (Tasc1 et al., 2003; Chiaretti
et al., 2005; Biattista et al., 2016). Chemokines are also thought to fill a central role in
post-TBI immune responses, and MCP-1/ CCL2 has been a primary target of
investigation for its use as a biomarker (Jaerve & Miiller, 2012). Animal studies have
found that MCP-1/CCL2 levels increase shortly following TBI and contributes to long-

term neuronal loss (Semple et al., 2009; Dalgard et al., 2012; Liu et al., 2013; Wang et
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al., 2017). Early elevations in MCP-1/ CCL2 have also been observed in the serum of
moderate and severe TBI patients, however, its potential role as a useful predictor of
outcome has yet to be firmly established (Rhodes, Sharkey & Andrews, 2009; Buonora
et al., 2015; Biattista et al., 2016). However, little work has been done to investigate the
use of inflammatory changes in mTBI cases. In the context of sport-related concussion,
the use of inflammatory biomarkers is also hindered due to the potential of low-grade

polytrauma associated with contact sports.

4.3: Results

4.3.1: Changes in potential biomarkers for TBI following a

season of rugby

Three biomarkers were chosen for investigation in the full cohort of rugby players prior
to completion of participant recruitment. These included the astrocytic-enriched protein;
S100B, the neurotrophic protein; BDNF, and the chemokine; MCP-1/ CCL-2. Levels of
these biomarkers were measured via ELISA as detailed in Chapter 2. Significant changes
in S100B and BDNF were observed from baseline to post-season. S100f levels were
dramatically lower than the levels observed in participants at baseline, with many samples
falling below the detectable levels of the assay (mean 985.3 pg/ml (SEM + 244.8) vs.
415.3 pg/ml (SEM + 222.7, P < 0.05) (Figure 4.1 A-C). Conversely, BDNF levels
showed an increasefrom baseline following a season of play (mean 1213 pg/ml (SEM +
257.5) vs. 2081 pg/ml (SEM + 419.1), P < 0.05). MCP-1/ CCL2 levels showed a non-
significant increase from baseline at the post-season time point (mean 164.7 pg/ml (SEM

+10.09) vs. 165.3 pg/ml (SEM  8.623), P> 0.05).
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FIGURE 4. 1: CHANGES IN CIRCULATING LEVELS OF POTENTIAL BIOMARKERS FOR TBI
FOLLOWING A SEASON OF RUGBY.

Circulating levels of S1008 (A), BDNF(B) and MCP-1/CCL2 (C) in plasma of rugby players, as measured by
ELISAThe decreases in S100f following a season of play would suggest an absence of BBBD. Similarly, the
increase in circulating BDNF levels would suggest some degree of BBBD. However, the half-life of S100p3
limits the biomarker’s utility in detecting BBBD outside of the 12hr post-injury window. Similarly, increases
in BDNF could indicate BBBD, but also could be attributed to peripheral sources of BDNF released due to
resistance-based exercised. MCP-1/CCL2 did not show any significant changes between time points,
suggesting limited utility in long-term assessment of BBB integrity. *P < 0.05, **P < 0.005 by paired
Wilcoxen test. ns, Not Significant. All data are medians = IQR. N=17.
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4.3.2: Changes immune response to necrotic brain tissue

In addition to plasma collection, PBMCs were isolated from each participant. Cells were
seeded in triplicate at a density of 1x10° cells/ml. Cells were primed with LPS-
supplements RPMI media for 3 hours, after which, the media was replaced with RPMI
media supplement with lysates of necrotic mouse brain tissue. Cells were propagated for
30 minutes in necrotic brain-supplemented media before being spun down and the
supernatant was collected for screening of the inflammatory cytokines IL-1p and IL-6 via
ELISA. PBMCs collected after a season of rugby produced significantly more IL-18
following stimulation by necrotic brain materials compared matched cells collected at
baseline (mean 25.47 pg/ml (SEM + 9.48) vs. 52.03 pg/ml (SEM +£11.72), P < 0.05).
Post-season PBMCs show no significant difference in the amount of IL-6 produced
compared to matched cells collected at baseline (mean 59.61 pg/ml (SEM =+ 21.82) vs.
75.01 pg/ml (SEM £23.53), P > 0.05) (Figure 4.2A & B). IL-1p and IL-6 levels within
plasma were also quantified via ELISA. No significant changes were observed in
circulating cytokine levels between baseline and post-season samples for IL-1p (mean
50.90 pg/ml (SEM + 11.51) vs. 46.51 pg/ml (SEM = 10.11), P > 0.05) or IL-6 (mean
33.41 pg/ml (SEM + 8.313) vs. 26.28 pg/ml (SEM =+ 6.755), P> 0.05 (Figure 4.2C & D).
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FIGURE 4. 2: CHANGES OF INFLAMMATORY RESPONSE FOLLOWING A SEASON OF
RUGBY.

IL-1p and IL-6 production, as measured by ELISA, in PBMCs treated with necrotic mouse
brain tissue (A & B) and plasma (C & D) (n=17). Increases in the level of IL-1 by post-
season PBMCs exposed to necrotic tissue suggests that some degree of trained response to
brain tissue has occurred over the course the study period. The absence of change in
response in IL-6 indicates that trained response is a “two-hit” DAMP insult. Circulating
levels of IL-1p and IL-6 did not show a significant difference between baseline and post-
season time points, indicating that increases in cytokine production is a result of the external
stimulus of necrotic tissue, rather than underlying variations within individual between
timepoints. *P < 0.05 by paired Wilcoxen test. Ns, Not Significant. All data are medians +
IQR.n=17
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4.3.3: Biomarker levels in plasma following a competitive rugby

match

In addition to collecting plasma samples at the end of the competitive season, plasma was
also collected from a limited number of players within 2 hours of completing a
competitive match, the duration of which was 80 mins. Plasma samples were screened
for the same biomarkers as those examined at the post-season time point, namely S100p,
BDNF and MCP-1/ CCL2. In contrast to post-season findings, significant increases from
matched baseline values were observed in both S100p (mean 1703 pg/ml (SEM =+ 295.9)
vs. 1969 pg/ml (SEM + 335.1), P<0.05) and MCP-1/CCL2 (mean 184 pg//ml (SEM +
24.81) vs. 254.3 pg/ml (SEM =+ 34.1), P<0.05). In contrast to post-season observations,
BDNF show a non-significant decreasing trend immediately following play (mean 2039

pg/ml (SEM =+ 1137) vs. 2339 pg/ml (SEM + 1841), P > 0.05) (Figure 4.3A-C)
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IMMEDIATELY FOLLOWING A COMPETITIVE RUGBY MATCH.

Circulating levels of S1003 (A), BDNF(B) and MCP-1/CCL2 (C) in plasma of rugby players, as measured
by ELISA. Increases in circulating S100p levels may reflect increases in BBB permeability brought about
by mechanical forces associated with rugby. Non-significant decreases in BDNF may reflect

MCP-1/CCL2 (pg/ml, IQR)

4007

3004

100

neuroprotective mechanisms induced by neurotrauma or exercise. Due to the broad role MCP-1/ CCL2
plays in chemotaxis, increases in MCP-1/ CCL2 cannot be attributed head trauma. *P < 0.05 by paired
Wilcoxen test. Ns, Not Significant. All data are medians + IQR.n=6
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4.3.4: PBMC immune response is unaltered following
competitive play

Post-match PBMCs were also collected and screened for changes in IL-1B and IL-6
cytokine production via the same means as post-season PBMCs; namely, primed with
LPS for 3 hours prior to being propagated in necrotic mouse brain lysate for 30mins. The
collected supernatant was screened for IL-1f and IL-6 via ELISA. No significant changes
were observed between post-match cytokine production and that of baseline response for
IL-1B (mean 17.34 pg/ml (SEM £ 4.81) vs. 33.19 pg/ml (SEM + 12.6), P > 0.05) or IL-
6 (mean 77.42 pg/ml (SEM =+ 24.48) vs. 180 pg/ml (SEM + 107.9), P > 0.05) (Figure
4.4A & B). Measurement of circulating cytokines was also carried out on samples
collected shortly after a match and compared to baseline values. A non-significant
increase in IL-1p plasma concentration post-match compared to baseline was present
(mean 50.9 pg/ml (SEM + 11.51) vs. 46.51 pg/ml (SEM + 10.11), P > 0.05). In contrast,
IL-6 was found to be significantly lower in post-match samples compared to baseline
(mean 33.41 pg/ml (SEM =+ 8.313) vs. 26.28 pg/ml (SEM = 6.755), P <0.05) (Figure
44C & D).
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FIGURE 4. 4: CHANGES OF INFLAMMATORY RESPONSE FOLLOWING A COMPETITIVE
RUGBY MATCH.

IL-1p and IL-6 production, as measured by ELISA, in PBMCs treated with necrotic mouse
brain tissue (A & B) and plasma (C & D) (n=6). *P< 0.05 by paired Wilcox test. All data are
median values + IQR. The non-significant increase in PBMC-produced IL-1p may be due to
the small number of participants available to sample at this time point, or a transient point
immune response training. A non-significant increase in circulating IL-1p may reflect this
trained immune response to circulating neural antigens. Significant decreases IL-6 may reflect
initial decreases seen in severe trauma patients following injury. *P <0.05 by paired Wilcoxen

test. Ns, Not Significant. All data are medians + IQR.n=6.
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4.3.5. Changes in potential biomarkers for TBI following a

competitive mixed martial arts bout

Following on from the pilot study in rugby players, a cohort of participants engaged in
both professional and semi-professional mixed martial arts (MMA) was recruited as
outlined in Chapter 2. The change in sport was decided upon based on the frequency of
head injuries in MMA, as well as the greater ease of following up with participants shortly
after a competitive event. The results presented both here and in Chapter 5 regarding the
MMA cohort represent an ongoing study, and data presented here represents preliminary

results.

Plasma samples were collected at a baseline time point and within 48 hours of a
competitive MMA bout as detailed in Chapter 2. Plasma samples were screened for the
same biomarkers as the rugby cohort; S1003, BDNF and MCP-1/CCL2, using the same
protocols as previously described. So far, no significant changes have been observed
between baseline and post-fight levels in circulating S100B (mean 455.7 pg/ml (SEM =+
447.7) vs. 20.84 pg/ml (SEM = 20.84)), BDNF (mean 882.7 pg/ml (SEM + 193.3) vs.
695.8 pg/ml (SEM =+ 131.5)) or MCP-1/CCL2 (mean 126 pg/ml (SEM =+ 14.6) vs. 151.2
pg/ml (SEM =+ 33.56)) (Figure 4.5 A-C). Similarly, no significant changes have been
observed in systemic inflammatory states between baseline and post-fight, as measured
by circulating levels of IL-1p (mean 5.614 pg/ml (SEM = 5.614) vs 13.77 pg/ml (SEM
+8.532)) and IL-6 (mean 239.3 pg/ml (SEM =+ 184.9) vs. 38.15 pg/ml (SEM = 18.89))
(Figure 45D & E)
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Circulating levels of S1008 (A), BDNF(B), MCP-1/CCL2 (C), IL-1B (D) and IL-6 (E) in plasma of MMA
fighters, as measured by ELISA. Samples collected between 24-48 hours of a bout. All data are medians +
IQR. Levels of S100p were undetectable in post-fight samples, likely due to the short circulating half-life of
S100B, and a possible return to baseline for BBB integrity. The absence of significant changes in circulating
BDNF, MCP-1/ CCL2, IL-1B and IL-6 also suggest a return to baseline status. The absence of changes
could be attributed to an underpowered comparison due to the low number of samples available at the time.
P <0.05 by paired Wilcoxen test in all cases. All data are medians + IQR. ns, Not Significant. n=>5
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4.4: Discussion

Blood-based biomarkers are often hailed as a holy grail of diagnostic tools, especially in
kinetic environments or dynamic conditions such as TBI. Recently, the first commercially
available panel consisting of glial fibrillary acidic protein (GFAP) and ubiquitin C-
terminal hydrolase (UCH-L1) was approved for diagnostic use in ruling out complicated
mTBI (FDA site, news & events). While this panel appears to be an improvement upon
S100P’s ability to predict complicated mTBI, a biomarker for assessment of mTBI, such
as that observed in sport remains to be developed. Presented in this chapter are the
changes observed in a range of potential biomarkers, both in the context of the acute
scenario following sub-concussive forces, as well as over long-term exposure, as well as
purposing a novel means by which to assess an individual’s adaptive response to
concussive force, namely by measuring peripheral immune cell response to necrotic brain

tissue.

Shortly after completion of a competitive rugby match, S1008 and MCP-1 were elevated
compared to baseline values, and no participant was diagnosed with a mTBI. However,
increases in S100B have been reported following exposure to both contact sports and non-
contact exercise (Dietrich et al.,2003; Marchi et al.,2013; Stocchero ef al., 2014). MCP-
1 has been examined closely in the context of sport-related mTBI, and so changes must
be viewed in the context of animal models and observations made as part of exercise
studies in healthy individuals. As mentioned previously, MCP-1 appears to play an
important early role in mediating the response to injury in animal models of TBI, with
increases in chemokine circulation being observed within hours of injury (Dalgard et
al.,2012; Liu et al.,2013). However, the non-specificity of MCP-1 in regard to response
to injury makes it impossible to definitively say that this increase is a result of brain
trauma. Exercise has a known effect on immune response, and endurance training has
been demonstrated to increase serum levels of MCP-1 (Ortega, 2016; Jiirimé, Vaiksaar
Purge, 2018). The physically demanding nature of contact sport must also be considered.
These issues are also highlighted when looking at changes in these proteins over long-
term exposure of contact sport. While MCP-1 showed a non-significant increase at the
end of the season, S1008 was dramatically lower than the values observed at baseline. A
recent study in rugby players also found a drop in S100f towards the end of the season,

which may reflect changes in play behaviour as the season progresses (O’Connell et al.,

118



2018). Circulating BDNF levels shortly after a match showed a non-significant drop
compared to baseline values, while at the post-season timepoint, circulating levels of the
neurotrophin were much higher than matched baseline levels. The post-match decrease
in BDNF mirrors findings of lower circulating levels of the neurotrophin in severe TBI
patients (Failla et al.,2016). In contrast, the post-season increase observed in BDNF may
indicate a potential neuroprotective response (Korley et al.,2016). Given the limited
context of the study, the implications of these changes could not be assessed, but may
represent a gradual change in neural health over time. However, it is also possibility that
these increases in BDNF could be derived from endothelial cells, rather than a neuro-

adaptive response.

While the number of participants available to be included with the MMA cohort to date
is severely limited, it can be noted that the circulating levels of biomarkers are noticeably
lower in this cohort compared to the rugby participants, particularly in the cases of S100p3
and BDNF. While no conclusions can be drawn as the reason for this, as the lower number
of MMA samples may be masking the accurate levels of circulating biomarkers,
speculation can be made. A possible reason for this discrepancy may be due to the timing
of training sessions or other physical activities on part of the participants. Participants
from both groups came in roughly at the same time of day, however, the MMA
participants would tend to go to training after assessment, on account that they may
partake in light sparring sessions during training. Participants from the rugby cohort
would often partake in gym sessions almost every morning, as well as physical education
activities, which may have contributed to a higher “baseline” value of circulating
biomarker, even in the absence of physical contact collisions. This may have also

contributed to a static, high level of circulating biomarker at the post-season assessment.

