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Abstract 

Background: Traumatic brain injury (TBI) is a leading cause of death and disability 

world-wide, affecting approximately 69 million individuals each year. It is also 

recognised as one of the major, modifiable risk factors in the development of 

neurodegenerative disease in later life, with exposure to moderate to severe 

single TBI and repetitive, mild TBI both recognised as contributing factors in the 

development of dementia. However, the neuropathological mechanisms 

contributing to late neurodegeneration remain uncertain. The complex 

polypathology emerging from the initial biomechanical injury mirror other 

neurodegenerative disease and include abnormal aggregation of proteins such as 

tau and Aβ and neuroinflammation, which will be explored in this thesis.  

 

Methodology: Utilising material from the Glasgow TBI archive, in cohorts of 

patients aged ≤60 exposed to acute and long-term survival following moderate to 

severe, single TBI and appropriately age-matched controls, the role of the cellular 

adaptive immune response to injury was assessed through immunocytochemistry 

for T- and B-lymphocyte populations. These cohorts as well as tissue from patients 

exposed to repetitive mild TBI (rTBI) and appropriately matched controls were 

studied to characterise the differential astroglial response to injury across injury 

subgroups through measurement of GFAP, AQP4 and NQO1 immunoreactivity. A 

cohort of patients aged ≥60 years who survived acutely following moderate to 

severe, single TBI compared to age-matched, uninjured controls with no history 

of neurodegenerative disease, were examined to evaluate the effect of age and 

TBI using modifications of clinically recognised, standardised, semi-quantitative 

scoring systems of tau and Aβ immunoreactivity. Lastly, a protocol for the 

assessment of our archival, FFPE tissue was devised to allow comparison of 

proteomes of cohorts of patients exposed to mild rTBI, AD patients and 

appropriately matched controls, using liquid-chromatography mass-spectrometry.  

 

Results: There is no histological evidence of a significant cellular response from 

the adaptive immune system following exposure to moderate to severe, single TBI 

in patients surviving acutely or long-term after injury, with no increase in T- or B-

lymphocytes. There was, unexpectedly, a decrease in T-lymphocytes in long-term 

survivors of TBI. Contrastingly, there was an increase in reactive astrogliosis 
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following exposure to TBI; demonstrated by an increase in AQP4-immunoractive 

astrocytes in acutely surviving patients and increase in GFAP expression in long-

term surviving patients and an increase in NQO1 expression in rTBI patients 

compared to age-matched uninjured controls. There was also an increase in both 

AQP4 and GFAP expression in elderly uninjured controls compared to younger 

uninjured controls. Examining the expression of Aβ and tau in elderly patients 

exposed to single, moderate to severe TBI showed an increase in neuritic Aβ 

plaque and in the regional distribution of all plaque compared to uninjured, 

elderly controls, but no increase in expression or distribution of NFTs. Finally, a 

protocol for processing archival FFPE resulted in identification of 267 proteins 

from across rTBI, AD and uninjured, non-NND controls with significantly 

differential expression in 84 of them. 

 

Conclusions: Together, these findings increase understanding of the 

neuropathological changes occurring following moderate to severe, single TBI and 

repetitive TBI.  These data demonstrate that there is an astrogliotic but not 

adaptive cellular response after moderate to severe single TBI whilst also showing 

that age is correlated with an increase in reactive astrogliosis for several markers. 

Age was also examined in the examination of proteinopathic changes following 

acute survival after moderate to severe injury and changes suggest that TBI may 

occur as a result of increased amyloid pathology as neuritic plaque was observed 

> 2 weeks after injury. Lastly, that archival FFPE samples were successfully 

processed to allow identification of proteins from across a range of cohorts, 

revealing differences in protein expression that underpin the neuropathological 

changes which contribute to the long-term, post-TBI neurodegenerative process.  
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HSPD1 60 kDa heat shock protein, mitochondrial 
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IgG Immunoglobulin G 
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IHC Immunohistochemistry 
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IR Infrared 
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LC Liquid chromatography 

LCM Laser capture microdissection 

LCMS Liquid chromatography mass spectrometry 

LDHA L-lactate dehydrogenase A chain 

LFQ Label free quantification 
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Lyc-C Endoproteinase Lys-C 

m/z mass number / charge number 

MAP2 Microtubule-associated protein 2 

MAP6 Microtubule-associated protein 6 

MBP Myelin basic protein 

MCI Mild cognitive impairment 

MCP1 Monocyte chemoattractant protein 1  

MDH1 Malate dehydrogenase, cytoplasmic 

mIF Multiplexed immunofluorescence 

miRNA Micro ribonucleic acid 

mM Millimolar 

MMP matrix-metalloproteinase 

MND Motor neurone disease 

mRNA Messenger ribonucleic acid 

MS Multiple sclerosis 

mTBI Mild traumatic brain injury 

MT-CO2 Cytochrome c oxidase subunit 2 

NCBI National Center for Biotechnology Information 

NCE Normalized collision energy 

NDD Neurodegenerative disease 

NEFH Neurofilament heavy polypeptide 

NEFM Neurofilament medium polypeptide 

NFT Neurofibrillary tangles 

nLC-ESI-MS/MS Nanoflow HPLC electrospray tandem mass spectrometry 

NO Nitric oxide 

NQO1 NAD(P)H quinone dehydrogenase 1  

Nrf2-keap1-ARE Kelch-like ECH-Associating protein 1 

NS Not significant 

OMG Oligodendrocyte-myelin glycoprotein 

OR Odds ratio 

PBS Phosphate-buffered saline 

PCA Principal component analysis 

PCSK1N ProSAAS 

PD Parkinson's disease 

PDD Parkinson's disease dementia 

PEBP1 Phosphatidylethanolamine-binding protein 1 

PET Positron emission tomography 
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PFN1 Profilin-1 

PGK1 Phosphoglycerate kinase 1 

PHB2 Prohibitin-2 

PKM Pyruvate kinase PKM 

PM Post-mortem 

PRRT2 Proline-rich transmembrane protein 2 

PSMB6 Proteasome subunit beta type-6 

PSP Progressive supranuclear palsy 

PTA Post-traumatic amnesia 

pTau hyperphosphorylated tau 

PTPRZ1 Receptor-type tyrosine-protein phosphatase zeta 

PYGB Glycogen phosphorylase, brain form 
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TBI Traumatic brain injury 

TDP-43 Transactive response DNA-binding protein 43 

TEM Transmission electron microscopy  
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TKT Transketolase 
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TNF-α Tumour necrosis factor-α 

TPI1 Triosephosphate isomerase 

TPPP Tubulin polymerization-promoting protein 
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1 Chapter 1 – General Introduction 

Traumatic brain injury (TBI) is a global public health concern and leading cause 

of death and disability worldwide, with 64-74 million individuals estimated to 

suffer from TBI each year (Dewan et al., 2019). Age-adjusted incidence of all 

TBI severities from studies published between 2015 and 2020 varies globally, 

ranging between 476 per 100,000 individuals in South Korea (H. Kim et al., 

2020) to 787 per 100,000 individuals in the US (Maas et al., 2022; Taylor et al., 

2017). Moreover, these studies may continue to underestimate the true extent 

of the issue as incidence continues to rise globally (James et al., 2019), 

particularly in older populations (Shivaji et al., 2014). Severity of injury can 

vary, from mild TBI (mTBI; including concussion), through moderate to severe 

TBI, with severe TBI resulting in a high mortality rate of approximately 30-40% 

(Rosenfeld et al., 2012).  

 

The main mechanisms of moderate to severe injuries are falls, road traffic 

incidents and violence, and whilst global trends in mechanism vary due to 

differences in nation-specific data capture and reporting methodologies. 

Largely it is suggested that road traffic incidents are the most common cause 

of injury in low middle income countries (LMICs) (Dewan et al., 2019; James et 

al., 2019) while individuals from high income countries (HICs) are most likely 

to be injured due to a fall (Lecky et al., 2021; Maas et al., 2022). Incidence of 

TBI is higher in LMICs than HICs (Clark et al., 2022; Dewan et al., 2019; James 

et al., 2019), with a clear connection drawn between mechanism of injury and 

the UN’s Human Development Index (a composite index of life expectancy, 

education, and per-person income indicators, used to rank countries into tiers 

of human development: low, medium, high, and very high; Figure 1-1, (Maas 

et al., 2022)). 
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Notwithstanding the initial insult, the burden of any TBI may be felt for years 

after injury where, for example, in the US approximately 4 million individuals 

are living with a TBI-related chronic condition (Frieden et al., 2015), while in 

the UK alone, roughly 1.3 million people are living with TBI-related disabilities 

(Parsonage, 2016). Additionally, TBI may result in substantial socioeconomic 

consequences lasting many years post-injury (Norup et al., 2020) and an 

estimated $400 billion is spent for the overall healthcare cost of TBI per year 

globally (Maas et al., 2017).  

 

 

1.1 Late neurodegenerative disease and TBI 

There is increasing awareness of the connection between TBI and the risk of 

later development of neurodegenerative disease. The first reporting of the 

long-term effects of TBI emerged from a series of examinations of professional 

and amateur boxers exposed to repetitive TBI (rTBI) by Dr Harrison S Martland 

in 1928, coining the term punch-drunk syndrome (Martland, 1928). Following 

this, descriptions of isolated cases of brains taken from boxers continued 

through the latter part of the last century (Brandenburg & Hallervorden, 1954; 

Critchley, 1957; Mawdsley & Ferguson, 1963; Millspaugh, 1937; Spillane, 1962) 

where studies described neurodegenerative pathology such as cerebral atrophy 

and softening, and cavum septum pellucidum, alongside changes in behaviour 

Figure 1-1 Between Country Variations in mechanism of TBI according to UN Human 
Development Index. RTI = Road Traffic Incident, HDI = Human Development Index (from Maas 
et al 2022) 
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including emotional liability, memory impairment and dementia (A. H. Roberts, 

1969). Corsellis (1973) examined 15 ex-boxers, providing the first formal 

description of dementia pugilistica (DP), noting the neuropathological 

abnormalities of septum pellucidum, degradation of the substantia nigra and 

occurrence of neurofibrillary tangles, particularly within the medial temporal 

grey matter, as well as neuropsychiatric symptoms such as speech and motor 

problems, memory loss and personality changes (Corsellis et al., 1973). 

Recognition has continued to grow over the subsequent decades, with more 

recent studies highlighting neuropathological anomalies associated with boxing 

(Allsop et al., 1990; Castellani & Perry, 2017; Geddes et al., 1997, 1999; G. 

Roberts et al., 1990; Saing et al., 2012; Schmidt. et al., 2001). However, it is 

now understood that the pathology is not limited to boxers but extends to the 

brains of individuals exposed to rTBI in a variety of sports and situations (McKee 

et al., 2010, 2009; Omalu et al., 2011, 2006, 2005; Omalu et al., 2010; Omalu 

et al., 2010), veterans exposed to blast injury (Goldstein et al., 2012) and even 

those who suffer a single, moderate to severe TBI (sTBI) (Dale et al., 1991; 

Johnson et al., 2013; Johnson et al., 2013, 2012; Roberts et al., 1991; Smith 

et al., 2013). Chronic traumatic encephalopathy (CTE) is now the diagnostic 

term used to represent late neurodegenerative disease due to exposure to TBI 

as opposed to participation in one sport or activity (J. Hay et al., 2016; V. E. 