Immune response to necrotic brain tissue demonstrated increases in IL-1 following a
season of play, the implications for which remains to be seen. One possibility for the
increased release of cytokines following a season of play may be due to some degree of
innate immune training. Repeated sub-concussive blows, combined with auto-immune
response stimulated by exercise (Ortega, 2016), may provide ample opportunities for the
immune training to occur. A recent study in rats suggests that severe TBI can induce
inflammatory changes in the periphery within a week of injury, mirroring the changes

observed in an inflammatory state of cortical tissue, as well as an impedance to regulatory
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T-cell development to an anti-inflammatory profile (Rowe et al.,2016). However, the
study focused primarily on the influence of TBI on the peripheral immune response to a
second, non-TBI injury. The chemokine CCL20 has also been reported to be upregulated
following severe TBI in rats, and directing CCR6-expressing cells, such as T-cells, B-
cells and dendritic cells, to injured sites of the brain, and as mentioned, neutrophil and
monocytes also infiltrate the neural space shortly after injury (Das et al., 2011; Perez-de-
Puig et al.,2015; McKee & Lukens, 2016). This infiltration of peripheral immune cells
has been demonstrated to contribute to the neuroinflammation associated with TBI. The
observation of an increased response of peripheral immune cells after a season of play
may suggest that upon further TBIs, a heightened immune response to neural tissue may
be mounted in the long-term, increasing inflammation-associated damage or prolonging
the inflammatory state. The absence of significant changes observed shortly after a match
may either reflect a transitory state, in which changes in immune response have not yet
manifested or be a result of immune-dampening in response to exercise-induced muscle

damage (Ortega, 2016).

Important caveats must be taken into consideration when looking at the results presented
here. One of which is the relatively small number of participants. A total of 20
participants were retained over the course of the study, out of a potential 31. Of those
recruited to complete a post-match assessment only 7 were retained, and 6 returned for a
post-season assessment. In a condition as heterogeneous as mTBI, a small number of
participants has a large impact on the interpretation of the results. Also, the changes
observed in the biomarkers chosen for this study are those of athletes training and exposed
to contact sport at a high level and may not represent the population at large. Also, many
of these markers lack the specificity to distinguish neural damage or BBB compromises

from that of non-contact, aerobic exercise.

However, the findings here represent a step in a holistic approach to identifying potential

markers of mTBL
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Chapter 5: Changes to cerebral
vasculature and microstructure

associated with contact sports



5.1: Abstract

The previous section examined conventional means by which to identify mild traumatic
brain injury (mTBI) in contact sports via serological markers. However, the advent of
advanced medical imaging techniques has allowed for non-invasive assessment of
changes to the brain and neurovasculature previously undetected by standard medical
imaging paradigms. As shown in earlier sections, vascular dysfunction is evident in
pathological neurodegenerative conditions associated with repetitive TBI; and may play
an inciting role in disease development. Participation in a contact sport may contribute to
changes in blood-brain barrier (BBB) integrity, which may contribute to the risk of
dementia development later in life. In this section, changes in BBB integrity were
visualised using both established and novel dynamic contrast-enhanced magnetic
resonance imaging (DCE-MRI) analysis tools in participants engaged in rugby and mixed
martial arts (MMA). In addition to changes in BBB integrity, changes in the
microstructure of neural tissue was assessed using diffusion tensor imaging (DTI)
analysis. Using Toft’s-extended model to generate K™ measurements to assess BBB
integrity at a baseline and post-season time point, a significant increase in barrier
permeability was observed following participation in a season of rugby. Measurement of
the percentage of BBB disrupted voxels using the novel Linear dynamic model (LDM)
showed a non-significant increase in BBB permeability post-season. Post-match
assessment showed no changes in BBB permeability as measured by K™ values, and a
significant decrease in permeability as measured by suprathreshold voxels. However, a
sub-group of individuals were identified to display a significant increase in BBBD as
measured by both methods after a season of play. DTI analysis assessing axonal tract
integrity at a baseline and post-season time point found significant improvement in
fractional anisotropy (FA) within the body of the corpus callosum, as well as
improvements in mean diffusivity (MD) and radial diffusivity (RD) within tracts of the
anterior limb of the internal capsule (ALIC), the hippocampus and the inferior fronto-
occipital fasciculus (IFOF); and significant decreases in axial diffusivity (AxD) within
structures of the corpus callosum, hippocampus and IFOF. Also presented here are
preliminary findings of BBB state and axonal tract integrity in MMA fighters shortly

after a competitive bout.
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5.2: Introduction

Given the heterogeneous and complex nature of TBI, the extent of damage can be difficult
to assess. While the previous chapter discussed the use of blood-based biomarkers and
their potential utility in categorising TBI severity, presented here will be the use of
medical imaging techniques, specifically MRI. In most instances of moderate or severe
TBI, a non-contrast computed tomography (CT) scan is carried out to identify epidural
hematomas, intracranial haemorrhage or contusions (Shetty et al.,2016). In the case of
mTBI however, CT scans may be indicated only in exceptional circumstances, which
some outline as injury with loss of consciousness or posttraumatic amnesia accompanied
by coagulopathy or high risk of bleeds, advanced age (>65 years) or focal neurological
deficit (Jagoda et al.,2009). However, even cases in which abnormal neuroimaging
findings are present, these injuries are classified as “complicated mTBI", representing a
subset of the mild injury spectrum (Williams ef al.,1990). Many injuries will not present
to medical services for formal evaluation; and often when they do, medical imaging
reveals no gross lesions or changes to the brain, and those with prolonged symptoms,
sometimes referred to as post-concussion syndrome, have pathologies below current
standard imaging techniques (McCrory et al,2017). However, CT scans expose
individuals to bouts of radiation, and the use of the imaging modality in both adult and
paediatric populations have been increasingly met with concerns over the widespread use
of CT imaging (Brenner & Hall, 2007). Repeated exposure of low-dose radiation is also
a concern and therefore limits CT imaging as a means of continuous monitoring of
evolving processing following mTBI. As discussed in chapter one, the emergence of
long-term sequelae of mTBI appears to be a progressive process, potentially evolving
over decades after injury. Therefore, the use of advanced MRI techniques, such as DCE-
MRI and DTI, have come increasingly to the fore with regards to monitoring the brain
following mTBI, as well as detecting findings associated with “complicated mTBI" (Suri

& Lipton, 2018).

DCE-MRI is the most well-established means by which to measure BBB integrity, and
utilizes a metal-based contrast agent, most commonly gadolinium-based chelates,
although iron-based contrast agents are also being investigated for their utility (Bashir et
al.,2015). Under normal physiological circumstances, the BBB limits and regulates the

flux of macromolecule between the brain and circulating blood, confining contrast agent
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within the lumen of blood vessels. However, in the presence of a disrupted BBB, the
contrast agent can seep into the perivascular space and can be detected using a number
of quantification methods (Ingrisch & Sourbron, 2013). In this chapter, BBB integrity
was quantified by means of the Toft’s Extended model, which measures the BBB
integrity via the volume transfer rate, and LDM, which quantifies the extent of BBBD
across the scanned area (Sourbron & Buckley, 2011; Chassidim et al.,2013). As
mentioned, prior, BBB dysfunction is a prominent feature of moderate and severe TBI,
as well as being a common element of neurodegenerative conditions associated with a
history of TBI. However, disruption of the BBB in mTBI in humans, particularly in the
context of contact sports, remains largely understudied. To date, only one study has been
published exploring the use of DCE-MRI in measuring BBB changes in contact sport
athletes, reporting that several athletes had an increased proportion of voxels displaying
BBB disruption (Weissberg et al.,2014). Similarly, BBBD has been implicated in
individuals experiencing PCS, the umbrella term of concussion symptoms lasting longer

than two-to-three weeks (Yoo ef al.,2019).

DTI is another MRI modality being explored for its use in determining the long-term
effects of mTBI on brain health by gauging changes in the microstructure of white matter
(WM). DTI detects the direction and magnitude of water movement within the confines
of tissue, and within the axonal bundles of WM, water movement is primarily limited
along the length of the axon, due to axon’s membrane and surrounding myelin sheaths.
As DTI can provide a detailed and multifaceted insight into the health of the
microstructure of axonal tracts, the imaging modality is held as a potential candidate in
identifying the diffuse axonal injury associated with TBI in life (Shenton ef al.,2013).
Changes in DTI parameters have been identified in both the acute stages of TBI, as well
as over more prolonged periods after the resolution of the injury, suggesting that the
initial injury’s insult may trigger a dynamic and gradual process of axonal injury
(Arfanakis et al.,2002; Van Beek et al., 2015a; Van Beek et al., 2015b). Contact sports,
such as American football and ice hockey, have been shown to induce changes in tract
integrity over the course of a season, even in the absence of diagnosed mTBIs (Bazarian
etal.,2012; Davenport et al.,014; Bahrami et al., 2016). However, to date, there has been
little consensuses in the direction of change in DTI indices following injury, as well areas
of significant tract changes differing between cohorts. This likely reflects in part the

heterogeneity of mTBI, as well as possibly suggesting a different response in axons
124



depending on the mechanism of injury or whether it was a single insult or several minor

events.

5.3: Results

5.3.1: Changes in BBB integrity following a season of

competitive rugby

Initially, 30 participants were recruited from a competitive local amateur rugby (aged 17-
24 years). Participants underwent a baseline MRI scan, which included a DCE sequence
for BBB, at the start of the competitive season. Following the conclusion of the season
(lasting roughly 8 months), participants underwent reassessment and MRI scanning, and
individual values were compared to matching baseline values. Of the 30 participants
recruited to the study, 18 completed baseline and post-season MRI assessment. BBB
integrity was measured using two models: Tofts Extended model, which measures the
change in volume transfer rate (K"™") between the lumen of the blood vessel and the
extravascular space (Sourbron & Buckley, 2011); and LDM, normalising the slope of
contrast signal intensity over time to a region of interest (ROI) and highlights voxels with
increasing signal intensity, representing accumulating contrast agent and the area of
BBBD (Vesker, Shelef & Friedman, 2014). A graphical representation of both models is

presented in Figure 5.1.
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FIGURE 5. 1: SCHEMATIC AND GRAPHIC REPRESENTATIONS OF SIGNAL GENERATION
VIA THE TOFT’S EXTENDED MODEL AND THE LINEAR DYNAMIC MODEL

A) A schematic representation of the derivation of primary measurement used from the
Toft’s Extend Model: K™, The model requires measurement of the bolus signal as a refence
for the concentration of contrast agent within plasma (Vp). This is then used to calculate he
concentration of contrast agent within the plasma over time (cp(t)). Extravascular signal is
detected during the scan (V) and used to calculate the extravascular concentration of
contrast agent for time (cy(t)). The rate of flux between the plasma concentration and the
extravascular concentration represent the degree of integrity within the tissue (K"™"). B) The
Linear Dynamic Model fits the raw signal of contrast agent within a reference area (ROI) to
a lineal model over time. The rate of decay of the contrast signal for the reference area is
compare with every other voxel within the scanned area. The model assumes that all other
voxels will have a signal decay rate equal to or greater than the reference area. Voxels with
a slower rate of signal decay (slope) are assumed to be cause by contrast agent retained with
extravascular spaces (Blue space). This model cannot measure concentration over time as
gadolinium-based contrast agents do not follow a linear rate of decay. Image A) taken from
Tofts & Parker, Clinical Perfusion MRI,2013.
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Visual comparisons of BBB permeability masks using K" values displayed no obvious
changes in permeability across the scan area; nor was there apparent increases in the
number of focal regions displaying high K™ values (Figure 5.21Aa & Ab). Comparison
of post-season median K™ values displayed a significant increase from the values
recorded at baseline (median 4.155x10* min?! (IQR 9.604x10° - 1.101x107) vs.
9.198x10* min! (IQR 5.081x10™ - 1.801x10°*), *P <0.05), (Figure 5.2B). Association
analysis was carried out to determine whether baseline K™ values influenced post-
season readouts. Correlation analysis showed no significant association between median
K" measured at baseline and that measured at the post-season timepoint (Spearman r =
0.2529, P> 0.05) (Figure 5.3). When compared to their baseline values, individuals that
showed an increase in K™" measurement showed significant changes from their baseline
status (7.309 x 10 (SEM + 3.039 x10™) vs. 2.349 x 10~ (SEM + 6.88x10%), **P <0.01)
(Figure 5.3B). The same comparison was made within individuals showing a decrease
in K" measurements, and was post-season values were found not to significantly differ
from their baseline status (6.929x 104 (SEM £2.238 x 10%) vs. 4.617x 10*(SEM £ 1.529
x 10%), P >0.05) (Figure 5.3C).
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FIGURE 5. 2: CHANGES IN BBB INTEGRITY ARE DETECTABLE USING TOFTS EXTENDED MODEL
FOLLOWING A SEASON OF PLAY IN RUGBY.

A) Representative of brain mask of brain sections along the inferior-superior axis generated using K"
values of a player at baseline (a) and post-season (b). K™ value for each voxel is denoted using a psudo-
colour chart, ranging from blue (flow in the direction of the blood vessel lumen) to red (flow in the direction
of the perivascular space). Qualitative assessment of the sections suggests on large changes in K™ values
over the course of the study period. B) Groups analysis of median K" value at baseline and post-season
time points. The significant increase in median K" suggest that changes in BBB integrity come about as
result of non-concussive forces associated with normal play. *P < 0.05 by paired Wilcoxen test. C) Before-
and-after plot of median K™ values, with lines pairing baseline and post-season values. A number of
participants (n =7) showed little change from their baseline value, sub-groups showed an increase (n=8)
and decreases from baseline (n=3), suggesting a possible increased vulnerability in the BBB to mechanical
force in a limited population. 128
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FIGURE 5. 3: BASELINE K™ANSVALUES DO NOT CORRELATE WITH POST-SEASON READOUTS.

A) Linear regression analysis comparing baseline median K™ values with post-season median K"
values. The trend line represents a non-significant correlation between higher baseline values and
higher post-season values, suggesting that higher baseline values are not assoicated with a higher K"
value following a season of rugby. B) Paired analysis of median K™ values in individuals showing
an increase in BBBD signal at post-season (n=8). Changes in K" values observed within this sub-set
of individuals represented a significant change in their BBB integrity over the course of the season,
even in the absence of injury. **P < 0.005 by paired Wilcoxen test. C) Paired analysis of median K™
values in individuals showing a decrease in BBBD signal at post-season (n=3). P >0.05 by paired
Wilcoxen test
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BBBD using the LDM was quantified by the percentage of voxels showing an increasing
slope, set to a previously established threshold in non-contact athletes (Weissberg et al.,
2014). Visualisation of BBBD using the LDM showed widespread changes in the area
displaying BBBD from baseline in several participants, as well as an increase in the signal
within these regions (Figure 5.4Aa & Ab). Comparison of the percentage of disrupted
voxels at post-season showed a non-significant increase in the volume of BBBD
compared to that measured at baseline (median 22.28% (interquartile range (IQR) 15.38-
27.25) vs 24.99% (IQR 17.99- 30.27), P > 0.05) (Figure 5.4B). Similar to K""
measurements, the percentage of suprathreshold voxels at baseline did not indicate the
percentage of suprathreshold voxels measured at the post-season timepoint (Spearman r
= 0.04211, P > 0.05) (Figure 5.5A). Comparison of post-season values to the paired
baseline status of individuals that displayed an increase in the percentage of
suprathreshold voxels indicated that the measured increases differed significantly from
baseline (19.38% (SEM + 2.523) vs. 29.02% (SEM =+ 1.977), *P< 0.01) (Figure 5.5B).
However, a significant decrease in the number of suprathreshold voxels was observed in
individuals that showed a decrease from their baseline evaluation (27.12% (SEM + 2.45)
vs. 17.06% (SEM = 3.265), *P<0.01) (Figure 5.5C). This is likely why the comparison

of baseline and post-season suprathreshold voxels only trended towards an increase.
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FIGURE 5. 4: CHANGES IN BBB INTEGRITY ARE NOT OBSERVE ON A GROUP’S BASIS
FOLLOWING A SEASON OF RUGBY USING LINEAR DYNAMIC MODELLING.

A) Representative of brain mask of brain sections along the inferior-superior axis generated using normalised
slope values over T1 images of a baseline (a) and post-season (b). Voxels with positive normalised slope
values are denoted with pseudo-colour values, ranging from minimum threshold value set in blue (0.02) to
the maximum threshold value in red (0.14 B) Groups analysis of percentage of suprathreshold voxels at
baseline and post-season time points. The range in the percentage voxel showing BBBD were greater
following a season of rugby compared to those recorded at bassline. However, the upward trend in the
percentage of suprathreshold voxels did not significantly changed from base line values. P > 0.05 by paired
Wilcoxen test. C) Before and after plot of percentage of suprathreshold voxels, with lines pairing baseline
and post-season values. A sub-set of participants showed increases (n=7) and decreases (n=9) in the
percentage of disrupted voxels, likely contributing non-significant observation when comparing baseline and
post-season values. As a sub-set of participants did display increases in BBB permeability following a season

of play in the absence of injury, they may represent a cohort with increased vulnerability to mechanical
forces. 131
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FIGURE 5.5: ANALYSIS OF TRENDS IN VOXELS DISPLAYING BBBD IN RUGBY
PLAYERS FOLLOWING A SEASON OF PLAY.

A) Linear regression analysis comparing baseline percentage suprathreshold voxels with
post-season percentage suprathreshold voxels. No correlation was observed between
baseline suprathreshold voxels and post-season values. B) Paired analysis of percentage of
suprathreshold voxels in individuals showing an increase in BBBD signal at post-season.
**P < 0.01 by paired Wilcoxen test (n=7). C) Before and after plot of percentage of
suprathreshold voxels, with lines Paired analysis of percentage of suprathreshold voxels in
individuals showing a decrease in BBBD signal at post-season. *P < 0.05 by paired
Wilcoxen test (n=9).
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5.3.2: Acute post-match assessment of BBB integrity

A small number of participants (n=8) underwent MRI scanning within two hours of

completion of a full competitive rugby match.

Visual comparison of K™ value brain masks showed no obvious changes in BBB
permeability from that of baseline assessment (Figure 5.6A). Median K™ values did not
differ significantly from matched baseline values (median 6.785x10* min"' (IQR
2.203x10% - 1.269x10%) vs. 2.467x10° min"! (IQR -3.748x10™* - 1.844x10™#), P> 0.05)
(Figure 5.6B). No association was found between baseline K™ values and values

measured shortly after a match (Spearman r = -0.381, P > 0.05) (Figure 5.6C).

Brain masks of suprathreshold voxels over T1 images showed substantially less BBBD
voxels post-match in all but one player, who is discussed in the next section (Figure
5.7A) In contrast to post-season findings using the LDM, which suggested increases in
the volume of BBBD, the percentage of suprathreshold voxels was significantly
decreased within the acute phase following a match (median 18.58% (IQR 13.63 - 22.56)
vs. 14.45% (IQR 9.995 - 16.38), P = 0.0052) (Figure 5.7B). In contrast to K" there
was a weak association between the percentage of suprathreshold voxels measured at
baseline and those measured shortly after a match. However, this association proved non-

significant in the limited cohort available. (Spearmanr=0.4286, P> 0.05) (Figure 5.7C).
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FIGURE 5. 6: ASSESSMENT OF BBB PERMEABILITY IN RUGBY PLAYERS FOLLOWING A
COMPETITIVE RUGBY MATCH, USING TOFTS-EXTENDED MODEL

A) Representative of baseline (a) and post-match (b) brain masks of K" values. B) Groups analysis
of median K™ # baseline and post-match time points (n=8). P > 0.05 by paired Wilcoxen test. C)
Linear regression analysis comparing baseline median K™™ values with post-season median K™
values. No correlation was observed between baseline values and post-season values.
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FIGURE 5. 7: ASSESSMENT OF BBB PERMEABILITY IN RUGBY PLAYERS FOLLOWING A
COMPETITIVE RUGBY MATCH, USING THE LINEAR DYNAMIC MODEL

A) Representative of baseline (a) and post-match (b) brain masks of suprathreshold voxels over T1
images. B) Groups analysis of suprathreshold voxels * baseline and post-match time points (n=8). P >
0.05 by paired Wilcoxen test. C) Linear regression analysis comparing baseline percentage of
suprathreshold voxels with post-season values. The trend line represents a moderate, non-significant
correlation between higher baseline values and values measured after a rugby match.
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5.3.3: BBB changes in an injured player

While no rugby player was diagnosed with a mTBI over the course of the study, one
player did receive a heavy injury as a result of a tackle early in a game, injuring his hip
and sustaining a possible blow to the head in the subsequent fall. The player was assessed
by on-site medical personnel and cleared of mTBI. However, he subsequently sat out the
remainder of the game and agreed to post-match MRI assessment. As this individual was
the only participant to sustain a recognised injury over the study period, his BBB status
was followed and compared to other participants who had completed both post-match
and post-season assessments (n=6). Brain masks of K"™" values showed no substantial
focal increases when compared to baseline (Figure 5.8A). However, the signal generated
using the LDM showed large, unilateral increases in signal compared to baseline (Figure
5.8B). Post-season BBB assessment showed no large changes in K™ values across the
brain (Figure 5.9Aiii). Signal generated using the LDM remained high and overlap with
some regions of high signal observed at the post-match assessment (Figure 5.8 Aiii).
While no focal changes in K™ were apparent, median K™ values for the injured
participant was substantially higher than others who underwent post-match assessment
in the absence of injury (Figure 5.8B), the individual is highlighted in red). However, the
percentage of suprathreshold voxels as measured after a match was not noticeably
different from those figures from the rest of the cohort (Figure 5.9B). The individual’s

trans

median K values and the percentage of suprathreshold voxels did not differ

substantially from the rest of the cohort at the post-season assessment.
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FIGURE 5. 305: BBB PERMEABILITY IN AN INJURED PLAYER OVER THE COURSE OF A SEASON,
EVALUATED USING TOFTS EXTENDED MODEL.

A) BBB permeability mask generated using K™ values for the same player who sustained a non-head
injury and was removed from play at i) baseline, ii) post-match and iii) post-season. B) Comparison of
median K" value for all players who completed a post-match and post-season MRI scan. Changes in BBB
integrity as measured by the Tofts extended model did not differ much from baseline and post-season values
observed for the same player. The same player who sustained a non-head injury depicted in (A) is denoted
with a square symbol and red colouration. The injured player illustrates a potential temporal confounder
with the use of the Tofts extended model in the context of post-exertion assessment, with the player’s median
K™ yalue being noticeable higher than his peers.
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FIGURE 5. 9: BBB PERMEABILITY IN AN INJURED PLAYER OVER THE COURSE OF A SEASON,
EVALUATED USING THE LINEAR DYNAMIC MODEL.

A) BBB permeability mask generated using suprathreshold voxels over T1 images for the same player who
sustained a non-head injury and was removed from play at i) baseline, ii) post-match and iii) post-season.
B) Comparison of percentage of suprathreshold voxels for all players who completed a post-match and
post-season MRI scan. Changes in BBB integrity as measured by the LDM did not appear to mirror the
change observed for the same player at the send of the season. The same player who sustained a non-head
injury depicted in (A) is denoted with a square symbol and red colouration. The player illustrates a potential
temporal confounder with the use of the LDM in the context of post-exertion assessment, with visual signal
being noticeable higher than his peers. This was not reflected in the percentage of disrupted voxels
measured by the LDM (B, red square).
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5.3.4: Changes in neural tissue microstructure following a

season of competitive rugby

MRI assessment also included a 32-direction DTI sequence in order to assess changes in
the microstructure of WM neural fibres over the course of a season of play. The four
parameters measured included FA, a general measure of microstructural integrity, MD,
an inverse measure of axonal membrane density, AxD, a measurement of water
movement along axonal fibres and axonal health, and RD, a measure of water movement
perpendicular to the fibre track and changes in myelination of neural fibres. Ten regions,
examined on both hemispheres, were chosen for examination due to historic findings of
changes in tract integrity following mTBI and concussion. These are listed in Table 5.1

and were examined in all participants that underwent pre-and post-season assessment

(n=18).

FA was found to be significantly increased compared to baseline in the tracts of the
Corpus Callosum body (0.5229 (standard deviation (SD) +0.0153) vs. 0.5310 (SD
+0.0139, *P <0.05). All other regions did not significantly differ from matched baseline

measurements.

Significant decreases in MD were observed in the Corpus Callosum body (8.4732 x 107
mm?/s (SD £ 0.8562) vs 8.1679 x 10~ mm?/s (SD + 0.4225), ** P<0.01), the left anterior
limb of the internal Capsule (7.6816 x 10~ mm?/s (SD £ 0.2120) vs. 7.5305 x 10> mm?/s
(SD + 0.2041), *P < 0.05), left hemispherical hippocampal tracks (8.2426 x 10 mm?*/s
(SD £ 0.2130) vs. 8.0715 x 10 mm?*/s (SD + 0.2790), *P < 0.05), and the left inferior
fronto-occipital fasciculus (8.1184 x 10 mm?/s (SD =+ 0.2303) vs. 7.9953 x 10~ mm?/s
(SD £ 0.1525), * P <0.05).

Similar changes were made in AxD upon comparison of post-season values to baseline,
and in overlapping regions. AxD was significantly decreased from baseline values in the
corpus callosum body (13.8084 x 10 mm?/s (SD £ 0.5147) vs 13.5228 x 10~ mm?/s (SD
+0.4023), *P < 0.05), the splenium of the corpus callosum (13.2284 x 10~ mm?/s (SD +
0.3896) vs. 13.1521 x 10 mm?%*s (SD + 0.6116), **P < 0.01), left hemispherical
hippocampal tracks (13.9374 x 10~ mm?*/s (SD £ 0.6226) vs. 13.5837 x 10~ mm?*/s (SD
+ 0.8035), *P < 0.05), and the left inferior fronto-occipital fasciculus (13.1989 x 107
mm?/s (SD % 0.4431) vs. 13.0095 x 10~ mm?/s (SD = 0.3001), *P < 0.05).
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Finally, RD values were also observed to change significantly from those measured at
baseline. Namely, the corpus callosum body (5.6292 x 107 mm?/s (SD = 0.3832) vs.
5.3668 x 10 mm?/s (SD + 0.2106), **P < 0.01), the splenium of the corpus callosum
(5.3989 x 10~ mm?/s (SD + 0.2269) vs. 5.3105 x 10> mm?%/s (SD = 0.1626), *P < 0.05),
the left anterior limb of the internal Capsule (5.3158 x 10~ mm?/s (SD £ 0.1549) vs.
5.2045 x 10 mm?/s (SD =+ 0.1532), *P < 0.05), left hemispherical hippocampal tracks
(5.1379 x 107 mm?/s (SD + 0.1385) vs. 5.0526 x 10> mm?%/s (SD = 0.1336), *P < 0.05),
and the left inferior fronto-occipital fasciculus (5.6480 x 10~ mm?%/s (SD =+ 0.1837) vs.
5.6141 (SD +£0.1669), *P <0.05) all displayed significant decreases from matched values

taken at baseline.
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5.3.5: Correlation of BBB permeability measurements with

relative changes in serological markers of mTBI

Linking phenotype with objectively measurable markers is a requirement for any
successful biomarker. To that end, it was investigated whether relative changes from
baseline in serological markers, discussed in Chapter 4, held any association with the
measures of the integrity of the BBB at the end of a season of rugby. While the values of
both the Toft’s model and the LDM are not directly comparable, the relationship between
post-season values of K™ and percentage of suprathreshold voxels as also investigated.
A correlation matrix was produced based on these parameters, with association strength
being determined by Spearman r (Figure 5.10A). Association strength was set at 0-0.39
for no association, 0.4-.0.59 for a weak association, 0.6-0.79 for a moderate association
and 0.8-1 for a strong association. Correlation analysis showed a moderate inverse
association between the percentage of suprathreshold voxels and median K™ values
(Spearman r = -0.637, **P < 0.01) (Figure 5.10B). A weak, non-significant inverse
association was also identified between the percentage of suprathreshold voxels and
relative changes in circulating S100B levels (Spearman r = -0.417, P > 0.05) (Figure

5.10C). No association was found linking any other variable (Spearman r < 0.4).
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FIGURE 5. 10: CORRELATION ANALYSIS OF POTENTIAL MARKERS OF MTBI IN RUGBY
PLAYERS

A) Correlation matrix of Spearman’s r value of all measured outputs from the cohort of rugby players
at post-season. % Voxel and K™" measurements were post-season values. Biomarker data was
normalised to find individual relative changes in biomarker levels. An inverse correlation between
K™ values and % voxels measured at the post-season time point. It should be noted that the two
measurements examine different aspects of BBB integrity. K" measures the overall rate of flow
between the luminal and perivascular spaces, while the % voxel values measure the of volume of
BBB within the measured area. As such a negative correlation is possible. B) Linear regression of
post-season percentage of suprathreshold voxels vs. median K™ values. **P < 0.01 by Spearman
correlation. C). Linear regression of post-season percentage of suprathreshold voxels vs. relative
changes in S100B. P > 0.05 by Spearman correlation.
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5.3.6: BBB changes following competitive a mixed martial arts

bout

As part of an ongoing project, 17 MMA fighters have been recruited in order to link BBB
phenotype with the magnitude of the force applied to the head during a competitive fight.
Similar to the rugby cohort, participants undergo a baseline scan and a post-fight scan
within 48 hours of a competitive fight. To date, 5 participants have completed baseline

and post-fight assessment. The results presented represent an ongoing study.

BBB integrity as measured by Tofts extended model displayed few focal areas of high
K"™" measurement either at baseline or with the 48hrs after a fight (Figure 5.11Aa &
Ab). Groups analysis of median K" values showed a greater range after a fight, but no
significant changes were observed between baseline and post-fight K™ measurements
(median 2 x 10~ min™' (IQR 4.704 x 10*-4.903 x 10~) vs 5.28 x 10”° min! (IQR -2.625
x 10— 1.274 x 107%), P< 0.05) (Figure 5.11B). A significantly strong correlation was
observed between baseline median K™ and K" values measured after a fight
(Spearman r = 1, *P < 0.05) (Figure 5.11C) However, the study remains in its infancy

and this correlation may be lost with the addition of more participants.
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FIGURE 5. 11: ASSESSMENT OF BBB PERMEABILITY IN MIXED MARTIAL ARTS FIGHTERS
FOLLOWING A COMPETITIVE BOUT USING TOFTS-EXTENDED MODEL.