Johnson et al., 2017; McKee et al., 2009, 2013; D. H. Smith et al., 2013; 

Stewart et al., 2016). However, due to the nature of previous studies which 

have derived data from the review of relatively few cases from singular 

archives, producing scant data and lack of consensus on the precise 

neuropathological phenotypes following TBI (E. Lee et al., 2019; Y. Lee et al., 

2013; D. Smith et al., 2019; Washington et al., 2016), studies continue with 

the aim to develop robust, validated neuropathological criteria for a diagnosis 

of CTE (Bieniek et al., 2021; McKee et al., 2015; D. Smith et al., 2021).  

 

1.2  TBI and Alzheimer’s disease 

The risk of dementia has historically been linked to a proportion of survivors of 

single TBI (Fleminger, 2003; Graves et al., 1990; Guo et al., 2000; Molgaard et 

al., 1990; Mortimer et al., 1991; Plassman et al., 2000) and it is now 

acknowledged as the strongest environmental risk factor for a range of 
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neurodegenerative diseases, including Alzheimer’s disease (AD) (Collins et al., 

2020; Fann et al., 2018; Li et al., 2017; LoBue et al., 2018; Nordström & 

Nordström, 2018; Schaffert et al., 2018), with estimates suggesting that at 

least 3% of dementia diagnoses in the general population are attributable to 

TBI (Livingston et al., 2020; Maas et al., 2022; D. Smith, 2013).  

 

Retrospective examination by Plassman et al. (2000) reviewed clinical 

assessments and interviews of head injured and non-head injured US veterans, 

50 years after date of injury. Individuals who sustained a severe TBI (loss of 

consciousness (LOC) or post-traumatic amnesia (PTA) lasting longer than 24 

hours) were 4 times more likely to develop dementia compared to non-head 

injured soldiers and those who sustained a moderate TBI (LOC or PTA lasting 

30 minutes to 24 hours) were 2 times more likely to develop dementia than 

healthy controls (Plassman et al., 2000). Population-based observational 

studies of the long-term risks demonstrate that TBI is associated with an 

increased risk of dementia compared to people without a history of TBI and 

with people with non-TBI trauma (Fann et al., 2018) with the risk still evident 

>30 years after injury and the association stronger for individuals who suffer 

multiple TBIs (Nordström & Nordström, 2018). Studies of 7625 patients with a 

possible/probable clinical diagnosis of AD (LoBue et al., 2018), and of 2,133 

participants with autopsy-confirmed AD (Schaffert et al., 2018) observed that 

those individuals with a self-reporting history of TBI with LOC had earlier onset 

of AD-like dementia symptoms, suggesting TBI may be related to an underlying 

neurodegenerative process related to AD. 

 

1.3  TBI and synucleinopathies 

Dementia with Lewy bodies (DLB) is an age-associated dementia characterised 

by accumulation of aggregated α-synuclein protein in Lewy bodies and 

neurites, similar to Parkinson’s disease (PD) (Baba et al., 1998; C. Simon et al., 

2021; Trojanowski & Virginia M-Y.L, 1998) . Relatively little is understood about 

how history of TBI might contribute as a risk factor for DLB, with data 

conflicted. By example, a relatively small study of patients diagnosed with DLB 

(n=147) did not demonstrate TBI as a risk factor for disease progression (Boot 
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et al., 2013). However, an autopsy study of individuals with history of sTBI 

where there had been a LOC of ≤1 hour was found to be associated with the 

presence of Lewy bodies in temporal and frontotemporal areas of the brain, 

while individuals exposed to LOC for >1 hour did not demonstrate this (Crane 

et al., 2016). A case study of 2 individuals exposed to moderate to severe TBI 

in mid-life with early-onset dementia demonstrated the stark variations 

between the neuropathology an individual exposed to TBI may present (Kenney 

et al., 2018). Case 1 demonstrated atypical AD with features of CTE but no α-

synuclein-positive lesions, while Case 2 had unusually large α-synuclein 

intraneuronal inclusions, Lewy bodies and Lewy neurites, as well as 

extracellular α-synuclein, resulting in a diagnosis of DLB. This heterogeneity of 

pathology can create a barrier to reaching a diagnosis. When examining the 

effects of rTBI exposure in former contact sport athletes on association with 

DLB, researchers found and that the number of years played was associated 

with deposition of neocortical Lewy bodies, with pattern of Lewy body 

hierarchical clustering similar in CTE and DLB alone, (J. W. Adams et al., 2018) 

suggesting that participation in contact sport may increase risk of developing 

neocortical DLB. 

 

PD is a typically slow progressing neurodegenerative disease characterised by 

the loss of dopaminergic neurons within the substantia nigra (Armstrong & 

Okun, 2020) and accumulating disability, where the decline can span decades 

(Bloem et al., 2021). A high degree of heterogeneity is observed within the 

disease, where even if one of the known, specific genetic causes is identified, 

the disease can manifest itself in a broad manner of symptoms and progressions 

(Armstrong & Okun, 2020). The disease manifests as early prodromal symptoms 

including rapid eye movement, sleep behaviour disorder, loss of smell, and 

depression (Berg et al., 2015) which will then progress to motor symptoms such 

as tremors, stiffness, and imbalance once approximately half of cells in the 

caudal substantia nigra are lost (Fearnley & Lees, 1991). Non-motor symptoms 

increase with disease burden, frequently leading to cognitive impairment as 

Parkinson’s disease dementia (PDD) for 46% of patients within 10 years 

(Williams-Gray et al., 2013) and 83% of patients within 20 years (Hely et al., 

2008). The hallmark of PD is neuronal aggregates of α-synuclein, forming Lewy 

bodies and Lewy neurites in a distinctive pattern, predominantly within the 
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limbic and motor systems (Braak & Braak, 2000). Recently, studies have 

suggested an association between sTBI and PD (Wilson et al., 2017), with a 

meta-analysis study demonstrating a pooled odds ratio (OR) of 1.57 for risk of 

PD following TBI (Jafari et al., 2013) while another study observed a 44% 

increased risk of developing PD within 5-7 years, for individuals sustaining a 

TBI over 55 years old (Gardner et al., 2015) and injury severity is correlated 

with increased risk of PD, even if the injury occurred before the age of 25 

(Crane et al., 2016).  

 

Once more, there is a degree of clinical overlap between symptoms associated 

with CTE and PD, including mood, cognitive, behaviour as well as motor 

symptoms, but the literature is very limited with regards to the risk of PD 

following rTBI and the few positive studies are potentially unsatisfactory due 

to issues such as poor matching of controls (Seidler et al., 1996) or reverse 

causation (Rugbjerg et al., 2009). The recent, well powered studies from the 

Football’s InfluencE on Lifelong health and Dementia risk (FIELD) consortium 

have demonstrated a 2-fold increase in deaths with PD in former football 

players compared to matched, general population controls (Mackay et al., 

2019; Russell et al., 2019, 2021) but additional studies are required to further 

examine the true extent of the correlation between PD and rTBI. 

 

1.4  TBI and motor neuron disease 

Amyotrophic lateral sclerosis (ALS) is the most common form of motor neuron 

disease (MND) (C. Lee, 2012), affecting 1-2 per 100,000 individuals each year 

(Robberecht & Philips, 2013). Upper and lower motor neurons are lost and 

there is an accumulation of the ubiquitinated protein transactive response 

DNA-binding protein 43 (TDP-43) in surviving motor neurons (Neumann et al., 

2006). Whilst there are some identified hereditary factors in ALS diagnosis, 90-

95% of cases, are sporadic (Frakes et al., 2014), and believed to be due to a 

combination of genetic and environmental factors, including TBI (H. Chen et 

al., 2007; McKee et al., 2010; Schmidt et al., 2010; Seals et al., 2016; D. Wright 

et al., 2017).  
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Limited data indicate that exposure to TBI - including sports-related 

concussion- may result in an increased risk of ALS/MND (X.-C. Chen et al., 2022; 

Daneshvar et al., 2021; Lehman, 2013; Pupillo et al., 2020; Seals et al., 2016). 

While recent studies of association football players by Mackay et al., (2019) 

and Rugby players by (Russell et al., 2022), demonstrates a high risk of MND 

when compared to sex, socioeconomic status, and age-matched general 

population controls. Examination of the effects of sTBI on the susceptibility to 

ALS is limited. One study noted a nonsignificant trend to higher ALS in those 

who had experienced a head injury but a significantly increased risk in those 

who had suffered more than one TBI which required medical attention (OR = 

3.1) and a substantial increase in those who suffered more than one injury, 

more than 10 years previously (OR = 11.3), indicating that head injury may 

increase the risk of ALS (H. Chen et al., 2007). 

 

1.5  Macroscopic pathology of TBI 

The majority of moderate to severe TBIs in the civilian population are caused 

by falls, road traffic accidents, physical assault, or other exposure to 

mechanical forces (Frieden et al., 2015; James et al., 2019; Schuchat et al., 

2017) and often involve biomechanical rotational acceleration forces being 

applied to the parenchyma causing shearing forces to the axons within the 

brain (Meaney et al., 1995; C. Werner & Engelhard, 2007). The variety in cause 

of injury is reflected in the heterogeneity of primary pathology observed 

following TBI; contusions, haemorrhage, brain swelling, and ischaemia being 

commonly observed pathology (Graham & Luntos, 2002; Johnson et al., 2017). 

TBI pathologies are often divided into “focal” and “diffuse” injury. “Focal” 

describing localised pathology such as intracerebral and intracranial 

haemorrhage and cerebral contusions, and “diffuse” used to describe more 

widespread pathologies including diffuse axonal injury (DAI) brain swelling, 

ischaemia and vascular injury (Graham and Luntos, 2002). Secondary pathology 

may follow immediately from injury, with development of physiological and 

biomolecular alterations, including disturbance in neuroinflammatory 

homeostasis and the breakdown of the axonal cytoskeleton (Hay et al., 2016). 

In late stages after TBI, a wide variety of pathological changes have been 
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observed including cortical atrophy, ventricular enlargement, cavum and 

fenestrated septum pellucidum, thinning of the corpus callosum, substantia 

nigra depigmentation, cerebellar scarring and neuronal loss (Bieniek et al., 

2021). 

 

1.5.1  Cerebral atrophy 

Brain atrophy has frequently been reported from early studies of boxers, 

(Brandenburg and Hallervorden, 1954; Grahmann and Ule, 1957; Neubuerger 

et spillaal., 1959; Spillane, 1962), within frontal (Mawdsley & Ferguson, 1963; 

Neubuerger et al., 1959) and temporal (Areza-Fegyveres et al., 2007; 

Drachman, 1999) lobes, and the cerebellum (Grahmann & Ule, 1957; D. 

Williams & Tannenberg, 1996). Examination of non-boxer athletes 

demonstrates a mild degree of global atrophy, thinning of the corpus callosum 

and overall reduction in brain weight (McKee et al., 2013, 2009; Omalu et al., 

2011, 2006; Bennet I Omalu et al., 2010; Bennet I. Omaluet al., 2010) and 

widespread brain atrophy is observed across survival periods following 

moderate or severe sTBI in both imaging and autopsy studies (Ariza et al., 2006; 

Cole et al., 2018; Farbota et al., 2012; Ng et al., 2008; Ross, 2011; Ross et al., 

2012; Tate & Bigler, 2000; Tomaiuolo et al., 2004; Warner et al., 2010) (Figure 

1-2). MRI demonstrates increased hippocampal atrophy following moderate to 

severe sTBI, correlated to both injury severity and cognitive deficits such as 

verbal and general memory (Ariza et al., 2006; Tate & Bigler, 2000). 