A) Representative of baseline (a) and post-fight (b) brain masks of K™ values for MMA fighters
assessed within 48hrs post-bout. Visual inspection of K™ brain masks showed no obvious lesions or
changes in BBB integrity. B) Groups analysis of median K" baseline and post-fight time points (n=5).
P >0.05 by paired Wilcoxen test. Signficant changes from baseline values were not observed within the
limited cohort available. C) Linear regression analysis of post-match (blue) and post-season (red) median
K™ values. The trend line indicates a strong correlation between baseline and post-fight K™ values in
the limited cohort. However, this is likely driven by a single individual who had a high baseline and post-
bout K" values and therefore cannot be deemed an accurate indication of the correlation between

baseline and post-fight BBB integrity.
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BBB assessment by the LDM showed much more widespread barrier disruption
following a fight when compared to the same regions at baseline (Figure 5.12 Aa &
Ab. However, no significant differences were observed upon group analysis of baseline
and post-fight percentage of suprathreshold voxels (median 28.32% (IQR 18.04 —
31.09) vs. 31.26% (IQR 21.45 —33.6), P> 0.05) (Figure 5.12 B). No association was
observed between the percentage of suprathreshold voxel at baseline vs the percentage

observed after a fight (Spearman r = 0.1, P > 0.05) (Figure 5.12 C).
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FIGURE 5. 12: ASSESSMENT OF BLOOD BRAIN BARRIER PERMEABILITY IN MIXED MARTIAL
ARTS FIGHTERS FOLLOWING A COMPETITIVE BOUT USING THE LINEAR DYNAMIC MODEL.

A) Representative of baseline (a) and post-fight (b) brain masks suprathreshold voxels over T1
images for MMA fighters assessed within 48hrs post-bout. Visual inspection of the brain masks
showed an increase in suprathreshold signal in all participants post-bout. B) Groups analysis of the %
suprathreshold voxel baseline and post-fight time points (n=5). P > 0.05 by paired Wilcoxen test.
There was no significant difference in the % of suprathreshold voxels observed between baseline
and post-bout assessment it the limited cohort available. However, a small increase in % of
suprathreshold voxels was observed at the post-bout time point. C) Linear regression analysis of
post-fight percentage of suprathreshold voxels. The trend line indicates a no correlation between
baseline and post-fight the percentage of suprathreshold voxels.

147



5.3.7: Changes in neural tissue microstructure following a
season of MMA bout

Using the same DTI sequence and parameters used to assess axonal tract variables within
the cohort of rugby players, changes in the microstructure of neural tissue were measured

within the cohort of MMA fighters.

Across all structures and measures, no changes in axonal tract integrity were observed

when participants underwent scanning within 48 hours of a bout (Table 5.2).
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5.4: Discussion

The rotational and translational forces involved in TBI subjects the brain and its
vasculature to substantial shear stress. Medical imaging already plays a role in
determining the severity of moderate and severe TBI, as well as confirming the
presence of complicated mTBI. However, conventional imaging techniques have yet to
identify changes in neural anatomy associated with mTBI. As a result, advanced
medical imaging modalities, such as DTI and DCE-MRI are used in order to identify
markers of mTBI-induced changes to the neural structure and the implications these
changes may have on long-term brain health. Presented in this chapter are the results of
assessing changes in the integrity of the BBB over the course of a competitive season
rugby, as well as changes in the microstructure of neural tissue. In addition, primarily
data regarding changes to BBB integrity and axonal integrity following competitive

MMA bouts is also presented.

The novel LDM has recently been shown to detect BBB disruption in vivo in mouse
models of mTBI, with regions of high disrupted voxels overlapping with the regions
exposed to the TBI force and Evans blue extravasation (Tagge ef al., 2018). In addition
to being shown to detect mTBI-induce changes, the LDM has also been shown to match
up with regions of high K"™" values in cases of brain tumours and ischemic stroke,
indicating that the method is capable of detecting areas of increased barrier permeability
(Veksler, Shelef & Friedman, 2014). Measurement of BBB permeability by both Tofts
Extended Model and the LDM displayed that a subset of individuals experienced an
increase in barrier permeability to the contrast agent after a full season of play. On a group
basis, BBB permeability was increased when measuring the volume transfer coefficient
at post-season, while minor, non-significant changes were observed in the percentage of
disrupted voxels, suggesting that repeated exposure to the forces involved in competitive
rugby are sufficient enough to influence the BBB. An interesting finding was the
significant decrease in the number of disrupted voxels immediately following a match,
despite little change observed in K™ values. Currently, the reason for this remains to be
determined, as this study is the first use of the LDM in this context. A possible

explanation may be due to the LDM being more sensitive to changes in cerebral blood
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flow. Moderate exercise can increase cerebral blood flow by 10-30%, increasing with
exercise intensity up to roughly 60% of maximal oxygen uptake (Smith & Ainslie, 2017).
As the LDM relies on the venous output function as the reference measure of outflow
from the brain, increased arterial pressure and mean systemic pressure may affect the
result. As increases in arterial and systemic blood pressure are associated with exercise,
these changes could have contributed to a lower venous return within the sagittal sinus,
resulting in a slower outflow rate compared to that of the rest of the cerebral vasculature
(Young, Control of Cardiac Output, 2010; Vilcant & Zeltser, Treadmill Stress Testing,
2018).

Another point to note is that the number of disrupted voxels measured by the LDM is
much higher in our cohort than in the previously studied cohort by Weissberg et al.
(2014). The “pathological” group identified in that study had an average of 16.29% of
suprathreshold voxels. In contrast, our cohort had a median value of 22.28% at baseline.
A possible explanation for this may be due to different contrast agents used, or the
nature of the sports involved. In many instances, rugby players will engage in play for
the length of a match, while American football involves many player changes
depending on the tactics employed. This may reduce an individual’s lifetime exposure
to sub-concussive forces and may be reflected in differences in the number of

suprathreshold voxels.

A finding of note among the correlation analysis was the inverse association between the
percentage of suprathreshold voxels and median K"™" values. As outlined through this
chapter, the outputs of the Tofts extended model and the LDM show contrasting results
at both the post-match and post-season measurement points. While median K" appears
comparable to baseline values shortly following a rugby match, the percentage of
suprathreshold voxels dramatically drops. However, after a season of play, median K"™"
increases, in the absence of focal areas of high permeability, while suprathreshold voxels
visually appear to increase in focal regions, but when quantified fails to demonstrate
significant changes from values measured at baseline. Both methods have been used to
measure BBB permeability in conditions such as glioblastoma and ischemic stroke, and
have shown similar findings (Veskler, Shelef & Friedman, 2014). However, as outlined
in Chapter 1, few studies have examined how K"™" values preform in mTBI, and while

the LDM has primarily been used to investigate mTBI in humans, only a limited number
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of studies using the method have been published to date, and only one with a positive
control for head trauma (Tagge et al., 2018). As well as that, to our knowledge, no study
to date has compared how both models perform in mTBI. Therefore, caution must be
exercised in the interpretation of both models in this context when determining if BBBD
is a result of contact sports. However, while K™ and suprathreshold voxels are not
directly comparable, the lack of a correlation between the two remains an interesting
finding. This finding, that K" increases in the absence of significant changes to BBBD
volume, suggests that regions of compromised BBB integrity may be getting worse,

rather than a spread of dysfunction to additional areas.

Comparison of microstructure parameters via DTI analysis showed changes in MD,
AxD and RD in several structures of the corpus callosum, however, only the corpus
callosum body showed significant changes in FA. The corpus callosum is one of the
largest axon fibre bundles in the human brain and links motor, perceptual and cognitive
input between hemispheres (Glickstein & Berlucchi, 2008). The corpus callosum is
also one of the most frequently reported regions to experience axonal injury following
TBI, and finite element modelling suggests that it is a region that experiences the
greatest strain during an injury (Bigler & Maxwell, 2011). The observed increase in FA,
and by extension decrease in MD, is likely driven by reduced RD, as AxD is also
reduced at the post-season timepoint. This suggests that despite reduced diffusion along
the axonal tract, the reduced diffusion away from the length of the axon is a net positive
in diffusion directionality. However, the reduction in AxD is interesting to note, as it
may indicate that axonal damage, or at least axonal pruning, has occurred during the
intervening times between scans (Alexander et al., 2011). Several other regions also
demonstrated decreased AxD, such as the cingulum (hippocampus) and the inferior
fronto-occipital fasciculus (IFOF). The cingulum runs around the corpus callosum and
issues projections in the frontal, parietal, occipital and temporal lobe, integrating
connections from these regions to the hippocampus (Catani & Thiebaut de Schotten,
2008). Through these connections, the structure plays a role in attention and memory
functions, as well as emotional response. The IFOF connects the occipital lobe with the
posterior temporal lobe and orbtio-frontal cortex, however, its function is not yet fully
defined. Due to its proximal overlap with the inferior longitudinal fasciculus, it is
thought to play roles in facial recognition, visual memory and language functions

(Catani & Thiebaut de Schotten, 2008). Both regions have been reported as injury sites
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following TBI previously, while emotional imbalance, lack of attention and memory
complaints are common symptoms of PCS and were therefore investigated in this study.
However, aside from decreases in AxD, these regions showed decreases in both MD
and RD, suggesting improving tract integrity, although this was not represented in

changes to FA.

These findings contrast with previous studies looking at medium-term changes in
axonal microstructure, even when participants incurred non-concussive blows
(McAllister et al., 2014; Bahrami et al., 2016). It is possible that the changes seen in
our cohort could reflect the maturation of the brain during adolescence, as numerous
cross-sectional studies have demonstrated increases in FA, as well as decreases in MD
and RD, during maturation (Tamnes ef al., 2018). It may be the case that these changes
are less than those undergone by their peers who have not experienced mTBI or sub-
concussive blows, such as was demonstrated by Van Beek and colleagues (2015b)
However, in the absence of a control cohort, this remains speculation. It can be noted,
however, that many of the changes appeared unilaterally, similar to a finding present in
young American football players (Bahrami et al., 2016). While IFOF tracks are known
to be asymmetrical, which may generate different shear forces on tracks, this does not
account for unilateral changes observed in other structures. Unilateral changes may,
therefore, be a product of the sport itself and a function of the position of the players

and the direction of incoming blows.
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Chapter 6: General discussion



General discussion

Traumatic brain injury (TBI) is thought to be one of the most prevalent forms of trauma
globally, often dubbed as a “silent epidemic” in both public and scientific media. The
incidence rates of TBI are estimated to range from 7.3 per 100,000 people in Western
Europe to 811 per 100, 000 people in New Zealand, with mild TBI (mTBI) making up
between 15-97% of cases depending on the country (Faul & Coronado, 2015; Li et al.,
2016). However, many epidemiology studies acknowledge that these rates may greatly
underestimate the number of TBIs that occur each year, as such studies rely on hospital
visitation figures; often mTBI cases, such as those incurred during sport, are deemed
unwarranted of hospitalisation, As such, a recent meta-analysis places the incidence of
mTBI alone at roughly 224 per 100,000 people (Nguyen et al., 2016). With currently
available data, however, disability as a result of TBI already places substantial burdens on
both the individual affected, and on the economic costs associated with their care and
management. In 2010, it was estimated that TBI-related disability cost the US economy
alone roughly $76.5 billion (CDC, 2010). In addition, while moderate and severe TBIs
have been indicated as a risk factor for the development of neurodegenerative conditions,
mTBI’s influence in long term neural health is continuing to be explored (Nordstrom et al.,
2012; Godbolt et al., 2012; Gardner et al., 2014). Should mTBI be found to contribute to
neurodegenerative disease progression, the cost associated with seemingly inconsequential

injuries may be much greater than previously estimated.

Vascular pathology has been implicated in neurodegenerative diseases such as
Alzheimer’s disease (AD), Parkinson’s disease (PD) and Huntington’s disease (HD), with
recent studies showing that BBBD may be an early inciting event in disease progression
(Desai et al., 2007; Drouin-Ouellet et al., 2015; Nation ef al., 2018). Both animal models
and human studies of TBI at all severities have suggested that such injuries can lead to
temporary disruption of the BBB, which could provide an early seed for the development
of neurological conditions later in life (Tagge et al., 2017; Johnson et al., 2018).
However, as discussed previously, the connection between mTBI and neurological
disease progression remains to be firmly established. This may be in part due to the
difficulty in stratifying mTBI from more severe injuries, such as complicated mTBI, in
addition to issues such as relying on recalled injuries and associated bias, low recruitment

numbers and lack of long term follow up. Some of these shortcomings have been
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attempted to be circumvented by studies involving athletes competing in contact sports,
where head trauma and mTBI may be better documented than those experienced by the
public. However, while such studies offer promising insight into the risks posed by mTBI,
they remain to demonstrate established evidence of dementia as a result of repetitive
mTBI. For example, the incidence rates of mTBI in sports such as American football, ice
hockey and wrestling are estimated to be roughly 6.71, 7.91 and 10.92 injuries per 10,
000 competitive events, respectively (Zuckerman et al., 2015). Currently, however,
participation in contact sports only tentatively suggests a predisposition in individuals for
early onset of dementia compared to the general population (Karantzoulis & Randolph,
2013). In parallel to these long-term studies, much research has been committed to
finding a measurable marker of mTBI that may suggest long-term neural damage that
remains after resolution of transient neurological impairment. To that end, the main
objective of this doctoral work was to determine whether participation in contact sports
such as rugby or mixed martial arts (MMA) resulted in detectable changes in BBB
permeability, as well as to investigate the utility of novel markers of mechanisms
involved in neuronal damage following TBI. While definitive evidence for or against this
hypothesis could not be achieved in this study, the work presented provides important
establishing work to further the understanding of the long-term consequences of mTBI for

neural structures.

The case studies demonstrate a possible mechanistic link between TBI and the
development of dementia later in life. Case 1 represents an intersection between paranoid
schizophrenia, chronic traumatic encephalopathy (CTE) and BBB dysfunction. Both CTE
and schizophrenia are conditions that have been associated with changes in the BBB, but
in Case 1, given the context of a history of mTBI, both conditions may share the common
origin of in reductions in tight junction (TJ) components stemming from repetitive head
trauma. Similarly, in Case 2, BBB dysfunction was observed in a dementia case where
the patient was known for having a long history of participation in rugby and incurring
multiple mTBIs throughout their career. In both case reports, dense regions of phospho-
tau were closely associated with reductions in TJ protein, suggestive of BBBD and.
Potential mechanisms leading to this pathology may involve axonal shearing as a result of
mechanical forces involved in TBI, leading to changes in phosphorylation states of tau,
which subsequently reduces TJ levels. Alternatively, shear stress on endothelial cells may

disrupt TJ complexes, which lead to increased permeability to blood-based agents that
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trigger changes in tau phosphorylation states. Exact mechanisms for how the mechanical
force associated with TBI produces molecular changes within the brain remain to be
elucidated. The third case report suggests the possibility that a TBI of sufficient severity
may contribute to detrimental effects in the long-term. The manifestation of Diffuse Lewy
body disease (DLBD), frontotemporal dementia (FTD) and AD within an individual may
suggest that a common factor, such as BBB dysfunction, may have contributed to their
manifestation. As mentioned previously, multiple pathologies have been previously
reported in individuals with a history of TBI (Ling et al., 2017). However, with all cases
presented here, only tentative conclusions may be drawn. As these reports detail case
studies, they may only offer suggestive paths of investigation, and further studies on a

larger scale are required.

Analysis of the biomarkers available over the course of this work showed that S10083, one
of the most heavily investigated biomarkers for mTBI, did not correspond with changes in
the BBB over the course of a season of rugby. Comparison of post-season values to
baseline values demonstrated a drop in circulating levels of the predominantly astrocytic
protein, which if taking S1008 as a biomarker of BBBD, would suggest that barrier
integrity improved over the course of the study period. This observation is surmised in the
non-significant, inverse association between the percentage of suprathreshold voxels,
measured using the LDM of BBB permeability measurement, and the relative changes in
circulating S100p levels, while no association was found between changes in S1008
levels and K™ measurements, which displayed a significant increase at the end of the
season compared to baseline. However, this finding at least follows a previous study that
found no correlation between S100f and K™ in mild and moderate TBI cases (Winter et
al., 2015). While S100p was increased shortly after a match, suggesting increased
permeability, this was not reflected in an increase in either MRI-based measurement of
BBB permeability. Increases in S100p following exercise in the absence of mTBI have
already been discussed in both contact and non-contact sports. However, what may be
considered is whether these increases are comparable to increases observed following
mTBI. Another consideration is whether the increases in circulating S100p levels reflect
protein released from astrocytic sources, and therefore reflect some change in BBB
permeability, or whether such increases stem from peripheral sources such as adipocytes,
which may suggest that peripheral sources of S100p contribute to post-injury levels more

than previously thought. Increases in BDNF following a season of play may suggest some
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degree of neurotrophic response to the forces sustained over the course of the season, but
the protein’s presence within peripheral tissue such a neuromuscular junction limits its
utility as a specific marker of BBB integrity. In addition to this, BDNF lacked an
association with either MRI-based measure of BBB integrity. However, a non-significant
decrease in BDNF was observed shortly following match play, a pattern mirrored in
studies of severe TBI (Failla et al., 2016; Korley et al., 2016). While conclusions cannot
be drawn from the findings presented here, it may be worth exploring longitudinal
changes in BDNF levels in contact sports and corresponding neuropsychological scores in

memory and learning.

Changes in inflammatory responses, while non-specific in terms of source, could
contribute to changes in BBB integrity and in the propagation of secondary injury
mechanisms associated with TBI if occurring within the neural space. Examination of
inflammatory cytokines IL-1f and IL-6 did not show significant changes when examined
after a season of rugby, nor did the chemokine (MCP-1)/ 2 (CCL2), indicating that the
homeostatic status present at the start of the season is not greatly affected following a
season of play. However, upon exposure to lysates of necrotic brain tissue, PBMCs
collected after a season of rugby mounted a greater IL-1 response compared to PBMCs
collected at baseline. This change in peripheral immune cell behaviour may reflect
adaptive changes in response to neural tissue. Such adaptive changes in immune status
may lead to an exaggerated response to neural antigens by infiltrating immune cells in the
event of BBBD. Post-match PBMC immune responses showed a non-significant increase
in IL-1B production to the same stimuli, which may suggest that such changes in immune
responses can occur rapidly after the commencement of exercise, although this aspect of

the work was limited by numbers, which may obscure small effects.

In addition to measurements of serological markers, a unique aspect of this work was the
measurement of BBB permeability by DCE-MRI in healthy athletes. To date, only a
limited number of studies have utilised this imaging modality in the context of non-
pathological conditions, and so there is little knowledge surrounding how output
parameters, such as the volume transfer coefficient (K"™"), changes in regard to mild
injuries. As K™ is primarily used to measure the extent of BBBD in brain tumours and
ischemic stroke, its ability to detect minor changes, such as those resulting mTBI, remain

largely understudied. In addition to the use of the Tofts extended model to measure BBB
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dysfunction, the recently developed LDM, which quantifies the percentage of white and
grey matter voxels showing increasing contrast signal relative to the outflow rate from the
brain, was also available for use as part of this study. The model has been demonstrated to
detect a comparable extent of BBBD to K" in stroke and glioblastoma cases in a limited
number of studies; been used to separate American football players into groups of high
and low BBBD, as well as being able to detect barrier dysfunction in a mouse model of
mTBI (Chassidim et al., 2013; Weissberg et al., 2014; Tagge et al., 2017). In the cohort
of rugby players participating in a season of rugby, BBBD was indicated by measurement
of K™ values and suggested by increases in the number of disrupted voxels measured by
the LDM. This finding suggests that changes in BBB permeability may occur after
participation in contact sports and is capable of being measured in life. However, several
caveats are worth noting from these observations, Analysis of post-match BBB integrity
demonstrates a potential nuance of the LDM, specifically that it may be sensitive to
changes in cerebral blood flow. As this is the first time the model has been used in this
context, and blood pressure measurements were not collected at the time of scanning, it
not possible to comment on whether this is the case. However, based on the finding of
reduction from baseline of disrupted voxels, in comparison to a largely stationary K"

measurement, the LDM may not be suitable for immediate post-exercise assessment.

Also measured over the course of a competitive season were changes in axonal tract
parameters as measured by Diffusion Tensor Imaging (DTI). In almost all structures
previously demonstrated to show changes following mTBI, no gross changes were
observed in any of the parameters measured. However, overall tract integrity, measured
by fractional anisotropy (FA) was increased from baseline in the body of the corpus
callosum, a structure thought to be subjected to high shear force as a result of mTBI. This
increase in FA was likely driven by improvements in radial diffusivity (RD) and
subsequently mean diffusivity (MD). However, also observed was a decrease in axial
diffusivity (AxD), suggesting axonal tract shortening. While this may indicate axonal
damage, any potential deleterious effects seem to be offset by improvements in RD. A
potential reason for an overall improvement in axonal tract integrity may be a result of
ongoing brain development in this adolescent cohort, as well as continued engagement in
formal education and training. The improvement in axonal tract integrity also coincides

with the observation of increased levels of circulating neurotrophic factor, BDNF, which
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may be a result of continued participation in sport and contribute to improvement in the

brain’s microstructure.

Within this study, the lack of controls limits the information gleaned from all aspects of
characterising changes in BBB permeability as a result of participation in rugby. While
changes were observed in parameters of BBB permeability, they lack the context of
whether these changes are significant amongst the general population, or even among
those participating in non-contact sports. Many of the participants have participated in
rugby for many years prior to the start of the study, and the barrier phenotype observed at
baseline may reflect changes that have occurred years prior. It is worth noting, that while
not directly comparable, the values of percentage disrupted voxels at baseline of our
rugby cohort are generally higher than those observed by Weissberg et al. (2014) in both
their contact and non-contact cohorts, which suggests that the cohort of rugby players
presented here may already have a greater extent of BBB dysfunction at baseline
compared to other cohorts. Compounding this issue is the variability in MRI scanning
time both prior to the commencement of the competitive season and following its
conclusion. While all scans were completed at baseline prior to the start of the season,
training had already commenced prior to the start of the study. These may have
contributed to higher baseline signals and therefore reduced the extent of the effect size.
Another consideration of importance, and the impetus to change the focus of study to a
different sport was the lack of recognised mTBIs incurred by participants over the course
of the study. The lack of injuries prevents tying changes in BBB phenotype observed in
this cohort with mTBI history; but allows for speculation that participation in contact

sports may contribute to changes in the BBB.

Findings from MMA fighters represent part of an ongoing study, and only a limited
number of participants from this cohort were available for assessment at the time of
writing However, so far, all participants have been observed to have received numerous
head impacts during bout, as recorded by video recordings by medical research personnel.
Available data suggests a trend towards an increased number of voxels showing BBB
dysfunction using the LDM, while low numbers may mask changes K™ values. Lack of
changes in DTI parameters observed so far may be a result of the limited power available
currently in the study due to numbers, or it may be too early within the study period to

observe noticeable changes. Follow-up of participants at a later date for reassessment may
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provide more information on the changes to axonal tract integrity as a result of repetitive
head trauma associated with MMA. Plans for this study are to correlate the degree of
force applied to the head during a bout, and correlate the associated strain placed on
regions of the brain with changes in BBB phenotype. This is part of an ongoing
collaboration the Camerillo lab of Stanford University, California, USA, who have
developed the mouthguard-based accelerometers as well as providing expertise and
analysis of force data and finte-element modelling, and the Dempsey lab of Instiute of
Technology Tallaght, Dublin, Ireland, who capture the mouthguard accelerometer data as

well as conducting data analysis on the captured acceleration data.

In conclusion, this study has piloted the used of DCE-MRI as a tool to assess BBB
integrity in contact sports athletes, investigated the utility of potential blood-based
biomarkers of BBB dysfunction and characterised TJ and BBB integrity in diagnosed
cases of CTE.
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Abstract. Chronic traumatic encephalop-
athy (CTE) is a neurodegenerative condition
characterized by the perivascular deposition
of phosphorylated t (p-t) protein aggregates
resulting from repetitive mild traumatic

brain injury (rTBI). Advances in the [J [J [J

have revealed the [ [ [] [J [ ioflrepetitive
head trauma in the pathogenesis of CTE in
contact sports as well as military veterans.
In this study we provide evidence of blood-
brain barrier (BBB) disruption in regions of
intense perivascular p-t deposition in a for-
mer profession boxer diagnosed with CTE
and schizophrenia. P-t deposition was asso-
ciated with loss of the tight junction protein
claudin-5 and enhanced extravasation of en-

(parkinsonism, dysarthria, and dysphagia)
[2]. At present, CTE can only be diagnosed
post mortem by immunohistochemical ex-
amination of brain tissue and as such, there
are no treatment options available. Further-
more, there are no criteria in place to diag-
nose individuals “in life” although groups
are striving towards neuropathological crite-
ria to diagnose the condition [1]. A clinical
diagnosis of CTE is [ [] [] [as'the symptoms
of CTE share much in common with those
of other neurodegenerative disorders such as
Alzheimer’s disease (AD), Parkinson’s dis-
ease, and frontotemporal dementia [3].

dogenous blood components [ [ [ [ [] 4] [

gen and IgG. We also provide evidence of
tight junction disruption in individuals with
schizophrenia, with discontinuous claudin-5
immunoreactivity in the parietal cortex. This
data highlights a common phenotype of a
dysfunctional BBB in individuals with CTE
and schizophrenia and may represent a novel
correlate of neural dysfunction in individuals
at risk of developing CTE and schizophrenia.

Introduction

Chronic traumatic encephalopathy (CTE)
is a neurological disorder resulting from re-
petitive concussive and sub-concussive
blows to the head sustained in contact sports
such as boxing, American football, and mar-
tial arts. CTE is characterized neuropatho-
logically by the accumulation of hyperphos-
phorylated t (p-t) protein throughout the
brain [1]. Clinically, CTE manifests behav-
iorally as [J [J [J lih[dognition (memory and
executive function), mood (aggression, de-
pression, and suicidality), or motor function

The hallmark pathology of CTE is
the perivascular deposition of p-t espe-
cially in sulcal depths. The abnormally
phosphorylated-t is present as [ [] [ [] [
lary tangles (NFT) and as dystrophic neu-
rites. Depending on the disease stage the
abnormal t is distributed in the frontal and
temporal lobes including the hippocampus,
amygdala, and entorhinal cortex. Addition-
ally, there is a paucity of B-amyloid neuritic
plaques in individuals with CTE [4].

First recognized in association with box-
ing, as either “punch drunk syndrome” or
dementia pugilistica [5], CTE has since been
linked with various contact sports includ-
ing combat sports, Association Football, and
American football as well as blast exposed
military veterans such that all neuropatho-
logically [ [0 [] [J [cases of CTE have a
history of repetitive traumatic brain injury
(rTBI) [6,7,8,9, 10, 11]. Interestingly, many
CTE cases with a history of rTBI do not have
a history of concussion, emphasizing the role
of sub-concussive blows or mild rTBI in the
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pathogenesis of the disease [12]. While rTBI
is a requisite for the pathological cascade of
neurodegeneration leading to CTE, a major-
ity of individuals who have suffered from
rTBI have not developed CTE, pointing to as
yet unknown risk factors including genetics.

Given the unique and pathognomonic
perivascular distribution of p-t in CTE
there is considerable interest in perturba-
tions of the blood-brain barrier (BBB) as a
possible forerunner to accumulation of p-t
in CTE. Recently, various species of T were
found to readily diffuse across the BBB bi-
directionally, and dysregulation of the BBB
may contribute to disease progression [13].
The vasculature of the brain is extensive,
selective, and tightly regulated owing to the
need to maintain homeostasis of the neural
microenvironment for [] [] [ [synaptic sig-
naling. Lining blood vessels of the CNS are
endothelial cells that are linked together by
tight junction protein complexes and contain
a variety of polarized receptors and trans-
port proteins to selectively permit entry of
essential nutrients, carbohydrates, and pro-
teins [14]. Recently, we revealed extensive
BBB dysfunction in a deceased rugby union
player with a post-mortem diagnosis of CTE
with notable loss of the BBB-enriched tight
junction protein claudin-5 in regions of peri-
vascular p-t deposition with associated mi-
crovascular leakage of endogenous immuno-
gooooooooobooboo

In this study, we performed histological
analysis on the brain of a former profes-
sional boxer diagnosed with CTE and with
a comorbidity of schizophrenia to determine
the extent of tight junction disruption and
BBB dysfunction. In addition, we analyzed
the brains of individuals with schizophrenia
to identify evidence of barrier dysfunction.

Materials and methods

Immunohistochemistry

0000000 Dblocks of brain tissue
from individuals diagnosed with CTE and
age-matched controls were provided by the
Dublin Brain Bank. [1 [1 [J [blocks were sec-
tioned (8 pm), (1 [1 [J [J [J [Jin 3'changes of
xylene (2 minutes each), and rehydrated in
decreasing concentrations of ethanol. An-

tigen retrieval was performed with sodium
citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) in a microwave (2 X 5
minutes). Sections were blocked/permea-
bilized in blocking buffer (5% normal goat
serum, 0.5% Triton X-100) for 1 hour at
room temperature followed by overnight
incubation at 4 °C with primary antibodies:
rabbit anti-claudin-5 (1 : 500), rabbit anti-
Z0O-1 (1 : 500), and mouse anti-p-t (1 : 500).
Following incubation, sections were washed
in PBS (3 % 5 minutes) followed by incuba-
tion for 2 hours at room temperature with
0000 0O00DOOD secondary antibod-
ies: goat anti-rabbit cy3 (1 : 1,000) and goat
anti-mouse Alexa Fluor 488 (1 : 1,000). Fol-
lowing incubation, sections were washed in
PBS (4 x 5 minutes) and counterstained with
Hoechst staining solution (1 : 10,000) for
30 seconds at room temperature. For analysis
of BBB extravasation of endogenous mole-
cules, sections were incubated for 2 hours at
room temperature with rabbit anti-human [+
brinogen (1 : 500) and rabbit anti-human IgG
(1 : 500). Slides were imaged with a Zeiss
LSM-710 laser scanning microscope with
10x and 40x objectives.