Furthermore, thinning of the corpus callosum has been shown in vivo in MRI 

studies (Henry-Feugeas et al., 2000; Levin et al., 1990), and is also 

demonstrated to persist chronically in examination of autopsy tissue taken 

from sTBI patients with over 1-year survival after injury (Johnson et al., 2013; 

D. Smith et al., 2013a).  
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1.5.2  Cavum septum and ventricular enlargement 

In most descriptions of CTE in boxers (Corsellis et al., 1973; Mawdsley & 

Ferguson, 1963; Nowak et al., 2009; Payne, 1968; Saing et al., 2012; D. Smith, 

2013) and other non-boxer athletes (McKee et al., 2009; D. Smith et al., 2019; 

Stanwell et al., 2022; Stewart et al., 2016), abnormalities of the septum 

pellucidum are commonly described, one review noting its presence in 65% of 

cases examined (D. Smith et al., 2013a). Cavum septum pellucidum (CSP), 

when an opening forms within the leaflet separating two ventricles of the 

brain, may be accompanied by septal fenestration with detachment from the 

fornix or corpus callosum potentially due to mechanical strain during trauma 

(J. H. Adams et al., 1982, 1989; Geddes et al., 1997; Johnson, Stewart, Begbie, 

et al., 2013) or changes in intracranial pressure (Mawdsley & Ferguson, 1963). 

CSP is observed in autopsy studies of those exposed to rTBI  (Gardner et al., 

2014; Grahmann & Ule, 1957; Mawdsley & Ferguson, 1963; McKee et al., 2009; 

Neubuerger et al., 1959; Nowak et al., 2009; Omalu et al., 2006, 2011; Omalu, 

Fitzsimmons, et al., 2010; Omalu, Hamilton, et al., 2010; A. H. Roberts, 1969; 

G. Roberts et al., 1990; Saing et al., 2012; Spillane, 1962; D. Williams & 

Tannenberg, 1996). In vivo radiological studies of boxers with neuropsychiatric 

symptoms have also demonstrated CSP (Casson et al., 1984; Jordan et al., 

1992; Mawdsley & Ferguson, 1963; D. Smith et al., 2019). Interestingly, CSP is 

absent as a feature of survival following sTBI (D. Smith, 2013) and its diagnostic 

A 
 

B 
 

Figure 1-2 Representative images of macroscopic pathology after survival from 
a single, moderate to severe TBI. (A) brain of 24-year-old who died within hours 
of an assault. (B) Brain of a 40-year-old patient who survived 4 years following an 
injury showing notable gyral atrophy, ventricular enlargement, and a thinned 
corpus callosum.  (Smith, et al.,2013).  
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value remains uncertain as it is noted in up to a third of the healthy population 

(Corsellis et al., 1973).  

 

1.5.3  Microscopic pathology of late TBI 

The pathology of survival from TBI is often described as a polypathology due to 

the fact that there is such a wide range of associated pathologies including 

multiple proteinopathies, neuroinflammation, white matter degeneration 

neuronal loss and blood-brain barrier (BBB) disruption. Among the most widely 

observed pathologies are proteinopathies such tau and amyloid-beta (Aβ) 

abnormalities, both of which are hallmark histological markers for a wide array 

of other neurodegenerative diseases. 

 

1.5.4  Tau 

The mechanical forces exerted in TBI result in the breakdown of axonal 

microtubules leading to disruption of axonal transport and DAI, with liberation 

of the microtubule-associated protein tau, its subsequent phosphorylation and 

formulation of neuropil threads and neurofibrillary tangles (NFTs – Figure 1-

3). Accumulation of hyperphosphorylated NFTs is another observed change in 

ageing (Braskie et al., 2010; Pontecorvo et al., 2019; Schöll et al., 2016) and a 

diagnostic hallmark of AD (Braak H; Braak E, 2000), where it follows a 

characteristic pattern of staging throughout anatomical regions within the 

brain.  
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Interestingly, examination of post-mortem tissue taken from patients who 

survived up to 4 weeks after injury demonstrated no increase in the levels of 

hyperphosphorylated tau (p-tau) NFTs in the acute period (C. Smith, 2013).  

However, NFTs and neuropil threads have been observed in 30% patients aged 

under 60 years of age, who survive 1 year or longer following single, moderate 

or severe TBI (D. Smith et al., 2013a) and in CTE. Indeed, CTE is commonly 

descried as a tauopathy (Höglinger et al., 2018; Kovacs, 2018; A. McKee et al., 

2009; Orr et al., 2017). For CTE, the pathognomic lesion is defined as neuronal 

tau deposition, with or without accompanying p-tau immunoreactive 

astrocytes – thorn-shaped astrocytes (TSA), at the depths of cortical sulci, in a 

characteristic patchy involvement (Bieniek et al., 2021). There may also be 

typical involvement of superficial neocortical layers and sector CA2 of the 

hippocampal formation (Arena et al., 2020; Goldfinger et al., 2018) 

Figure 1-34 Representative images of immunohistological staining of tau 
pathology.  
(A) Bands of NFT and fibrillar tau pathology in the entorhinal cortex of an 87-year-old 
woman with no history of TBI or neurodegenerative disease (Scale bar 500 µm). (B) 
Pick’s bodies in the CA1 region of the hippocampal formation in a 76-year-old woman 
with no history of TBI or neurodegenerative disease (Scale bar 250µm). (C) NFTs and 
TSA concentrated at the depths of cortical sulcus in tissue from a former American 
football player (Scale bar 100 µm). (D) NFTs in the fusiform gyrus of a 48-year-old man 
who dies 3 years following a fall (Scale bar 250 µm). (E) NFTs and TSA concentrated 
at the depths of cortical sulcus in tissue from a patient who survived many years 
following a severe sTBI (Scale bar 100 µm). (Images C and E, Arena et al 2020). 
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1.5.5  Amyloid-beta 

Accumulation of amyloid-β (Aβ) is a hallmark AD pathology, where progressive 

deposition of Aβ is considered contributory to the disease (Ittner & Götz, 2011; 

Selkoe & Hardy, 2016; Sisodia & Price, 1995). Early disease is characterised by 

diffuse plaques of Aβ peptides (Behrouz et al., 1991; Dickson & Vickers, 2001; 

Malek-Ahmadi et al., 2016; Morris, Storandt, McKeel, et al., 1996) before 

progressing to neuritic plaques once the clinical stage of AD has been reached 

(Mirra et al., 1991) (Figure 1-4). Normal ageing also demonstrates the 

accumulation of Aβ peptides, where diffuse plaques are observed in non-

cognitively impaired individuals (Malek-Ahmadi et al., 2016; Morris, Storandt, 

McKeel, et al., 1996; Teissier et al., 2020a). Accumulation of β-amyloid 

precursor protein (APP) within axonal swellings is observable within hours of 

injury (Gentleman et al., 1993; Graham et al., 1995; V. Johnson et al., 2012; 

Sherriff et al., 1994). Further, accumulation of Aβ in swollen axons shortly 

after TBI has been observed in post-mortem tissue (Smith et al., 2003) as well 

as intra-axonal accumulation of Aβ (X. H. Chen et al., 2004) in long-term 

survivors of moderate or severe TBI. Enzymes such as presenilin-1 (PS-1) and 

β-site APP cleaving enzyme-1 (BACE1) required for Aβ cleavage are known to 

accumulate at the site of axonal injury following TBI (X. H. Chen et al., 2009; 

Uryu et al., 2007) and it is hypothesized that this cleavage of APP and break 

down of damaged axons may result in aggregation of Aβ-peptides which go on 

to form Aβ plaques (X. H. Chen et al., 2004; D. Smith, 1999), with one study 

demonstrating rapid formation of Aβ-oligomer and protofibrils in patients 

surviving acutely following severe TBI (Abu Hamdeh, Waara, et al., 2018). The 

accumulation of elevated levels of APP within damaged axons and neurons 

after TBI may or may not play a contributing role in furthering TBI pathology, 

with some animal model studies suggesting a neuroprotective role for APP 

following TBI, where APP metabolite soluble peptide APPβ (sAPPα) provides 

several neuroprotective functions (Corrigan et al., 2012; Hefter & Draguhn, 

2017; Plummer et al., 2016; Thornton et al., 2006). 

 

Aβ plaques have been shown to occur in up to 30% of patients dying in the 

acute period following moderate to severe injury (Graham et al., 1995; Hong 

et al., 2014; Roberts et al., 1994, 1991, 1990; Smith et al., 2003) and in excised 
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contusional tissue from TBI patients (DeKosky et al., 2007; Ikonomovic et al., 

2004). Aβ plaques found in these early periods following injury have a diffuse 

appearance, similar to those observed in normal ageing and in the early stages 

of AD. In contrast, plaques seen in patients who survive many years after 

moderate to severe TBI resemble those observed in the clinical stages of AD, 

with a more neuritic appearance (Johnson et al., 2010, 2012). The 

development of these plaques may not solely be due to accumulation of APP 

but also due to failures in the clearance processes which would typically 

remove Aβ. One such degrading enzyme is neprilysin, which degrades both 

monomeric and oligomeric forms of Aβ (Kanemitsu et al., 2003) and is 

implicated in post-TBI Aβ metabolism as it has been shown to accumulate in 

macrophages and microglia in the acute survivors of TBI specifically in cases 

with lower levels of Aβ plaque formation (X. H. Chen et al., 2009). 

 

Early on, Aβ emerged as an important finding in individuals exposed to rTBI (G. 

Roberts et al., 1990) where in examination of tissue from patients who had 

experienced multiple rTBI, 95% of cases demonstrated diffuse Aβ plaque, and 

accelerated deposition is also observed in animal models of rTBI (Conte et al., 

2004; Uryu et al., 2007). However, conflicting reports question the universal 

nature of Aβ deposition with some studies identifying it in only 44% of cases (A. 

McKee et al., 2013) while others identify accelerated Aβ deposition in CTE 

patients independent of normal ageing (Stein et al., 2015) suggesting further 

work is required to breakdown the relationship between Aβ plaque formation 

following TBI.  
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Figure 1-4 Representative images of Amyloid-β (Aβ) pathology: (A & B) Diffuse Aβ plaque in 
the cingulate gyrus of a 76-year-old male with no history of TBI or NDD. (C) Diffuse Aβ plaque 
in the cingulate gyrus of a 50-year-old male who dies 11 days following a fall. (D) Neuritic and 
diffuse Aβ plaque in the insula cortex of a 47-year-old female who died 11 years after a fall. 
(E) Neuritic Aβ plaque in the cingulate gyrus of a 79-year-old male, former rugby player. (F) 
Neuritic Aβ plaque in the hippocampal entorhinal cortex of a 74-year-old male, with a diagnosis 
of AD. (G) APP-immunoreactive varicosities and axonal bulb formation in the corpus callosum 
of an 18-year-old male who survived 11 hours following a fall. (H) Cerebral amyloid angiopathy 
in a 49-year-old male who survived 12 months following an assault. Scale bars 250µm.  