Additionally, 24 schizophrenia and 24
age-matched control, [ [J [J [J [J [J60-pum-
thick brain sections from the inferior parietal
lobe were acquired from the Stanley Medical
Research Institute and stained for claudin-5
as above. All patients were diagnosed ac-
cording to the DSM-IV (Diagnostic and Sta-
tistical Manual of Mental Health Disorders,
4™ Edition) criteria.

Results

Clinical history and diagnosis

A 64-year-old man presented to neurolo-
gy services in 2009 with short-term memory
loss, slurring of speech/dysarthria, swallow-
ing problems, gait disturbance (dragging one
lower limb and unsteady gait), tremor in the
right hand, and rigidity of the upper limbs.
Up until 1 year prior to presentation he had
been well and had been attending the gym
regularly. Over the course of 8 years, the
patient developed worsening bradykinesia,
rigidity, increasing falls, abnormal gait (shuf-
[1 [ [gait), dysarthria, cognitive impairment

. 301130Farrell / 16. October 2018, 8:56 AM



Blood-brain barrier dysfunction in a boxer with chronic traumatic encephalopathy and schizophrenia 3

Figure 1.
traumatic encephalopathy. There were no signs of atrophy in the (A) temporal lobes, (B) hippocampus and
(C) caudate, putamen, and global pallidus. (D) There was evidence of prior brain trauma with a chronic
subdural hematoma membrane. CN = caudate nucleus; GP = globus pallidus; P = putamen; D = dura;
SH = subdural hematoma.

with poor short-term memory, and emotional
lability. Overall assessment was suggestive
of a progressive neurodegenerative disorder
with elements of cognitive impairment and
parkinsonism.

Needle electromyography detected evi-
dence of scattered minimal recent motor ax-
onal loss in each limb. Single-photon emis-
sion computed tomography (spect) imaging
of the brain displayed scintographic [mmm
scintigraphic?] features in keeping with
Parkinson’s disease with Catafau [ [] []+]
cation 1. Involutional change prominent for
the subject’s age were apparent on CT brain
scan, brain MRI showed mild periventricu-
lar and left frontal subcortical deep white
matter ischemia. The subject had a medical
history of excessive alcohol consumption
from the 1980’s onwards, type 2 diabetes

Macroscopic pathology in the brain of a former professional boxer diagnosed with chronic

symptoms including anger, impulsive behav-
ior, and paranoia. He was subsequently di-
agnosed with paranoid schizophrenia (herein
referred to as schizophrenia) in 1991.

He was also an ex-professional boxer
with a 19-year history of competitive pro-
fessional boxing between the ages of 16 and
35. The subject was also a physical trainer in
the Air Force in the Middle East. The sub-
ject presented to the acute services of the
hospital having suffered a fatal fall at home.
Post-mortem showed severe acute traumatic
subarachnoid hemorrhage. There were no
signs of atrophy in the temporal lobes, hip-
pocampus, caudate, putamen, or global pal-
lidus (Figure 1).

Immunohistochemistry for p-t revealed
NFTs in the pyramidal layer and dentate fas-
cia of the hippocampus along with globose

mellitus, and hypercholesterolemia. The [ [1 [I NFTs in the substantia nigra. Perivascular

indications of mental problems occurred in
1989 when the subject displayed psychiatric

astrocytic p-t was detected in the neocor-
tex and at the sulcal depths of the neocortex
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Figure 2. p-1 deposition in multiple brain regions. Photomicrographs of brain sections immunostained
with a polyclonal p-t antibody. P-T deposition was evident in the hippocampus, pyramidal layer of the den-
tate fascia of the hippocampus and substantia nigra. Perivascular p-t deposition was evident in the sulcal
depths of the neocortex.

(Figure 2). Amyloid-f was not present in any
brain region, and coupled with the previous
history of rTBI and perivascular deposition
of p-t, a diagnosis of CTE was made.

Tight junction disruption
and BBB dysfunction

Immunohistochemical examination of
the tight junction protein claudin-5 revealed
discontinuous and complete absence of clau-
din-5 in regions of intense perivascular accu-
mulation of p-t. Regions devoid of p-t immu-
noreactivity displayed normal and continuous
claudin-5 patterns of expression (Figure 3).
To determine the extent of BBB dysfunction,
sections of brain were immunostained for the

tute of individuals with schizophrenia and
age-matched controls to identify evidence of
BBB dysfunction and tight junction disrup-
tion. Immunohistochemical analysis of clau-
din-5 revealed large regions of discontinuous
claudin-5 immunoreactivity in 15/24 cases
with schizophrenia. 3D reconstructions of z-
stack images revealed continuous claudin-5
staining in age-matched control brains with
disrupted tight junction staining and absence
of claudin-5 immunoreactivity along vessels
of the brain of an individual with schizophre-
nia (Figure 4).

Discussion

In this study, we present for the [ [Itime,

endogenous blood components [J [ (] (][] [a characterization of the BBB in a former

(340 kDa) and IgG (150 kDa). Fibrinogen
and IgG extravasation was evident in larger
vessels with minimal extravasation appar-
ent in capillaries (Figure 3). As the subject
was diagnosed “in life” with schizophrenia,
we next examined brain sections received
from the Stanley Medical Research Insti-

professional boxer with CTE and schizo-
phrenia.

A commonality of TBI is vascular im-
pairment resulting from the shearing of small
vessels [16]. Furthermore, TBI leads to a bi-
phasic opening of the BBB with disruption of
tight junctions and subsequent extravasation
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Fibrinogen

Figure 3. Tight junction protein and p-1 expression at the blood-brain barrier of a former boxer diagnosed
with chronic traumatic encephalopathy (CTE). Top: Claudin-5 expression (red) and p-T expression (green)
in CTE brain. Discontinuous and loss of claudin-5 staining co-localized with p-t deposition in perivascular
regions. Mid: Claudin-5 expression (red) and leakage of IgG (green) in CTE brain. IgG leakage was prom-
inentin large vessels with no IgG leakage evident in nearby capillaries. Bottom: Claudin-5 expression (red)

and leakage of [1 (] [0 [J [J (green) in CTE brain. Fibrinogen leakage was prominent in larger vessels and

some nearby small vessels.

of endogenous blood components [17]. The
importance of the BBB is highlighted by the
severe pathologies of diseases in which the
BBB is compromised. Many of the symp-
toms of stroke, brain trauma, and edema are
due to a breakdown of the BBB following
the primary insult [18]. Additionally, recent
studies have highlighted the neurobehavioral
complications that can arise from BBB dys-
function. Targeted suppression of claudin-5
in the nucleus accumbens can lead to social
[J [ [ in @ mouse model of depression [19].
Further to this, knockdown of claudin-5 in
mice manifests as a range of phenotypic
correlates of schizophrenia and other psy-
chiatric disorders [20]. This case is of par-
ticular interest given the diagnosis of para-

noid schizophrenia prior to the post-mortem
diagnosis of CTE. It is possible the subject
presented with CTE at the time of diagnosis
of schizophrenia as many clinical features of
schizophrenia are also associated with CTE.
Incidence of paranoia in individuals with
CTE is high [8], and coupled with the history
of professional boxing, schizophrenia may
have been mistaken for CTE. Post-mortem
analysis of brain sections from the subject
revealed disruption of the BBB localized
to regions of perivascular deposition of p-t
with notable loss of the tight junction protein
claudin-5. Indeed, there is accumulating evi-
dence suggesting that anomalies of the mi-
crovasculature and BBB are involved in the
pathogenesis of schizophrenia [21, 22]. In
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Figure 4. Claudin-5 expression in the parietal cortex in the brain of an individual with schizophrenia and
an age-matched control. Normal claudin-5 immunoreactivity was evident in control brain tissue (n = 24),
while discontinuous claudin-5 immunoreactivity was apparent in schizophrenic brains (n = 24). 3D-recon-
structed images of z-stack series reveal discontinuous claudin-5 immunoreactivity in the schizophrenic
brain. Scale bar: 200 uym (left), 50 um (middle).

particular, alterations in expression of tight
junction components have been observed in
schizophrenia patients compared to controls
with 12/21 tight junction related transcripts
reduced [23]. Additionally, similar to our
[J [ [0 [heere, expression of claudin-5 pro-
tein is decreased in the prefrontal cortex of
schizophrenia patients [24]. Further evidence
for the involvement of the BBB in schizo-
phrenia comes from cerebrospinal [ []
(CSF) and serum studies of markers of BBB
dysfunction. Notably, S100f is increased in
the blood, brain, and serum of individuals
with schizophrenia [25-27]. Likewise, CSF
levels of albumin are increased in schizo-
phrenia patients [28]. Claudin-5 is vital to
BBB function with loss of claudin-5 lethal in
mice [20]. As claudin-5 regulates paracellu-
lar movement of material, loss of this protein
may facilitate entry of low molecular weight
blood components, thus impacting homeo-
stasis of the neural microenvironment. In ad-
dition, mutations in the claudin-5 gene have
been associated with schizophrenia [29].

The pattern of expression of claudin-5 in
the brain of a boxer with CTE and schizo-
phrenia in regions of perivascular p-t de-
position highlights the potential role of a
dysfunctional BBB in tauopathies. Indeed,
BBB dysfunction may result in abnormal
clearance of t from the brain leading to ag-
gregation and deposition of this neurotoxic
protein. Given these [ [] [] [and underscor-
ing the crucial role of the BBB in maintain-
ing normal neurological function, examining
BBB function in individuals involved in con-
tact sports may be paramount to identifying
individuals at risk of developing CTE.
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ORIGINAL ARTICLE

Blood-Brain Barrier Dysfunction as a Hallmark Pathology in
Chronic Traumatic Encephalopathy

Colin P. Doherty, MD, FRCPI, Eoin O’Keefe, MSc, Eugene Wallace, MB BCh, MRCPI,
Teresa Loftus, BSc, James Keaney, PhD, John Kealy, PhD, Marian M. Humphries, MSc, PhD,
Michael G. Molloy, FRCP, FRCPI, James F. Meaney, FRCR, FFRRCSI, FRCP,
Michael Farrell, FRCPI, FRCPC, FRCPath, and Matthew Campbell, PhD

Abstract

Chronic traumatic encephalopathy (CTE) is a neurodegenerative
condition associated with repetitive mild traumatic brain injury. In
recent years, attention has focused on emerging evidence linking the
development of CTE to concussive injuries in athletes and military
personnel; however, the underlying molecular pathobiology of CTE
remains unclear. Here, we provide evidence that the blood—brain
barrier (BBB) is disrupted in regions of dense perivascular p-Tau ac-
cumulation in a case of CTE. Immunoreactivity patterns of the
BBB-associated tight junction components claudin-5 and zonula
occludens-1 were markedly discontinuous or absent in regions of
perivascular p-Tau deposition; there was also immunohistochemical
evidence of a BBB in these foci. Because the patient was diagnosed
premortem clinically as having progressive supranuclear palsy
(PSP), we also compromised that the CTE alterations appear to be
distinct from those in the brain of a patient with PSP. This report rep-
resents the first description of BBB dysfunction in a pathologically
proven CTE case and suggests a vascular component in the postcon-
cussion cascade of events that may ultimately lead to development
of a progressive degenerative disorder. BBB dysfunction may repre-
sent a correlate of neural dysfunction in live subjects suspected of
being at risk for development of CTE.

Key Words: Blood—brain barrier, Chronic traumatic encephalopa-
thy, Claudin-5, Tight junctions.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of death
in children and young adults globally (1). Malignant brain
swelling and a breakdown in the integrity of the blood—brain
barrier (BBB) are central features of the pathophysiology that
evolves after severe TBI (2—4). While major brain injury is a
risk in modern contact sports, the number of deaths and legacy
of continuing disability emanating from sports-related head in-
jury appear at first glance to be small. A far greater challenge
is the occurrence of concussive and subconcussive injuries,
which fall within the spectrum of mild TBI. Indeed, in recent
years, chronic traumatic encephalopathy (CTE) has come to
the fore as a neurologic condition associated with repetitive
mild TBI in military personnel and athletes (5). The underly-
ing molecular pathobiology associated with CTE is, however,
poorly understood and numerous critiques have highlighted
the lack of distinct “in-life” diagnostic criteria for CTE (6, 7).
Postmortem microscopic diagnosis of CTE is almost exclu-
sively limited to the use of antibodies directed against phos-
phorylated tau protein (p-Tau), with p-Tau immunoreactivity
observed in a perivascular pattern and at the depths of the sulci
in addition to p-Tau immunopositive glial and neuronal pro-
files in subpial regions and astrocytic p-Tau positive plaques
(8). Given the relatively distinctive perivascular nature of p-
Tau accumulation in CTE and its association with repetitive
mild TBI, it can be hypothesized that the BBB may be in-
volved in some capacity, in the development of CTE.

The BBB plays a critical role in maintaining CNS ho-
meostasis. It has been estimated that a neuron is never more
than approximately 20 um from a capillary. Cerebral endothe-
lial cells are distinguished from systemic endothelial cells by
high electrical resistance tight junctions that limit paracellular
transport between adjacent cells. Inter-endothelial cell tight
junctions are comprised of a series of up to 30 interacting pro-
teins that seal gaps between endothelial cells in the neural mi-
crovasculature. Tight junction proteins, both intracellular and
membrane-bound, include junctional adhesion molecule-1
(JAM-1); claudins-3, -5, and -12; occludin; tricellulin; zonula
occludens (ZO)-1, -2, and -3; and the recently discovered
lipolysis-stimulated lipoprotein receptor (LSR). Together they
constitute, as the name implies, a tight and highly regulated

656 © 2016 American Association of Neuropathologists, Inc. All rights reserved.
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FIGURE 1. MRI and PET imaging. (A) Fluid attenuated inversion recovery sequence, sagittal orientation. Arrow indicates white
matter abnormalities in an area of tissue sampling (left frontal). (B) Fludeoxyglucose (18F), FDG-PET imaging. Arrows indicate
areas of hypometabolism in the left inferior frontal and anterior temporal (left) and bilateral medial temporal areas (right).
(C€) Medial view of the left cerebral hemisphere showing minimal anterior frontal atrophy. (D) Perivascular phospho-Tau
deposition. (E) Cytoplasmic TDP-43 accumulation in dentate fascia neurons.

barrier, even to very small molecules. In addition to regulating
the exchange of ions and macromolecules between the blood
and the delicate neural microenvironment, cerebral endothelial
cells protect the brain by restricting entry of potentially damag-
ing blood-borne agents, such as neurotoxic chemicals, antibod-
ies, pathogens, immune cells, and anaphylatoxins (9). Claudin-
5 is the most enriched tight junction protein and is likely in-
volved in mediating size-selective passive diffusion of material
at the BBB. In addition, claudin-5 levels have been shown to
be dysregulated in many neurological conditions (10).

We sought to examine the pattern of expression of
claudin-5 in relation to p-Tau in a confirmed case of CTE.
Here, we report evidence of localized BBB dysfunction in an
individual originally diagnosed clinically with progressive
supranuclear palsy (PSP) and in whom CTE was confirmed at
postmortem brain examination.