  



37 
 

1.5.6  Diffuse axonal injury and white matter degeneration 

Diffuse axonal injury (DAI) is one of the most common consequences of TBI 

across all severities (J. H. Adams et al., 1982, 1989; Graham et al., 1988; 

Johnson, Stewart, & Smith, 2013; Povlishock, 1992; Povlishock & Katz, 2005; 

D. Smith, 2016; D. Smith & Meaney, 2000). Mechanical loading through rapid 

head acceleration initiates a cascade of damage to axons, disruption of axonal 

transport, swelling of axons and generation of axonal bulbs with secondary 

axotomy through Wallerian degeneration (Maxwell et al., 2015; D. Smith & 

Meaney, 2000). Axonal pathology may also persist many years following injury, 

instigating a long-term neurodegenerative process of Aβ protein Alzheimer’s-

like pathologies in both the acute and long-term phases after injury (Chen et 

al., 2009, 2004; Johnson et al., 2010; Smith et al., 2003; Smith, 1999). Diffusion 

MRI (dMRI) studies demonstrate that DAI is a strong predictor of post-traumatic 

neurodegeneration, improving prognostic accuracy and in identifying those at 

greatest neurodegenerative risk (Graham et al., 2020). 

 

Ongoing axonal pathology has been shown to persist for years after injury in 

both animal models (X. H. Chen et al., 2004; Pierce et al., 1996) and in human 

studies  (X. H. Chen et al., 2009) of TBI. This persistent axonal pathology is 

demonstrated through marked thinning of the corpus callosum, with a 25% 

reduction in corpus callosum thickness in individuals surviving more than 1 year 

after moderate-severe sTBI (Johnson, et al., 2013). Limited research has been 

carried out to investigate the prevalence of white matter degeneration 

following repeated mTBI, but the current literature of largely retrospective 

cohort studies indicates that white mater degeneration is a common 

comorbidity in CTE (Corsellis et al., 1973; A. McKee et al., 2013), where career 

length is associated with more severe white matter rarefication in a study of 

former NFL players (Alosco et al., 2019). Animal models of rTBI suggest that 

long-term white matter disruption may be observed through diffusion tensor 

imaging (DTI) and transmission electron microscopy (TEM) up to 60 days after 

controlled cortical impact (CCI) (Donovan et al., 2014) and human tau (hTau) 

mice exposed to a CCI model of mild rTBI develop chronic axonal injury and 

corpus callosum thinning paired with impaired visuospatial memory (Mouzon et 

al., 2019), however no increase in tau pathology. These studies suggest that 
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axonal damage may play a significant role in the neuropathological events 

developing after both sTBI and rTBI.  

 

1.5.7  TDP-43 

Another proteinopathy associated with TBI and various neurodegenerative 

diseases involves 43kDa TAR-DNA binding protein (TDP-43), which is usually 

located within the nucleus of cells throughout the body, but in a diseased state 

can translocate to the cytoplasm and form polyubiquinated and 

hyperphosphorylated inclusions (Geser et al., 2009; Hay et al., 2016). Highly 

associated with neurodegenerative conditions such as ALS and frontotemporal 

lobular dementia (FTLD) (Chen-Plotkin et al., 2010; Geser et al., 2009; 

Neumann et al., 2006, 2007) but changes are also observed following TBI. In 

both acute and long-term survivors of sTBI, an increase in levels of cytoplasmic 

phosphorylation-independent TDP-43 has been observed compared to 

uninjured control cases. However, no increase in pathological, phosphorylated 

TDP-43 was observed (Johnson et al., 2011). This contrasts with observations 

made of cases of rTBI, where an increase in the presence of abnormal 

cytoplasmic TDP-43 is observed in a similar distribution to that of FTLD 

throughout the hippocampus, temporal neocortex and amygdala and extending 

to the spinal cord (King et al., 2010; A. McKee et al., 2010, 2013).  

 

1.5.8  α-synuclein 

The neuronal protein α-synuclein is involved in the regulation of synaptic 

vesicle trafficking and subsequent neurotransmitter release but aggregates to 

form insoluble fibrils within neurons, or Lewy bodies in neurodegenerative 

diseases (NDD) such as PD, DLB and multiple system atrophy (Braak H; Braak E, 

2000; Lücking & Brice, 2000; Mezey et al., 1998; Spillantini et al., 1997; 

Stefanis, 2012), characteristically within the substantia nigra (SN) of the 

brainstem (Ulusoy & Di Monte, 2013). A single study has demonstrated α-

synuclein deposited in axonal swellings in 2 cases of acute survival from TBI 

(Newell et al., 1999). A CCI model of long-term survival of TBI suggests α-

synuclein as a link between the chronic effects of TBI and PD symptoms such 
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as extrapyramidal motor features, where there is overexpression of α-synuclein 

within the SN of rats exposed to TBI (Acosta et al., 2015). Elsewhere, 

examination of cerebrospinal fluid (CSF) of patients admitted for severe TBI 

showed substantial increase in levels of CSF α-synuclein in patients who died 

compared to those who survived at 6 months post-injury, indicating the 

possibility of α-synuclein as a prognostic marker for TBI (Mondello et al., 2013).  

 

1.5.9  Neuronal loss and substanita nigra pathology 

In autopsy studies, material from patients exposed to rTBI, neuronal loss is 

described in most cases of CTE, including both boxer and non-boxer individuals 

(Corsellis et al., 1973; Grahmann & Ule, 1957; Hof et al., 1992; Neubuerger et 

al., 1959; Nowak et al., 2009; Omalu et al., 2005, 2006, 2011; Omalu, 

Fitzsimmons, et al., 2010; Omalu, Hamilton, et al., 2010; Schmidt. et al., 

2001), with neuronal dropout across the cerebral cortex and sometimes 

localised in areas of the neocortex, the SN, locus coeruleus and cerebellum. 

The degree of loss has been described as “patchy” to widespread and diffuse 

(D. Smith, 2013). Within the SN, there may be reduction in pigmentation, tau 

NFTs and neuronal dropout microscopically. Interestingly, although 

Parkinsonian symptoms are commonly observed in individuals with CTE (Royal 

College of Physicians of London. Committee on Boxing, 1969; D. Smith, 2013), 

the characteristic synuclein-associated Lewy Bodies of Parkinson’s are less 

frequently reported in CTE (Brandenburg & Hallervorden, 1954; Corsellis et al., 

1973; Drachman, 1999; Neubuerger et al., 1959; Omalu et al., 2005, 2006). 

 

With regards to sTBI, both acute and chronic loss of neurons has been 

examined, with a marked generalised loss observed in the acute phase found, 

perhaps unsurprisingly, in association with other pathologies including 

traumatic axonal injury, inflammation, and ischaemic injury (Maxwell et al., 

2003; Shaw et al., 2001). This loss of neurons is believed to continue beyond 

the immediate acute phase in patients who suffer moderate-severe injury, with 

active degeneration observed in hippocampal and thalamic regions in patients 

surviving more than 1 year after injury (Maxwell et al., 2003, 2006; S. Williams 

et al., 2001). 
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1.5.10 Blood-brain barrier pathology 

Blood-brain barrier (BBB) disruption occurs as an early event in 

neurodegenerative diseases such as multiple sclerosis (Kirk 2003) and AD, as 

well as ageing, where it is believed to contribute to disease progression through 

impaired Aβ clearance (Bell & Zlokovic, 2009; Grammas et al., 2011; Montagne 

et al., 2015; Zlokovic, 2008; Zlokovic et al., 2010). Animal models of TBI 

demonstrate that BBB disruption occurs in the minutes and hours following 

injury (Baldwin et al., 1996; Baskaya et al., 1997). In humans, acute 

permeability of the BBB is demonstrated through increased levels of markers 

such as S100β and serum albumin in the CSF following severe sTBI (Blyth et al., 

2009; Saw et al., 2014; Stahel et al., 2000), with an association between injury 

severity and outcome (Ho et al., 2014) and imaging studies also provide 

evidence of BBB disruption following both mild to severe sTBI (Tomkins et al., 

2011) and rTBI patients (Leaston et al., 2021; Weissberg et al., 2014). Post-

mortem evidence of widespread BBB disruption has been observed after single 

moderate to severe TBI in the initial acute phase but also persisting in a high 

proportion of later survivors (J. Hay et al., 2015). 

 

1.5.11 Neuroinflammation 

Neuroinflammation is increasingly viewed as a central aspect in the 

neuropathological response to both neurodegenerative disease, such as AD 

(Kwon 2020), and TBI. Chronic traumatic neuroinflammation may be the most 

important cause of post-traumatic neurodegeneration in terms of prevalence 

(Faden & Loane, 2015a) and may present a key target for anti-inflammatory 

treatment options following TBI.  With both an internal, innate, and external, 

adaptive immune system to protect against threats, the brain is well equipped 

to deal with the wide range of pathologies which may develop following injury, 

however it is also believed to contribute to the development of persistent 

pathology (Burda et al., 2017; Faden & Loane, 2015b; Morganti-Kossmann et 

al., 2019; D. W. Simon et al., 2017).  
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1.5.11.1 Adaptive immune response 

The cellular adaptive immune system engages in the development and 

progression of several neurodegenerative diseases such as AD (Bryson & Lynch, 

2016; McManus et al., 2015; Mittal et al., 2019), ALS (Graves et al., 2004; 

Kawamata et al., 1992; Troost et al., 1989) and multiple sclerosis (MS) 

(Dendrou et al., 2015; Fletcher et al., 2010; Hemmer et al., 2015; Nylander & 

Hafler, 2012). However, relatively little is understood about the involvement 

of the adaptive cellular response to brain injury.  

 

In the healthy central nervous system (CNS), circulating peripheral immune 

cells pass through the BBB- to surveil the brain and spinal cord, with low levels 

of T- and B-lymphocytes found within the brain (Loeffler et al., 2011). Studies 

show BBB disruption occurs acutely following injury and may remain so for 

months and years following injury (J. Hay et al., 2015; Tomkins et al., 2011) 

and it is thought that a simultaneous inflow of peripheral adaptive immune 

cells follows. Infiltration of circulating immune cells is observed within hours 

of injury in studies using rat models of TBI where BBB disruption contributed 

to entry of cells into the brain parenchyma (Holmin et al., 1995; Holmin & 

Mathiesen, 1999; Soares et al., 1995; Stahel et al., 2000). Examination of 

biopsies taken from surgically removed contusional TBI tissue has shown CD4- 

and CD8-positive T-cells within the parenchyma (Holmin et al., 1998), in 

conjunction with infiltration of leucocytes and reactive microglia, however 

more research is required to understand what the cellular adaptive immune 

response is diffusely across the brain and not just in excised contusional tissue.  

 

1.5.11.2 Microglia 

The innate immune system of the CNS plays a heterogeneous role, with both 

neuroprotective and damaging to external stimuli (Hickman et al., 2018; Laird 

et al., 2008; Myer et al., 2006; Perry et al., 2010; Song & Colonna, 2018) with 

activation of resident microglia (Johnson, Stewart, Begbie, et al., 2013; Loane 

& Byrnes, 2010; Ziebell & Morganti-Kossmann, 2010) resulting in morphological 

changes to these microglia, which express a range of inflammatory mediators 
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that contribute to neuroinflammatory pathways (Gentleman et al., 2004; 

Loane and Byrnes, 2010; Morganti-Kossmann et al., 2002, 1999; Rodney et al., 

2018; Thelin et al., 2017; Ziebell and Morganti-Kossmann, 2010). Microglia may 

enter an altered state, from the “resting”, dendritic, ramified cells which are 

their quiescent, surveillance state, to an activated, ameboid state (Hay, 2018; 

Walker et al., 2014), where cells are more densely packed and demonstrate 

shortened, cellular processes, and more closely resemble their blood-borne 

counterparts (Johnson et al., 2013).  