MATERIALS AND METHODS

Clinical History and Diagnosis

Briefly, the clinical details are as follows and are pro-
vided in more detail in a related manuscript (11). A 56-year-
old man presented for the first time in 2011 after an episode of
acute confusion. He had a 5-year history of cognitive dysfunc-
tion ranging from memory and organizational problems to dif-
ficulty managing his day-to-day working life. He was a former
rugby union player with a very long career that began in his
teens and extended to the age of 50. As noted in the clinical
details in another manuscript, the subject experienced numer-
ous head injuries during his playing career that would likely
have amounted to a clinical diagnosis of concussion (11).
While it is acknowledged that the retrospective history of

concussion is fraught, in this case, the history was very clear
and the individual’s on-field behavior was noted for its physi-
cality as was reported by numerous playing colleagues as well
as by family members.

There was no history of participation in other sports
such as boxing or martial arts. Notably, the subject was diag-
nosed with PSP in life based on the cognitive profile and diag-
nostic motor features such as vertical gaze palsy and axial ri-
gidity with falls. His clinical deterioration continued and after
a period of hospitalization, he died 1 year later of hypostatic
pneumonia. Neuropathology (as reported elsewhere), and out-
lined here in Figure 1, confirmed the diagnosis of CTE (11).

Immunofluorescence

We sought to explore the hypothesis that the diagnostic
perivascular distribution of p-Tau was related to a compromise
of the BBB. To explore this hypothesis, we examined the in-
tegrity of the BBB using previously described techniques pio-
neered in our laboratory.

Slides of sectioned brain tissue (8 pm) from individuals
diagnosed with PSP and CTE, and sectioned tissue from a con-
trol brain, were provided by the Dublin Brain Bank. Tissue
sections were permeabilized using 0.5% Triton-X (Cat.
#T8787-100ML, Sigma, St. Louis, MO) for 20minutes
followed by blocking in 5% Normal Goat Serum (Cat.
#G9023-10ML, Sigma) for 40 minutes. Double-labeled immu-
nofluorescence was carried out on the sections with overnight
incubations at 4°C in primary antibodies: rabbit anti-claudin-5
(1:250 dilution; Cat. #34-1600, Source Bioscience, Notting-
ham, UK) and mouse anti-phospho-Tau (1:250 dilution; Cat.
#90206, Innogenetics, Ghent, Belgium). After incubation,
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FIGURE 2. Tight junction expression at the blood-brain barrier (BBB) in a normal human control brain sample. (A) Schematic
representation of the human BBB. (B) Schematic representation of tight junction molecules associated with the BBB. (C)
Claudin-5 expression (red) and p-Tau (green) in normal control brain (10X objective; scale bar: 100 pm). (D, E) Claudin-5
(red) and p-Tau (green) expression in normal control brain sample (40X objective; scale bar: 20 um [applies to E-G]).
(F) Zonula occludens-1 (yellow) and p-Tau (green) expression. (G) Three-dimensional rendered image of claudin-5 (red) and

p-Tau (green) expression at the BBB.

sections were washed in PBS followed by incubation in fluo-
rescently conjugated secondary antibodies: goat anti-rabbit
Cy3 conjugate (1:1000; Cat. #ab6939, Abcam, Cambridge,
UK) and goat anti-mouse Alexa Fluor 488 conjugate (1:1000;
Cat. #A-11001, Source Bioscience), for 3 hours at room tem-
perature. Sections were washed with PBS and counterstained
with Hoechst staining solution (Sigma; B2261-25MG) at a
dilution of 1:5000 for 30 seconds. Labeling of tissues for fi-
brinogen and human IgG used rabbit antihuman fibrinogen
antibodies (Dako, Glostrup, Denmark) and rabbit antihuman
IgG (Abcam). Imaging of stained sections was carried out at
room temperature using a Zeiss LSM-710 confocal microscope
and a Zeiss T-PMT camera using 10X and 40X objectives.

Neuroimaging and Postmortem Review

We retrospectively examined brain MRI and PET scans
obtained during life. Fluid attenuated inversion recovery
(FLAIR) sequences indicated global atrophy and white matter
abnormalities from the area of postmortem tissue sampling;
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however, these white matter changes were in keeping with a
standard pattern of involutional age-related change that might be
expected in an individual of similar age to this patient (Fig. 1A).
We subsequently reexamined FDG-PET scans from this patient
and identified evidence of very severe hypometabolism in the
region of tissue sampling (left inferior and anterior temporal
lobes) (Fig. 1B). A medial view of the left cerebral hemisphere
at autopsy showed minimal anterior frontal atrophy (Fig. 1C).
Characteristic perivascular p-Tau accumulation was evident and
led to a diagnosis of CTE (Fig. 1D). Additionally, cytoplasmic
TDP-43 accumulation in the cytoplasm of the dentate fascia neu-
rons was evident, adding to the CTE diagnosis (12).

RESULTS

The cellular and molecular architecture of brain micro-
vascular tight junctions is depicted diagrammatically in Figure
2A, B. Claudin-5 immunoreactivity was clearly visible, and it
was expressed exclusively in the vasculature of a normal-aged
matched healthy control brain section; there was minimal de-
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FIGURE 3. Blood-brain barrier (BBB) tight junction molecule and p-Tau immunoreactivity in patient with chronic traumatic
encephalopathy (CTE). (A) Claudin-5 expression (red) and p-Tau (green) (10X objective; scale bar: 100 um). (B) Claudin-5 (red)
and p-Tau (green) expression in CTE brain (40X objective; scale bar: 20 um, applies to €~F). (€) Aberrant claudin-5 (red)
expression and p-Tau (green) (40X objective). (D) Claudin-5 (red) and p-Tau (green) expression in astrocytic plaque in human
CTE brain. (E, F) Zonula occludens-1 (yellow) and p-Tau (green) expression. (G, H) Three-dimensional rendered image of
claudin-5 (red) and p-Tau (green) expression at the human BBB in CTE brain. Scale bars: 20 pm.

tection of p-Tau in the normal human brain (Fig. 2C—F). Zon-
ula occludens-1 (ZO-1) immunoreactivity was similarly
equally abundant in the normal brain microvasculature (Fig.
2F). Three-dimensional reconstruction of confocal Z-stack im-
ages highlighted the spatial pattern of claudin-5 expression in
the brain (Fig. 2G).

Detailed analysis of sections of the left medial frontal lobe
of the CTE case showed an aberrant immunoreactivity pattern
of claudin-5 in relation to p-Tau. In regions of dense perivascular
p-Tau expression, claudin-5 was almost exclusively absent or
expression was nonlinear and not localized to the tight junction
(Fig. 3A). However, this pattern of claudin-5 expression was not
pervasive throughout the section, and in regions displaying p-
Tau tangles similar to those observed in Alzheimer disease,

claudin-5 staining was identical to that observed in the normal
control brain sample (Fig. 3B). Areas of dense perivascular p-
Tau associated with larger vessels showed little or no positive
immunoreactivity for claudin-5 (Fig. 3C). Similarly, in regions
displaying dense p-Tau positive astrocytic plaques, claudin-5
staining was absent (Fig. 3D). The pattern of ZO-1 immunos-
taining in the CTE brain recapitulated that observed of claudin-5
(Fig. 3E, F). Three-dimensional rendered images derived
from confocal z-stack imaging of claudin-5 and p-Tau show the
spatial pattern of perivascular p-Tau in relation to claudin-5
(Fig. 3G, H).

In order to evaluate the integrity of the BBB, we stained
sections for the blood component fibrinogen and human IgG
as has previously been reported in postmortem samples of TBI
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FIGURE 4. Fibrinogen and IgG extravasation in normal brain (A, B, E, F) and in the brain of a patient with chronic traumatic
encephalopathy (CTE) (C, D, G-1). (A-D) Fibrinogen (red) and p-Tau (green) expression in normal human brain (A, B) and CTE
(C, D) samples. (E-H) Human IgG (red) and p-Tau (green) staining in normal human brain (E, F) and CTE brain (G, H) samples.
(1) White matter perivascular hemosiderin deposition in the CTE patient brain demonstrated with Perl’s stain. (A, E, G, 1) 10X
objective; scale bar: 100 pm; (B, D, F, H) 40X objective, scale bar: 20 pm.

(13). Extravasation of these systemic components was evident
in regions of perivascular p-Tau deposition in the CTE patient
brain (Fig. 4C, D, G, H), but not in the normal control brain
sample (Fig. 4A, B, E, F). Additionally, white matter perivas-
cular hemosiderin deposition as depicted by Perls Prussian
blue stain was evident in this CTE case, adding to the evidence
of BBB dysfunction (Fig. 4I).

The CTE patient was originally clinically diagnosed as
having PSP, and areas of the brain in this patient not display-
ing perivascular p-Tau showed p-Tau-positive tangles similar
to those observed in PSP. Therefore, we performed a similar
analysis on the brain of a patient with PSP. In that patient,
areas of p-Tau immunoreactivity did not necessarily correlate
with aberrant claudin-5 or ZO-1 staining (Fig. SA—H). These
observations bolster the concept that BBB dysfunction may
represent a distinct pathological feature of the tauopathy ob-
served in CTE; furthermore, the globose tangles, typical of
PSP, were not observed in the CTE patient.

DISCUSSION

Currently, there is a paucity of information on the under-
lying mechanism(s) that lead to the distinctive pattern of peri-
vascular Tau phosphorylation characteristic of CTE. Here, we
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show BBB dysfunction in a patient with CTE that may shed
light on these mechanisms. We demonstrate for the first time
that the signature perivascular accumulation of p-Tau is asso-
ciated with an identifiable compromise in the integrity of com-
ponents and the function of the BBB.

BBB dysfunction transcends a range of neurological
conditions, none so evidently as the malignant cerebral edema
associated with severe TBI (13). The pathology of TBI has a
very clear vascular component, most often manifested through
shearing of small vessels (14). The degree to which these trau-
matically sheared vessels undergo repair and reconstitution of
their endothelial lining (the functional BBB) is unclear. We
show here that the BBB is compromised through claudin-5
and ZO-1 loss many years after repetitive TBI. Additionally,
the BBB compromise observed is distinctly associated with
perivascular p-Tau accumulation. Previously, it has been
shown that cerebral vascular malformations, which are devoid
of a responsive functioning BBB, are also associated with
perivascular p-Tau deposition (15).

Claudin-5 is the most enriched tight junction protein at
the BBB, and studies in rodents show that deletion of this gene
is embryonically lethal, suggesting dosage sensitivity of the
protein product. In addition, claudin-5 has 2 extracellular do-
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FIGURE 5. Endothelial cell tight junction immunoreactivity in the brain of a patient with PSP. (A, B) Normal claudin-5 expression
(red) and p-Tau (green) (10X objective; scale bar: 100 um (A); (40X objective; scale bar: 20 pm) (B). (C) Aberrant claudin-5
(red) expression and p-Tau (green) in PSP brain (40X objective; scale bar: 20 pm). (D, E) Linear claudin-5 (red) and p-Tau
(green) expression in PSP brain. (F) Zonula occludens-1 (yellow) and p-Tau (green) expression (scale bar [as in b: 20 pm).
(G, H) Three-dimensional rendered image of claudin-5 (red) and p-Tau (green) expression at the BBB.

mains that interact homotypically with claudin-5 molecules on
adjacent endothelial cells (Fig. 2B). These domains are sus-
ceptible to environmental stimuli, and when certain residues
are phosphorylated, claudin-5 localization can be discontinu-
ous at the tight junction (16).

The patterns of claudin-5 and ZO-1 expression observed
in regions of perivascular p-Tau raise interesting questions. For
example, CTE may be triggered by a trauma-induced primary
vascular insult (which may be repeated) before a perturbed BBB
has reconstituted. A clinical correlate of a compromised BBB
may be observed in the so-called “second impact syndrome”; in-
deed, the posttraumatic malignant brain swelling of childhood
often is attributed to a perceived immaturity of the BBB. Alter-

natively, the primary TBI-related stretch insult to axons may im-
pair the BBB, which in turn, could disrupt the balance between
tau phosphorylation and kinase activity.

Given the importance of the BBB in maintaining neural
homeostasis and taking the present findings of BBB disruption
into consideration, we suggest that it may now be time to ex-
amine BBB integrity as a correlate of cognitive dysfunction in
individuals suspected of being at risk for CTE.
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Abstract. A history of brain trauma has
long been acknowledged as increasing an
individual’s risk of developing dementia
in later life. The underlying mechanisms
that belie this pre-disposition are, however,
very poorly understood. Here, we report a
clinical-neuropathological correlation of a
man who presented at the age of 66 with a
progressive complex atypical dementia with
early and prominent neurobehavioral symp-
toms. His neurological condition continued
to decline up to his death at the age of 74.
During the compilation of his clinical his-
tory, it was established that the subject had
experienced a single severe traumatic brain
injury (TBI) aged 12 years in 1954 result-
ing in loss of consciousness, hospitalization,
and coma for a number of days after which
he was deemed to have recovered. Follow-
ing post-mortem neuropathological analysis,
numerous distinct neuropathologies were
observed in various brain regions and these
included 1) widespread Braak stage VI neu-
[J O [0 [0 Ctangle formation, ii) widespread
a-synuclein positive Lewy bodies and Lewy
neurites and iii) diffuse amyloid plaques and
severe cerebral amyloid angiopathy (CAA).
Added to this, a comprehensive analysis of
blood-brain barrier (BBB) integrity, known
to be disrupted during and after TBI, showed
iv) distinct BBB breakdown with extravasat-
ed IgG and activated microglia present. This
report represents an interesting documented
case of neuropolypathology that may be as-
sociated with prior history of severe TBI. We
propose one testable theory that a history of
brain trauma may be a potential trigger for
late onset dementia due to damage and un-
resolved functioning of the cerebral micro-
vasculature.

Introduction

Malignant cerebral edema as a result of
traumatic brain injury (TBI) is the single
greatest cause of mortality in children and

young adults globally [1, 2]. However, the
long-term sequelae in those individuals who
survive a moderate or severe TBI are less
well [1 [J [ [and a molecular understanding
of clinical prognosis is almost completely
absent. A clinical history of TBI has previ-
ously been reported to increase the risk of Al-
zheimer’s disease (AD) by up to 82% in men
[3, 4]. Additionally, exposure to moderate or
severe TBI has also been shown to increase
the risk of non-AD dementia up to 30% and
Parkinson’s disease by up to 44% [5, 6, 7, 8].
It is now clear that damage to the integrity of
the blood-brain barrier (BBB) is one of the
earliest and potentially most [ [1 [ [] [¢ere-
bral insults that mediates the progression of
TBI-associated neuropathology [9, 10].

In the context of dementia, [ [ [][] L]
lary tangle formation manifested by the ac-
cumulation of phosphorylated t (p-t) protein
is evident across multiple [| [ (] [forms of
brain disease. For example, p-t tangles ap-
pearing in a diffuse pattern in the neocortex
and hippocampus are classic hallmarks of AD
and more diffusely throughout frontal and
temporal lobes in frontotemporal Dementia
(FTD). Conversely, p-t immunoreactivity in a
perivascular pattern at the depths of the corti-
cal sulci is a hallmark pathology of chronic
traumatic encephalopathy (CTE), a condition
classically associated with repetitive head
trauma [11]. Diffuse amyloid plaques are also
a feature of AD and other dementias, with up
to 80% of AD cases showing perivascular
amyloid accumulation and evidence of cere-
bral amyloid angiopathy (CAA) [12]. Abnor-
mal a-synuclein accumulation inside neurons,
manifesting what are termed “Lewy bodies”
is seen in one of the parkinsonian dementias
— diffuse Lewy body dementia (DLBD) — and
occasionally these bodies are seen in AD cas-
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es. It is, however, exceedingly uncommon to
observe all of these pathological hallmarks in
a single individual, where a diagnosis could
be given for DLBD, FTD, and AD in the same
subject [13, 14].