 

These morphological changes occur within minutes of TBI with microglia 

proliferating rapidly and releasing inflammatory mediators such as nitric oxide 

(NO), cytokines, and reactive oxidative substances (ROS) (Ii et al., 1996; 

Johnson et al., 2013; Qin et al., 2002). Once activated, microglia enter a pro-

inflammatory state where they may initiate neuronal damage either through 

recognition of pro-inflammatory stimuli such as lipopolysaccharide (LPS) and 

monocyte chemoattractant protein 1 (MCP1), or through exposure to neuronal 

damage (Block & Hong, 2005; Conductier et al., 2010; Liddelow et al., 2017). 

However, microglia may also play a beneficial role, demonstrated where trials 

of immunosuppressive treatments following TBI, such as corticosteroids, 

results in less favourable recovery and even increased mortality at 6 months 

following injury (Bergold, 2016; Edwards, et al., 2005; Russo & McGavern, 

2016). 

Microglial activation can also persist for many years following single, moderate, 

or severe TBI correlating with damage to white matter tracts, with ongoing 

axonal degeneration and tissue atrophy (Johnson, Stewart, Begbie, et al., 

2013). However, whilst neuroinflammation has been implicated in the 

pathogenesis of CTE (Cherry et al., 2016, 2020; Collins-Praino & Corrigan, 

2017), understanding of the role played by microglia in the development of 

neurodegenerative change following rTBI is still lacking.  

 

1.5.11.3 Astrocytes 

Astrocytes are specialised glial cells which make up a substantial proportion of 

the cells within the parenchyma of the brain (Laird et al., 2008). They exert 
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multiple complex supportive roles within the CNS, maintaining cellular 

homeostasis of ion, water and blood flow via their contribution to tight 

junctions within the BBB (Abbott, 2005; Abbott et al., 1992; Cabezas et al., 

2014; Hayashi et al., 1997), whilst also acting as key regulators of provision of 

metabolic substrates and regulation of oxidative balance within the brain 

(Bouzier-Sore et al., 2002; Pellerin et al., 2007; Vasile et al., 2017). 

Additionally, astrocytes have a central role in the innate immune system. 

Reactive astrogliosis is recognised as a potential driver of neurodegenerative 

disease such as AD (Beach et al., 1989; Beach & Mcgeer, 1988; Blasko & 

Grubeck-Loebenstein, 2003; Itagaki et al., 1989; Oberstein et al., 2015; Perez-

Nievas & Serrano-Pozo, 2018), where disease progression is influenced by a 

cytokine cascade (Griffin et al., 1998), Braak staging (Simpson et al., 2010). 

Cognitive performance (Kashon et al., 2004) is also coupled with increased 

expression of glial fibrillary acidic protein (GFAP) – the prototypic protein 

expressed in reactive astrocytes. Astrocytes are also believed to be a key 

responder to TBI, initiating and mediating the neuroinflammatory response to 

injury (Burda et al., 2016; Karve et al., 2016; Laird et al., 2008).  

 

During reactive astrogliosis, astrocytes rapidly proliferate and undergo 

morphological transformation, changing from individually zoned cells with fine 

processes, to overlapping, hypertrophied cells with intertwined processes 

(Sofroniew, 2009, 2015; Zhou et al., 2019). As with microglia, astroglia are 

heterogeneous in nature, providing both neuroprotective and detrimental 

effects in health and disease (Bardehle et al., 2013; Laird et al., 2008; Myer et 

al., 2006; Pekny et al., 2014; Sirko et al., 2015). Therefore, astrogliosis is an 

essential response to injury, creating a protective barrier around inflamed 

tissue as it recovers, preventing propagation of the neuroinflammatory 

processes (Sofroniew, 2009; H. Wang et al., 2018) and providing a homeostatic 

buffer within the brain. However, a chronic astrocytic response may contribute 

to late neurodegenerative disease (D’Ambrosi & Apolloni, 2020; Vasile et al., 

2017) through production of immunomodulatory modulators such as matrix-

metallopeptidase 9 (MMP-9), tumour necrosis factor-α (TNF-α) and 

cyclooxygenase-2 (COX-2) (Akiyama et al., 2000; Burda & Sofroniew, 2017; 

Chung, 1990; Habbas et al., 2015; Hsieh et al., 2012; Kamat et al., 2014; 

Sofroniew, 2013, 2015; Sofroniew & Vinters, 2010; Teismann et al., 2003) which 
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interact with surrounding glia, neurons and astrocytes, so expanding the 

neuroinflammatory response .  

 

An integral component of the BBB, astrocytic end foot processes, participate 

in ionic, amino acid and water homeostasis within the brain (Abbott et al., 

2006). Aquaporin 4 (AQP4) is the major, bidirectional water channel in the 

brain (Nielsen et al., 1996; Rash et al., 1998; Venero et al., 2001) and has a 

polarized location within the astrocytic foot processes, highlighting the role of 

AQP4 and astrocytes in water transport between the parenchyma of the brain 

and the blood (Aoki-Yoshino et al., 2005; Papadopoulos et al., 2004; 

Papadopoulos & Verkman, 2007). Examination of a small cohort of AD cases 

demonstrating colocalization of cerebral amyloid angiopathy (CAA) and AQP4 

(Hoshi et al., 2012) suggests a link between a breakdown in amyloid clearance 

and activated astrocytes/BBB disruption (Fukuda & Badaut, 2012). 

Interestingly, AQP4-knockout mice developed increased deposition of Aβ 

fibrillar plaques, intraneuronal Aβ and a decrease in GFAP expression in 

astrocytes closest to Aβ plaques (A. Smith et al., 2019), suggesting an 

additional protective role for astrocytes arounds plaques in AD.  Disruption to 

the BBB in TBI may occur through both mechanical forces and through 

vasogenic oedema, where the basal lamina of the BBB is degraded by pro-

inflammatory cytokines such as matrix metalloproteinases (MMPs) (Candelario-

Jalil et al., 2009). The effects on AQP4 expression and distribution in animal 

models of TBI are conflicting. CCI models demonstrate both an increase (Sun 

et al., 2003) and a decrease in AQP4 expression in the acute period following 

injury (Blixt et al., 2015). In contrast, in a closed skull, ‘hit and run’ model of 

injury loss of characteristic AQP4 localization was reported within the 

astrocytic end-feet for both mild and moderate TBI, which increased up to 7 

days post-injury, continuing into the weeks after (Ren et al., 2013). This was 

despite a short term rise in intracranial pressure (ICP) and oedema, suggesting 

AQP4 reorganisation as a general feature within reactive astrocytes, which may 

not be driving oedema, but acting to return levels to normal.  

In humans, examination of contusional tissue taken from 6 patients within 72 

hours of injury with cerebral oedema, demonstrated co-expression of 

aquaporin 1 (AQP1), AQP4 and vascular endothelial growth factor (VEGF) in 

proximity to cerebral blood vessels (Suzuki et al., 2006). Also, a study of 
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patients who survived up to 30 days following severe TBI, demonstrated 

upregulation in AQP4 expression in those who survived 7-30 days post-injury 

compared to those surviving only hours and uninjured controls, paired with a 

higher expression of GFAP and a trend to increased oedema in those surviving 

more than 14 days after injury (Neri et al., 2018), suggesting a link between 

activation of astrocytic aquaporin channels and reduction in oedema following 

injury.  

 

The interactions between the roles played by astrocytes in the response to 

inflammation and injury may well contribute further to the progression of 

neurodegeneration, where for example, oxidative stress has been found to 

contribute to water permeability of the BBB through AQP4 upregulation 

(Chongshan et al., 2017). Oxidative stress can be instigated through a simple 

imbalance of reactive oxygen species (ROS) and antioxidants (Halliwell, 2012, 

1992; Ray et al., 2012), resulting in dysregulation of the inflammatory response 

(Rivas-Arancibia et al., 2009; Solleiro-Villavicencio & Rivas-Arancibia, 2018). It 

is a key factor in progression of neurodegenerative disease such as AD (X. Chen 

et al., 2012; G. H. Kim et al., 2015; Zhao & Zhao, 2013; Zhu et al., 2005) , 

where it has been found to alter cell signalling, inducing Aβ and tau toxicity in 

APP/PS1 transgenic mice (Giraldo et al., 2014) and also contributing to 

production of Aβ through upregulation of BACE1 expression (L. Chen et al., 

2008).  ROS have also been long associated with neurodegeneration in ageing 

(Beal, 1995; Mecocci et al., 2018; Urano et al., 1998; Williams, 1995), where 

accumulation of ROS has been observed in the ageing brain (Grimm & Eckert, 

2017; López-Otín et al., 2013; Mecocci et al., 1993). As the main supportive 

cell of the CNS, astrocytes are deeply involved in the regulation of oxidative 

stress; a potential source of excessive ROS through mitochondrial impairment 

(Grimm & Eckert, 2017; Jackson & Robinson, 2018), which may then promote 

astrogliosis and glial scar formation (Sofroniew, 2009).  

 

Astrocytes also protect the brain through endogenous antioxidant systems such 

as the Nrf2-keap1-ARE antioxidative pathway (Chen et al., 2020; Zgorzynska et 

al., 2021). Nrf2 is a transcription factor which is activated in response to 

oxidative stress, producing antioxidant enzymes such as Heme oxygenase-1 

(HO-1) and NAD(P)H quinone dehydrogenase 1 (NQO1). NQO1 is upregulated in 
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neurodegenerative disease (Liddell, 2017; Raina et al., 2013; Vargas & 

Johnson, 2017; Y. Wang et al., 2000) where it is expressed in astroglial and 

endothelial cells in the substantia nigra pars compacta of PD patients (Van 

Muiswinkel et al., 2004) and colocalises closely in astrocytes and neurites 

surrounding senile plaques in AD (SantaCruz et al., 2004). Nrf2-ARE pathways 

were upregulated in the brain of rats following CCI (Y. Hong et al., 2010), with 

an increase in NQO1 and HO-1 mRNA levels (Yan et al., 2008), while astrocyte 

activation was suppressed by activation of this pathway through administration 

of the antioxidant compound tert-butylhydroquinone (TBHQ) (Z. W. Zhang et 

al., 2020), highlighting the neuroprotective role upregulation of this enzyme 

plays in relation to TBI. Proteomic analysis of fresh frozen tissue from 

individuals diagnosed with CTE revealed increased enrichment of NQO1, in 

correlation with CTE pathology staging, with NQO1 immunoreactive cells also 

positive for GFAP and colocalized with hyperphosphorylated tau (Cherry et al., 

2018) suggesting a further role for astrocytes in the neuroinflammatory 

response to TBI. 

 

Acute elevation in levels of GFAP in the CSF of both amateur and professional 

boxers who have experienced rTBI have been reported, with evidence this 

might persist in the recovery period (Hansson et al., 2006; Metting et al., 2012; 

Neselius et al., 2012; Zetterberg et al., 2013), highlighting the potential of 

GFAP as a biomarker for tracking astrogliosis following rTBI. A study, examining 

GFAP-immunoreactive astrocytes in post-mortem tissue from a small cohort of 

blast-related injuries showed reactive astrocytes and astroglial scarring at the 

grey-white matter interface, at the subpial glial plate and in the perivascular 

parenchyma, which was not observed in cases with no history of impact TBI or 

substance abuse (Shively et al., 2016). Interestingly, Shively et al (2016) did 

not observe a similar pattern of pathology in individuals exposed to sTBI; 

however, this study was limited by small cohort size.  
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1.6 Hypotheses and aims 

Whilst it is understood that TBI represents a major environmental risk factor 

for later development of neurodegenerative disease, current understanding 

highlights the diversity in pathophysiological mechanisms and pathologies 

emerging following TBI. In particular, the neuroinflammatory response to 

injury presents a potential late driver of progressive neurodegeneration which 

remains poorly understood in human TBI.   
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Hypothesis Background Summary Aims 

sTBI results in acute 
and long-lasting 
influx of adaptive 
immune cells 

The innate neuroinflammatory 
response is recognised in both the 
acute and chronic phase after TBI 
and the adaptive cellular response 
is known to contribute to recovery 
and neurodegeneration in 
conditions such as MS. But little is 
understood of the adaptive 
cellular response to TBI 

To characterise the 
pattern and timeframe 
of the adaptive immune 
cell response across a 
variety of survival time 
points after TBI 

sTBI and rTBI result in 
an increase in 
reactive astrogliosis 
associated with 
increase in expression 
of the relevant 
markers GFAO, APQ4 
and NQO1 

Astrocytes perform a number of 
supportive roles within the 
parenchyma that are then 
disrupted following TBI. Reactive 
astrogliosis can be both a major 
driver of neurodegeneration but 
also work to protect the brain. 

To characterise 
astroglial response to 
injury in cohorts of both 
sTBI and rTBI, across 
survival timeframes and 
the association with 
GFAP, AQP4 and NQO1 
expression 

In aged individuals, 
sTBI results in an 
acute Aβ plaque 
deposition but no 
increase in 
hyperphosphorylated 
tau 

Neurodegeneration is known to 
occur with age, but TBI is 
particularly problematic in older 
adults, with increased severity of 
injury and worse outcomes. 
Further research is needed to 
better understand the connection 
between age and 
neuropathological change from TBI 

To characterise Aβ and 
tau pathology in an aged 
population of individuals 

Identification of 
peptides is possible 
from across TBI and 
NND cohorts from 
FFPE archival tissue 

FF tissue has been successfully 
used to identify unique markers of 
disease from TBI and NND studies, 
but FFPE tissue is largely left 
unused due to issues with protein 
extraction and peptide 
identification. A successful 
protocol will allow us to utilise 
enormous archives of human 
tissue. 

To generate a protocol 
for the successful 
identification of a 
proteome from archival 
tissue 

 

Table 1-1 Hypotheses and aims 

 

Table 1-14 Demographic and clinical information of chapter 3 cohortsTable 1-15 
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2 Chapter 2 - General materials and methods 

2.1  Ethical approval for use and source of human tissue 

Human brain tissue used in the following studies was selected from the Glasgow 

Traumatic Brain Injury Archive located in the department of Neuropathology 

at the Queen Elizabeth University Hospital, Glasgow, UK. The Glasgow TBI 

archive consists of over 2000 cases of moderate to severe TBI, as well as 

uninjured control cases, material from former contact sports participants 

exposed to repetitive mild TBI and tissue from individuals diagnosed with 

Alzheimer’s Disease.  All cases held in the archive have accompanying post-

mortem reports available, supplemented by corresponding forensic and clinical 

records. The Archive dataset, therefore, contains information on patient 

demographics, clinical data, and neuropathological findings from the original 

post-mortem. All procedures were undertaken in accordance with approval 

granted by the South Glasgow and Clyde Research Ethics Committee (Project 

ID 225271) and the Greater Glasgow and Clyde Bio-repository Governance 

Committee (Application number 340) (Appendix 1). 

 

2.2  Studies using post-mortem tissue 

Tissue was available for use as formalin-fixed, paraffin embedded blocks which 

were obtained at routine diagnostic post-mortem autopsy. Whole brains were 

immersed in a 10% formalin saline solution for a minimum of 2 weeks. Dissection 

was then undertaken using a standardised block selection protocol, with blocks 

processed to paraffin using standardised techniques. Upon addition to the 

Glasgow TBI Archive, each case was anonymised with no patient-identifying 

information available to the researcher. 

 

Cases used in studies of single TBI (sTBI) had a confirmed diagnosis of moderate 

to severe TBI based on the neuropathological and clinical diagnosis stated in 

the post-mortem report. For the purpose of this thesis, acute survival was 

defined as survival less than 2 weeks after injury, and long-term survival as 
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those patients surviving a year or more from injury. Cases used in studies of 

sports participants were exposed to repetitive mild TBI (rTBI) through 

involvement in rugby, football, or boxing based on patient history acquired 

from family members.  

 

The age range of all TBI cases selected for inclusion in studies ranged 9 to 89 

years old. Where studies focused on TBI in an elderly cohort, elderly was 

defined as cases aged 60 or over. Age-matched, uninjured controls were 

identified as individuals with no known history of TBI or neurological disease. 

Demographic data including post-mortem (PM) delay, sex, cause of injury and 

cause of death for cases in each study are provided in Appendix 2. 

 

2.3  Tissues preparation and immunohistochemistry 

From each tissue block, 8μm-thick sections were cut using a rotary microtome 

(Thermo Scientific, Loughborough, UK) and mounted onto charged microscope 

slides. These sections were then placed into an oven set to 37°C for a minimum 

of 3 days to maximise adherence of tissue, prior to placing in an oven at 60°C 

for 1 hour to remove excess paraffin. Sections were then deparaffinised 

through multiple washes in xylene solution (3 x 2 minutes) and rehydrated 

through sequential washes in 100% methanol (3 x 2 minutes) and 95% methanol 

(2 x 2 minutes) before finally being placed in running tap water for 5 minutes. 

Sections were next immersed in 3% hydrogen peroxide (H2O2) whilst on a Belly 

Dancer Agitator (Stovall, Life Science Inc, Greensboro, USA) for 15 minutes to 

quench endogenous peroxidase activity followed by immersion in dH2O for 5 

minutes.  

 

Antigen retrieval was then performed, which was specific to the optimisation 

of each antibody. Information regarding antigen retrieval and dilutions for each 

antibody are provided in Appendix 3. Where the formic acid protocol for 

antigen retrieval was required, sections were placed into 98% formic acid (VWR 

Chemicals, Fontenay-sous-Bois, FR) for 5 minutes and then into running water 

for a further 5 minutes. Utilising the heat/pressure method, slides were 

immersed in preheated Tris EDTA buffer or sodium citrate buffer in a 
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microwave pressure cooker and heated for 8 minutes on high power. Tris EDTA 

buffer was prepared using 3.7g of laboratory grade ethylenediaminetetraacetic 

acid (EDTA) and 5.5g of Tris base (Sigma-Aldrich, Gillingham, UK) in 10 litres 

of dH2O to pH 8.0. Sodium citrate buffer was prepared using 29.4g of tri-sodium 

citrate dihydrate in 10 litres of dH2O to pH 6.0.  

 

To ensure even distribution of heat, the same number of slides were placed in 

the pressure cooker on each run of antigen retrieval and the seal pin on the 

pressure cooker was observed to pop at 3 minutes into each run, to guarantee 

that the sections were immersed in boiling buffer solution for exactly 5 

minutes. The lid of the pressure cooker was then carefully removed, and the 

sections left to cool in buffer for 10 minutes, followed by a staged introduction 

to cold water to slowly decrease slide temperature back to ambient. Once 

cooled, sections were placed into 10x phosphate buffered saline/Tween 20 

buffer for 5 minutes and then blocked for 30 minutes using 50μl horse serum 

blocking agent (Vector Labs, Burlingame, CA, UK) per 5ml Optimax buffer 

(Biogenex, San Ramon, CA, USA). Phosphate buffered saline (PBS)/Tween 20 

(0.1M PBS, 0.5%Tween 20) was made up using 54.5g of sodium phosphate 

dibasic, 16g of sodium phosphate monobasic, 450g of sodium chloride added to 

5L of dH2O to pH7.4, with 25ml of Tween 20.  

 

Each primary antibody was diluted in Optimax buffer (BioGenex, San Ramon, 

CA. See specific antibody dilutions in Appendix 3) and applied to the sections 

for 20 hours at 4°C. After incubation with the primary antibody, sections went 

through 3 washes in PBS/Tween solution for 10 minutes under agitation on a 

Belly Dancer. Biotinylated secondary antibody (100μl horse serum and 100μl 

secondary antibody per 5ml Optimax buffer - Universal Elite Kit, Vector Labs, 

Burlingame, CA, USA) was then applied to the sections for 30 minutes at room 

temperature, after which sections underwent 3 x 10 minutes washes under 

agitation in PBS/Tween. An avidin/biotin horseradish peroxidase (HRP) 

complex (100μl Avidin DH solution and 100μl biotinylated enzyme per 5ml 

Optimax buffer - Universal Elite Kit, Vector Labs, Burlingame, CA, USA) was 

subsequently applied to the sections for 30 minutes at room temperature, 

followed by another set of 3x 10-minute washes under agitation with 

PBS/Tween.  
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For visualisation, 3,3'-diaminobenzidine (DAB) HRP substrate kit (Vector Labs, 

Burlingame, CA, USA) was used (84µl buffer stock, 100µl DAB stock and 80µl 

H2O2 per 5ml dH2O, as per manufacturers instruction). The sections were then 

rinsed in dH2O for 5 minutes before being counterstained by immersion in 

Mayer’s haematoxylin for approximately 1 minute, rinsed in dH2O again before 

being ‘blued’ in Scott’s Tap Water Substitute for approximately 30 seconds. 

Slides were then dehydrated in sequential washes of 95% methanol (2 x 2 

minutes) and 100% methanol (3 x 2 minutes) before being immersed in multiple 

washes of xylene (3 x 2 minutes) to clear the sections and then coverslipped 

using Pertex mounting medium (Histolab, Gӧteborg, SE). True negative controls 

were used for each immunostaining run to establish the absence of non-specific 

binding, with the primary antibody not applied to these sections and only 

Optimax buffer. Positive controls were also included in each immunostaining 

run to establish the presence of each specific antibody correctly located in 

each batch of staining.  

 

All sections were directly viewed using a Leica DMRB light microscope (Leica 

Microsystems, Wetzlar, DE) and scanned using a 20x objective on a Hamamatsu 

Nanozoomer 2.0-HT slide scanner (Hamamatsu, Shizuoka, JPN) which has a 

0.75NA and scans images at a digital resolution of 0.46µm per pixel. Digitized 

slide scans were viewed using the SlidePath Digital Image Hub application 

(Leica Microsystems, UK), NDP.view2 viewing software (Hamamatsu, Shizuoka, 

JPN) and analysis was undertaken using Fiji ImageJ software (ImageJ, U. S. 

National Institutes of Health, Bethesda, Maryland, USA) and NDP.view2 with 

observations blind to all demographic and clinical data for each case. 