Here, we report evidence of polypathol-
ogy observed in a subject with progressive
cognitive decline. We suggest the possibility
that a history of TBI can lead to a plethora of
neurological sequelae.

Clinical history and diagnosis

A 66-year-old man presented for the [J [
time in 2009, 3 years after a [J [J [] [house
move. The subject was experiencing repeti-
tive and unexplained bouts of anger and frus-
tration. He had memory and concentration
problems [ [1 [ [] [ related to words and
names while also displaying story repetition.
He did not however appear disorientated.
He complained of and was treated for se-
vere depression in reaction to the death of a
friend who had been unwell. His medication
consisted of clopidogril [mmm clopidogrel?]
and escitalopram. He had a family history of
cancer and heart disease and his aunt had ex-
perienced memory [ [ [1 prior to her death
in her 80’s.

On neurological examination, cranial
nerves, limbs, gait, and balance were all nor-
mal.

On [1[1 [ [ [ [cognitive assessment
using the Montreal Cognitive Assessment
(MOCA) the subject displayed mild agita-
tion but a good recall of events and no speech
[J [ [0 [0 or haming problems. He scored 25
out of a possible 30 points losing marks in
executive function (placing hands on clock
(Figure 1g), delayed recall (2/5), and orienta-
tion (5/6). The impairment on this occasion
was considered mild and the focus was on
his depressive behavioral problems.

He proceeded to more formal neuropsy-
chological assessment at the end of 2010.
National Adult Reading Test (NART2) es-
timated at least high average intellect or
higher. Global scores included the Cam-
bridge Cognitive Examination (CAMCOG)
= 94/107 and Mini-Mental State Examina-
tion (MMSE) = 27/30. Again, on this oc-
casion, his number placement on clock
drawing was normal but his time conceptu-

alization was inaccurate. Copy of the Rey
Osterreith Complex Figure was normal.

voogoobooooooooboboooooo

sive language including the Boston Naming
Test (BNT) 28/30 (65 percentile), but [ £
ency was reduced. Performance was normal
on brief tests of calculation and perception.
The neuropsychologist’s impression was that
the patient did not appear to be amnestic al-
though his memory was occasionally patchy
(encoding and retrieval). Wechsler Memory
Scale (WMS-III) Immediate Auditory Index
= 105 (63" percentile) and Delayed Audi-
tory Index = 117 (87™ percenile). Recall of

1 the Rey Osterreith Complex Figure was

normal [mmm Test done twice?]. There was
no evidence of the rapid forgetting typical of
Alzheimer’s disease. There was evidence of
mild executive function [ [ [] primarily on
tests of verbal [ [] [1 with interference/intru-
sion and reduced mental [ [] [] [] [causing
[J [0 [0 [J Datl times, and performance was
slow on both trail making part A and part B.
On occasion, he had [ [] [J [J [1iovihg from
one task to the next with previous task intrud-
ing into the next one causing interference or
loss of train of thought. Wechsler Adult Intel-
ligence Scale (WAIS-III) similarities (verbal
abstract reasoning) was 95 percentile.

An MRI was performed (Figure la, b,
¢) showing mild generalized atrophy with-
out obvious focal atrophy and normal white
mater appearance for his age. There was no
clear evidence on either (] (][] [] [ [¢lini-
cal assessment, neuropsychological assess-
ment, nor radiologically of a neurodegenera-
tive disease. He was seen by psychiatry and
treatment increased for his mood disorder.
Positron emission tomography (PET) how-
ever, showed widespread cortical hypo-me-
tabolism suggestive of reduced function and
more than might be expected with a pure
psychiatric illness (Figure 1d, e, f)

During a return visit in 2011, it was not-
ed that there was [ [ [ [] [progression in
symptoms with the main [ [ [] [ [JeXperi-
enced by the subject being psychiatric and
then cognitive. The subject displayed agita-
tion, extreme stress reactions, depression,
and anxiety and reported one paranoid psy-
chotic episode. Burgeoning cognitive prob-
lems included memory and executive func-
tion [J [ [] [Repeat MOCA 2 years after the
[] [Jtest gave a score of 16/30 (Figure 1h).
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Figure 1.
eral ventricles (b) and the centrum semi-ovale (c). The images show mild generalized atrophy without focal
lobar, cortical, or subcortical atrophy and normal white matter for his age. d, e, f: Positron emission tomog-
raphy (PET) using radiolabeled [ [ [1 [1 [ [ [1 [ [though the caudate (d), the temporal lobes (e), and the
centrum semiovale (f) showing generalized cortical hypometabolism. g: Montreal Cognitive Assessment
(MOCA) exam 2009 with abnormal hand placement on several attempts at the clock. h: MOCA exam 2011.

There were widespread [ [ [ [edin execu-
tive function (2/5), language (naming, 2/3
and letter [J [J [][77 in 1 minute) delayed
recall (0/5), and orientation (3/6). Within
a year, he was admitted to psychiatric care
with paranoid delusions, low level agitation,
word [ [] [J [problems, and disorientation.
He never experienced any motor or visual-

MRI and PET imaging. a, b, c: Axial MRI (FLAIR) images though the temporal lobes (a), the lat-

spatial (] [1 [] [18.JThe working diagnosis in-
life was of atypical Alzheimer’s disease even
though several typical features were missing.

His health steadily declined until his
death from hypostatic pneumonia in 2016.
He and his family had generously agreed to
brain donation to the Dublin Brain bank in
the event of his death.
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Figure 2. Macroscopic post-mortem images. a: Frontal atrophy section and frontal atrophy whole brain.
b: Frontal atrophy sections. c: Ventriculomegaly and enlarged Sylvian [ [1 [1 [di Hippocampal atrophy, not
present. e: Pallor of the substantia nigra.

Materials and methods

Immunohistochemistry

Slides of sectioned brain tissue (8 pm)
were provided by the Dublin Brain Bank.
Tissue sections were permeabilized using
0.5% Triton-X (Sigma, mmm City?, Coun-
try?, Cat. #T8787-100ML) for 20 minutes,
followed by blocking in 5% normal goat
serum (Sigma, Cat. #G9023-10ML) for
40 minutes. Double-labeled [1 [ [] [] [ [] £
cence was carried out on the sections with
overnight incubations at 4 °C in primary
antibodies: rabbit anti-claudin-5 (1 : 250
dilution; Source Biosciences, mmm City?,
Country?, Cat. #34-1600) and mouse anti-
phospho-t (1 : 250 dilution; Innogenetics,
mmm City?, Country?, Cat. #90206), (as de-
scribed previously, [15]). After incubation,
sections were washed in PBS followed by
incubation in [ [J [J [J [J [conjugated sec-
ondary antibodies: goat anti-rabbit Cy3 con-
jugate (1 : 1,000; Abcam, mmm City?, Coun-
try?, Cat. #ab6939) and goat anti-mouse
Alexa Fluor 488 conjugate (1 : 1,000; Source
Bioscience, Cat. #A-11001), for 3 hours at

room temperature. Sections were washed
with PBS and counterstained with Hoechst
staining solution (Sigma; B2261-25MG) at
a dilution of 1 : 5,000 for 30 seconds. La-
belling of tissues for human IgG used rabbit
anti-human IgG (Abcam). Labeling of tissue
for human CD163 (1 : 250, Novo Castra,
mmm City?, Country?, Ncll163). Imaging
of stained sections was carried out at room
temperature using a Zeiss LSM-710 confo-
cal microscope and a Zeiss T-PMT camera,
using 10x and 40% objectives. For the rou-
tine diagnostic neuropathology, anti-t (ATS,
1 : 100 Innogenctics, mmm City?, Coun-
try?), anti-BA4 (6F/3D 1 : 100, Dako, mmm
City?, Country?), anti-a-synuclein (LB509
1: 1,500 Covance, mmm City?, Country?),
and anti-TDP43 (1 : 1,500, Proteintech, mmm
City?, Country?) were used.

Neuroimaging and
post-mortem review

We examined brain MRI and PET scans
obtained during the subject’s life. Fluid at-
tenuated inversion recovery sequences
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Figure 3. Hyaline changes and hippocampal tangles. a: i) Hyaline change. ii) [1 [1 [1 [ [] spongiosis. b:
Hyaline change in parenchyma. c: Hippocampal atrophy not present. i) Hippocampus tangles frequent. ii)
Hippocampal pyramidal inclusions present.

(FLAIR) indicated a degree of atrophy and
numerous abnormalities in white matter that
are not uncommon with aging (Figure la, b,
¢). FDG-PET scans from the subject showed
evidence of severe hypometabolism in re-
gions of tissue sampling (Figure 1d, e, f).

Results

Post-mortem analysis of brain tissues
showed frontal atrophy that was evident in
intact and sectioned tissues (Figure 2a, b).
Venticulomegaly and enlarged Sylvian [14]
sure were observed (Figure 2c); however,
hippocampal atrophy was not present (Fig-
ure 2d). Pallor of the substantia nigra was
observed (Figure 2e). A post-traumatic cica-
trix was present in the inferior frontal regions
which caused the arachnoid to adhere to the
dura, but contusions were not evident.

Distinctive hyaline changes were ob-
served in meningeal vessels (Figure 3a.i,
a.ii) and this also manifested in parenchymal
vessels (Figure 3b). Intriguingly, while hip-
pocampal atrophy was not present (Figure
3c¢), tangles (Figure 3c.i) and pyramidal in-
clusions (Figure 3c.ii) were observed; with

tangles (NFTs). Severe CAA was evident in
neocortical regions with diffuse non-neuritic
amyloid-p plaques observed (Figure 4a.i).
Frequent p-t-positive NFTs were also evi-
dent (Figure 4a.ii) in these neocortical re-
gions with dystrophic neurites also present
(Figure 4b, c, d). Sulcal exaggeration of p-t
was not evident though astrocytic perivascu-
lar p-t was evident in the subcortical white
matter (Figure 4e).

Examination of the superior temporal gy-
rus (STG) showed Lewy bodies and Lewy
neurites (Figure 5a) with similar a-synuclein
staining apparent in the lateral frontal lobe
(Figure 5b). The amygdala also showed
Lewy bodies (Figure 5¢) as did the substantia
nigra (Figure 5d). The ABC Score was A3,
B3, C2. TDP43-positive inclusions were not
found. Neocortical Lewy bodies were read-
ily ident[ [] [Hippocampal sclerosis was not
evident. The p-t- and BA4-related pathology
was not more advanced in the inferior frontal
regions next to the post-traumatic cicatrix.

Given the presence of multiple patholo-
gies in this case, we processed tissues to ex-
amine the integrity of the BBB. BBB dys-
function has been strongly associated with
acute TBI, and indeed a disrupted BBB can

the tangles appearing to be [ 1 [J [1 [ [] [ manifest for many years after the initial in-
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Figure 4.

sult [16]. Positive immunoreactivity for clau-
din-5, a tight junction protein enriched at the
BBB, was evident in sections; however in
regions of diffuse IgG extravasation, clau-
din-5 was absent suggestive of a disrupted
BBB (Figure 6a, b, ¢). This also appeared to
occur in regions of dense p-t staining, where
claudin-5 levels were decreased or indeed
completely absent (Figure 6d, e). Interest-
ingly, regions lacking an intact BBB showed
evidence of activated microglia as manifest-
ed by positive immunoreactivity to CD163

(Figure 6f, g).

Discussion

This case report highlights the occur-
rence of multiple neuropathologies that may
be related to a single severe TBI in a subject
presenting with late-onset complex atypical
dementia. Indeed, the variable nature of TBI
may represent an unrecognized pre-dispos-
ing factor to late-onset dementia in the gen-
eral population.

Amyloid-B and p-T staining. a: i) Amyloid-f staining, severe cerebral amyloid angiopathy (CAA).
ii) p-T staining, diffuse plaques not neuritic. b: p-1 staining, [1 (1 [1 [1 [] [ [tangles (NFTs), and dystrophic
neurites. ¢, d: p-T staining in NFTs and dystrophic neurites. e: Astrocytic perivascular p-t was evident in
the subcortical white matter.

TBI is well recognized as the leading
cause of death in children and young adults
globally, and accounts for ~ 20% of deaths in
people aged 5 — 35 years old, and accounts
for 1% of all adult mortality [1, 2]. Malig-
nant brain swelling and a breakdown in the
integrity of the BBB is a central feature of
the pathology that evolves after severe TBI.
TBI induces an initial rapid increase in BBB
permeability that appears to return to base-
line levels within hours, and this loss of
integrity is largely due to TBI-induced de-
creases in tight junctional components such
as claudin-5. More detailed analyses have
shown that BBB permeability can persist
and remain higher for up to 5 days follow-
ing TBI with the BBB allowing molecules
up to 10,000 Da to access the cerebral pa-
renchyma [17, 18, 19]. Additionally, a recent
study showed that BBB integrity was still
compromised in human brain samples ex-
amined many years after moderate or severe
TBI [16].

The intracranial compartment consists of
brain, cerebrospinal [J [J (CSF), and blood.
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Figure 5.

b

eI

a-synuclein-positive Lewy body 1 [1 [1 1 [1 [] Lewy bodies and neurites present in the a) su-

perior temporal gyrus (STG) and b) lateral frontal lobe. c: Lewy bodies in the amygdala. d: Pallor of the

substantia nigra and presence of Lewy bodies.

These factors all contribute to the intra-cra-
nial pressure (ICP). However in the case of
TBI, pathological masses will exert extra
pressure within the [J [ [ [ofthe skull. One
of the key mediators of increased ICP is a
dramatic shift in water diffusion across the
BBB. A build-up of water within the brain
will exert rises in ICP leading to increased
risks of secondary complications impacting
on the nature and degree of cerebral edema
[20]. It is these initial acute stresses to neural
tissue architecture that may ultimately lead to
the polypathology that can manifest post TBI
and ultimately lead to late-onset dementia.

In this case, an isolated post-mortem di-
agnosis of DLBD, FTD, or AD could have
been made; however, all 3 conditions were
apparent in the same subject. This observa-
tion, while limited to a single case report is
important as it suggests that each of these
clinically independent conditions may have
a common pre-disposing factor, that be-
ing TBI. The evidence of BBB dysfunction

further adds to this hypothesis as it is well
described in pre-clinical animal models that
the BBB becomes disrupted across a range
of neural injury models. Added to this, the
endothelial cells of the cerebral microvas-
culature maintain mitotic division capac-
ity which allows them to respond and react
to neural tissue injury. It is this response in
the acute and long-term setting that may be
a major pre-disposing factor to eventual de-
mentia onset given the strong cerebrovascu-
lar component to dementia progression.

Late-onset dementias are potentially
linked to a prior history of moderate or se-
vere TBI, and understanding the underlying
molecular hallmarks of pathology will shed
light on these devastating conditions.
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