 

2.4  Laser capture microdissection 

Tissue sections were prepared for laser capture microdissection (LCM)using the 

same method as stated in section 2.3, with the use of both formic acid and 

citrate buffer (pH8.0) antigen retrieval, and the primary antibody selected to 

reveal amyloid-β (clone 6F3D; 1:75; Dako, Santa Clara, CA). The exception 

being that sections were not coverslipped but left to air dry.  
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Microdissection of Aβ plaques was undertaken using the Arcturus® XT system 

and CapSure® Macro LCM caps (Applied Biosciences, Foster City, California, 

USA). A stained slide and fresh CapSure® cap cartridge were placed on the 

device stage, the section scanned, and an overview of the section loaded onto 

the software. The cap was placed onto the section and the appropriate power, 

duration, and diameter for the infra-red (IR) laser spot to collect Aβ plaques, 

by testing the spot size, location, and polymer wetting, were correct.  

 

The magnification was set to 10x on the Arcturus® XT system and Aβ plaques 

selected on the designated area of the cap, filling the surface of the cap as 

much as possible. The IR laser was fired using “IR capture only” mode and 

targets collected onto the thermo-polymer coating of the CapSure® cap, which 

was subsequently moved to the QC station to estimate the efficiency of 

microdissection of desired Aβ plaques. The cap was then repositioned onto the 

section to allow further collection of Aβ plaques from a different location on 

the section, with a minimum of 300 plaques collected per cap. Once the 

polymer surface of the cap was as covered with as much plaque as possible 

(approximately 300 plaques), it was moved to the quality control (QC) station 

again and another cap placed onto the section from the cartridge. Once all 4 

slots on the QC station were full the caps were placed into sterile 

microcentrifuge tubes. The caps were then stored at -80°C until Aβ plaque 

collection was complete.  

 

2.5  Proteomics 

2.5.1  Whole tissue section curl collection 

From each tissue block, 20μm-thick sections were cut and placed into a sterile 

15ml centrifuge tube using sterile disposable forceps until each sample of 

formalin-fixed, paraffin embedded (FFPE) tissue weighed 0.9g. To ensure a 

sterile working environment for each case and reduce cross-contamination, 

fresh gloves, forceps, and microtome blades were used for each case and the 

workspace thoroughly cleaned using 99% ethanol. Samples were then stored at 

room temperature.  
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2.5.2  Dewaxing and deparaffinisation 

To each sample, 2ml of xylene was added and incubated with gentle agitation 

for 5 minutes. The samples were then centrifuged at 5,000 x g (Eppendorf 

5415D; Hamburg, Germany) for 5 minutes and the excess xylene removed 

before repeating the process. To each sample, 2ml of absolute ethanol was 

then added, samples centrifuged at 5000 x g for 5 minutes and waste ethanol 

removed before repeating this process. Each sample was then divided between 

two sterile 1.5ml microcentrifuge tubes before being placed in a centrifugal 

vacuum (Thermo Scientific Savant SPD1010 SpeedVac Concentrator; 

Massachusetts, US) for 30 minutes to dry the tissue. Each tube was then 

weighed to enable accurate calculation of trypsin dilution required in later 

steps.  

 

2.5.3  Cell lysis and protease inhibition 

The universal protein extraction buffer (UPX - FFPE FASP Kit, Expedeon, San 

Diego, CA, USA) was then made up with protease inhibitor (Expedeon, San 

Diego, CA, USA) to obtain a 1x concentration (5mM). Each sample was 

homogenised with UPX buffer/protease inhibitor solution using a dounce 

homogenizer and each sample tube covered with Parafilm (M Laboratory, 

Bemis, Wisconsin, US) whilst incubated at 150°C for 30 minutes with agitation 

on a (Cole-Palmer, Stuart miniorbital shaker SSM1, Cole-Palmer UK, 

Cambridgeshire, UK). The samples were then cooled to room temperature and 

centrifuged at 14,000 x g for 15 minutes to separate into lysate and tissue 

pellet. The lysate for each sample was then collated from the two 

microcentrifuge tubes, using a pipette to reduce any cellular debris or lipids, 

and placed in a freezer at -80°C overnight. 

 



55 
 

2.5.4  Trypsin digestion and filter aided sample preparation 

(FASP) using FFPE-FASP kit 

Once defrosted, samples were spun at 14,000 x g for 10 minutes to separate 

any cellular debris or lipids and 50µl of each sample was aliquoted into a spin 

filter unit and the remainder of the sample placed into a -80°C freezer. To 

each sample, 200µl of urea solution (1ml of Tris hydrochloride per tube of urea 

– FFPE FASP kit, Expedeon, San Diego, CA, USA) was added and the sample spun 

at 14,000 x g for 30 minutes. This was then repeated, and the sample spun for 

20 minutes. The flow through from the collection tube was discarded and 90µl 

of urea solution and 10µl of 10x iodoacetamide (IAA) solution (100µl of urea 

per black tube of IAA - FFPE FASP kit, Expedeon, San Diego, CA, USA) added to 

each spin filter which was then incubated in the dark for 20 minutes without 

agitation. Each spin filter was then spun at 14,000 x g for 10 minutes. To each 

spin filter, 100µl of urea solution was added and all samples were spun at 

14,000 x g for 15 minutes, this was repeated twice. Subsequently, 100µl of 

50mM ammonium bicarbonate (FFPE FASP kit, Expedeon, San Diego, CA, USA) 

was added to each spin filter which was spun at 14,000 x g for 10 minutes, and 

this process repeated twice. The flow through from each collection tube was 

then discarded. Trypsin solution was then added to each spin filter (75µl made 

up to a 1µg trypsin: 100µg protein dilution in 50mM ammonium bicarbonate – 

Sequencing grade Trypsin, Promega, Madison, WI, US), vortexed for 1 minute 

and incubated at 37°C for 18 hours with the spin filter wrapped in Parafilm to 

minimise the effects of evaporation of the digest.  

 

Any sample which had condensed onto the lid of the spin filter was then 

pipetted back into the spin filter which was then placed into a new collection 

tube and spun at 14,000 x g for 10 minutes. To each spin filter, 50µl of 50mM 

ammonium bicarbonate was added and the samples spun at 14,000 x g for 10 

minutes before 50µl of acetyl nitrile was added and the sample spun again at 

14,000 x g for 10 minutes. Lastly, 1µl of trifluoroacetic acid (TFA – Sigma 

Aldrich, St Louis, MI, US) was added to the collection tube and vortexed to 

produce the final protein digest.  
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To prepare the sample for liquid chromatography-mass spectrometry (LCMS), 

100µl of the sample was then placed into a multiwell liquid chromatography-

mass spectrometry tray and transferred to the centrifugal vacuum dryer to dry 

before repeating this process to utilise all the protein digest sample.   

 

2.5.5  Nanoflow HPLC electrospray tandem mass spectrometry 

(nLC-ESI-MS/MS) 

Dry peptides residues were solubilized in 20µl 5% acetonitrile with 0.5% formic 

acid using the auto-sampler of a nanoflow uHPLC (Ultra-High-Performance 

Liquid Chromatography) system (Thermo Scientific RSLCnano). Online 

detection of peptide ions was by electrospray ionisation (ESI) mass 

spectrometry MS/MS with an Orbitrap Elite MS (Thermo Scientific, 

Massachusetts, US). Ionisation of LC eluent was performed by interfacing the 

stainless steel nanobore needle with an electrospray voltage of 2.0kV.  An 

injection volume of 5µl of the reconstituted protein digest were desalted and 

concentrated for 12 min on trap column (0.3 × 5 mm) using a flow rate of 

25µl/min with 1% acetonitrile with 0.1% formic acid.   

 

Peptide separation was performed on a Pepmap C18 reversed phase column 

(75cm × 75µm, particle size 2µm, pore size 100Å, Thermo Scientific) using a 

solvent gradient at a fixed solvent flow rate of 0.3µl/min for the analytical 

column inside a thermostat column oven held at a constant 60°C. The solvent 

composition was: - (a) 0.1% formic acid in water and (b) 0.08% formic acid in 

80% acetonitrile 20% water.  The solvent gradient was 4% for 12 min, 4 to 60% 

for 102 min, 60 to 99% for 14 min, held at 99% for 5 min. A further 9 minutes 

at initial conditions for column re-equilibration was used before the next 

injection. 
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2.5.6  Protein identification 

The Orbitrap Elite acquired full-scan MS in the range 300 to 2000m/z for a high-

resolution precursor scan at 60,000RP (at 400m/z), while simultaneously 

acquiring up to the top 20 precursors were isolated at 0.7m/z width and 

subjected to CID fragmentation (35% NCE) in the linear ion trap using rapid 

scan mode. Singly charged ions are excluded from selection, while selected 

precursors are added to a dynamic exclusion list for 30s. Protein identifications 

were assigned using the MaxQuant search engine (v1.6.5.0, Max Plank Institute, 

DE) to interrogate protein sequences in the UniProt database using human 

taxonomy (uniprot-proteome_UP000005640_human_22042020). Perseus 

software (v1.6.1.5, Max Plank Institute, DE) was subsequently used to process 

results to filter by: site, reverse, contaminants, identification by > 1 peptide, 

before being grouped into cohorts and filtered so as to only include proteins 

identified in ≥70% of cases within a cohort.  

 

 

2.6 Statistical analysis 

Statistical analyses were performed using IBM SPSS statistics software (version 

27; SPSS Inc., Chicago, Illinois, USA) and R Project (R Foundation for Statistical 

Computing, AT). The exact details of each test are given in each chapter. 

Quantitative data of density of immunoreactive B- and T-Lymphocytes 

(Chapter 3) were analysed using Fisher’s exact test, two way mixed-model 

ANOVA, Mann-Whitney U, and Wilcoxon signed-rank tests were used to assess 

differences between non-parametric data. The Mann-Whitney U Test, 

Student’s t-test were used to assess the differences in GFAP-, AQP4- and NQO-

1-immunoreactivity data between and within cohorts where applicable. 

Pearson’s correlation coefficient was used to measure the linear correlation 

between 2 sets of data (Chapter 4). Semi-quantitative data of the presence, 

severity and distribution of Aβ plaques and NFTs were analysed using Pearson’s 

chi-squared test, Mann-Whitney U test and Fisher’s exact test, as appropriate, 

with Cramer’s V and partial Eta squared (ηp
2) used to determine effect size 

(Chapter 5). One-way ANOVA tests with Tukey post hoc test, were used to 

assess the differences in data between and within cohorts where applicable 
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using IBM SPSS statistics software, while Searchlight in R Project (Cole et al., 

2021), generated principal component analyses and Student’s t-test to 

compare protein expression between cohorts. (Chapter 6). Effect size was 

measured using ηp
2; where 0.01 represents small effect size, 0.06 medium 

effect size, and > 0.14 large effect size. Alternatively, Cohen’s d was 

calculated to determine the effect size and to indicate the standardized 

difference between two means, where Cohen’s d value of 0.2 suggested a small 

effect, a value of 0.5 suggested a medium effect and a value of 0.8 suggested 

a large effect. All tests were used to assess differences in scoring and to 

establish correlations between and within cohorts, and all effects were 

considered statistically significant when p < 0.05. 
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3 Chapter 3 - Traumatic brain injury is not 

associated with an adaptive immune cell infiltrate 

in humans 

3.1 Introduction 

Traumatic brain injury (TBI) is recognised as a major, potentially modifiable 

risk factor for neurodegenerative disease, such as Alzheimer’s disease (AD) 

(Collins et al., 2020; Fann et al., 2018; Li et al., 2017; Livingston et al., 2020; 

LoBue et al., 2018; Nordström & Nordström, 2018; Tolppanen et al., 2017; 

Washington et al., 2016) and chronic traumatic encephalopathy (CTE), 

(Edwards et al., 2017; E. Lee et al., 2019; McKee et al., 2009, 2013, 2015; 

Omalu et al., 2011; D. Smith et al., 2013a, 2019; Zanier et al., 2018), with an 

estimated 3 to 10% of dementia in the community attributable to TBI 

(Livingston et al., 2020). However, the biological processes driving an acute, 

biomechanical injury to a late and progressive neurodegenerative process 

remain poorly understood. Among the complex of pathologies emerging after 

TBI, a prominent neuroinflammatory response is recognised which remains 

detectable to late survival timepoints (Clark. et al., 2019; Loane & Kumar, 

2016; Ramlackhansingh et al., 2011; Scott et al., 2015; C. Smith, 2013; Zanier 

et al., 2015). Although, studies have focused on characterising the innate 

immune cell response following TBI, there is growing awareness of a potential 

role for the cellular adaptive immune response in the development and 

progression of a range of neurodegenerative diseases (NDDs), including AD 

(Bryson & Lynch, 2016; McManus et al., 2015; Mittal et al., 2019), amyotrophic 

lateral sclerosis (ALS) (Graves et al., 2004; Kawamata et al., 1992; Troost et 

al., 1989) and multiple sclerosis (MS) (Dendrou et al., 2015; Fletcher et al., 

2010; Hemmer et al., 2015; Nylander & Hafler, 2012).  To date, however, the 

infiltrative peripheral cellular adaptive response to TBI in humans remains 

largely unknown. 

 

Retrospective cohort studies demonstrate the association between TBI and 

increased risk of dementia (Graves et al., 1990; Nordström & Nordström, 2018; 
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O’Meara et al., 1997; Raj et al., 2022; Schofield et al., 1997; Sivanandam & 

Thakur, 2012; van den Heuvel et al., 2007; H. K. Wang et al., 2012). TBI 

resulting in loss of consciousness (LOC) is estimated to increase risk of 

dementia by approximately 50% (Fleminger, 2003), while studies place the 

relative risk of dementia in individuals who have suffered a moderate-severe 

TBI (Plassman et al., 2000) or requiring hospitalisation (Guo et al., 2000) as 

between 2- and 4-fold. However, the impact of TBI-induced pathology is most 

likely underrepresented, with definitive diagnosis of TBI-induced 

neuropathological disease, such as CTE, only possible at post-mortem, resulting 

in the incidence of TBI-related dementia likely to be at greater levels than 

previously thought (Lye & Shores, 2000). 

 

Evidence from both pre-clinical models and clinical research demonstrates that 

TBI induces a rapid, complex neuroinflammatory response. By example, animal 

models of TBI report infiltration of blood-borne, inflammatory cells within 

hours of injury (Holmin et al., 1995; Soares et al., 1995). In humans, limited 

evidence shows activation of the innate immune cell response following TBI, 

with recruitment of resident microglia (Engel et al., 2000; Ramlackhansingh et 

al., 2011; C. Smith, 2013) and astrocytes (Y. Chen & Swanson, 2003; X. Cheng 

et al., 2019; Laird et al., 2008) and elevation of serum and cerebrospinal fluid 

(CSF) proinflammatory cytokines, in turn, associated with patient outcomes 

(Hayakata et al., 2004; Shiozaki et al., 2005; Singh et al., 2019). While in a 

majority of instances, this acute phase neuroinflammatory response resolves 

as the natural evolution of healing and repair, in a proportion of individuals 

exposed to single moderate or severe TBI, microglial activation persists to late 

stages, as demonstrated through imaging evidence of continued 

neuroinflammation (Farbota et al., 2012; Narayana, 2017) and histological 

evidence of ongoing white matter degradation (Victoria E Johnson et al., 2013; 

Victoria E. Johnson et al., 2013).  

 

In contrast to the growing understanding of the innate cellular response, little 

is known about the time course and distribution of the adaptive immune cell 

response to TBI. Cells of the adaptive immune system are known to periodically 

surveil the healthy CNS (Becher et al., 2000; Hickey, 1999, 2001), with both 

CD3+ T-lymphocytes and CD20+ B-lymphocytes found to varying degrees 
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throughout the healthy brain (Loeffler et al., 2011). Following human spinal 

cord injury (SCI), blood-borne CD4 and CD8 immunoreactive T-cells cross the 

blood-brain barrier (BBB) (Dardiotis et al., 2012; J. Hay et al., 2015; Shlosberg 

et al., 2010; Tomkins et al., 2011) and infiltrate the spinal cord in the days and 

months after injury, in conjunction with microglial activation (Fleming et al., 

2006). Biopsies of human peri-contusional brain tissue taken acutely following 

severe TBI reveal infiltration of T-cells into brain parenchyma (Holmin et al., 

1998), with alteration of peripheral cellular and cytochemical homeostasis in 

proximity to contusions (Hausmann et al., 1999; Kossmann et al., 1995). 

However, whilst TBI is thought to stimulate an influx of adaptive immune cells 

through a damaged BBB, the scale and duration of cellular adaptive immune 

infiltration following diffuse TBI remains poorly understood. Therefore, here 

we examine the extent, distribution, and time course of the lymphocytic 

cellular response to TBI in comparison with age-matched uninjured controls, 

with the hypothesis that single moderate or severe TBI results in an immediate 

and long-lasting, diffuse, mixed T- and B-lymphocytic inflammatory response.  

 

Aim: To characterise the pattern and timeframe of the adaptive immune cell 

response across a variety of survival time points after moderate to severe sTBI.  
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3.2  Specific methods 

3.2.1  Case selection 

All material was obtained from the Glasgow TBI Archive of the Department of 

Neuropathology, Queen Elizabeth University Hospital, Glasgow, UK. Tissue 

samples were acquired at routine diagnostic autopsy, with approval for their 

use in research obtained from the Greater Glasgow and Clyde Bio-repository 

Governance Committee.  

 

From the Glasgow TBI Archive, material from patients aged 60 years or younger 

at death and exposed to a single, moderate, or severe TBI was selected as 

acute (survival <2 weeks from injury; mean 79 hours [range 6 hours-10 days]; 

n=26) or long-term (≥1 year; mean 8.9 years [range 1-47 years]; n=27) TBI 

survival. Age-matched controls aged 60 years or younger at time of death and 

with no known history of TBI or neurological disease were selected from the 

same archive (n=23). Comprehensive diagnostic neuropathological and forensic 

reports were available for all cases, with all TBI cases fulfilling standard 

definitions of moderate or severe TBI by Glasgow coma scale. Full clinical and 

demographic information, including causes of death are listed in Table 3-1.  

 

3.2.2  Brain tissue preparation 

At autopsy, whole brains were immersion fixed in 10% formal saline for a 

minimum of 3 weeks and subsequently dissected, sampled following 

standardised block selection, and processed to paraffin using standard 

techniques. For this study, paraffin tissue blocks were selected from a coronal 

slice of the cerebral hemispheres at the level of the lateral geniculate nucleus 

to include the thalamus and the corpus callosum, with adjacent cingulate 

gyrus. 
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TBI: Acute 

Survival (n=26)

TBI: Long-

Term Survival 

(n=27)

Controls (n=23)

Mean age (range), years 42.7 (9-60) 46.5 (19-60) 38.5 (14-60)

Males, n (%) 17 (65) 26 (96) 11 (58)

Mean post-mortem delay (range), hours 55.7 (3-239) 61.9 (3-185) 71 (12-168)

Mean survival interval (range)
79.3 hours             

(6-240 hours)

8.9 years                

(1-47 years)
n/a

Cause of TBI, n (%)

Fall 15 (57.7) 13 (48) -

RTA 7 (27) 5 (18.5) -

Assault 3 (11.5) 6 (22) -

Unknown 1 (3.8) 3 (11) -

Cause of death, n (%)

Head injury 24 (92.3) - -

Bronchopneumonia 2 (7.7) 3 (11) -

ARDS - 1 (3.7) -

Pulmonary Thromboembolism - - 1 (4.3)

Heart disease - 8 (29.6) 5 (21.7)

Alcohol related - 2 (7.4) -

Pyelonephritis - 1 (3.7) -

Renal Failure - 1 (3.7) -

GI haemorrhage - 1 (3.7) -

Polytrauma - 1 (3.7) -

Drug overdose - - 4 (17.4)

SUDEP - 7 (26) 7 (30.4)

Pulmonary oedema - - -

Septicaemia - - 3 (13)

Inhalation of gastric contents - - 2 (8.6)

Acute purulent meningitis - 1 (3.7) -

Hepatic encephalopathy - 1 (3.7) -

Hypothermia - - 1 (4.3)

Unknown - - -

TBI pathologies, n (%)

Skull fracture 19 (73) 14 (52) n/a

DAI 9 (34.6) 4 (15) n/a

Brain swelling 12 (46) - n/a

SDH 20 (77) 13 (48) n/a

EDH 1 (3.8) 1 (3.7) n/a

SAH 14 (53.8) 1 (3.7) n/a

ARDS, Acute respiratory stress disorder; DAI, diffuse axonal injury; EDH, extra dural haematoma; GI, 

gasterointestinal; RTA, road traffic accident; SAH, subarachnoid haematoma; SDH, subdural haematoma; 

SUDEP, sudden unexplained death in epilepsy

Table 3-1 Demographic and clinical information of chapter 3 cohorts 

 

Table 3-2 Demographic and clinical information of chapter 3 cohorts 
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3.2.3  Immunohistochemistry 

From each tissue block, 8μm-thick sections were prepared, deparaffinised in 

xylene, rehydrated to water through decreasing concentrations of 

demethylated spirit, and then immersed in aqueous solution of 3% hydrogen 

peroxide (H2O2) for 15 minutes to quench endogenous peroxidases. Antigen 

retrieval via microwave pressure cooker was performed for 8 minutes in 

preheated 0.1 mol/L citrate buffer with ensuing blocking achieved by applying 

50mL of normal horse serum (Vector Laboratories, Peterborough, UK) per 5mL 

of Optimax buffer (BioGenex, San Ramon, CA) for 30 minutes. Once blocked, 

overnight incubation with primary antibodies to either CD3 (pan T-lymphocyte 

marker, monoclonal mouse anti-CD3, clone SP7, 1:100, ThermoFisher 

Scientific, San Diego, CA) or CD20 (pan B-lymphocyte marker, monoclonal 

mouse anti-CD20, clone L26, 1:200, Leica Biosystems, Newcastle-upon-Tyne, 

UK) was performed at 4°C for 20 hours. Following overnight incubation, 

biotinylated secondary antibody was then applied for 30 minutes (IgG, 1:200), 

followed by avidin-biotin complex as per the manufacturer’s instructions (1:50; 

Vectastain Universal Elite kit, Vector Laboratories). Lastly, visualisation was 

achieved using 3,3’-diaminobenzidine (DAB) peroxidase substrate kit (Vector 

Laboratories) and sections were counterstained with haematoxylin. As controls 

for antibody specificity, sections from a case with MS and sections with primary 

antibody omitted were stained in parallel with test sections. 

 

All sections were viewed using a Leica DMRB light microscope (Leica 

Microsystems, UK) and digitized by scanning at 20x using a Hamamatsu 

Nanozoomer 2.0-HT slide scanner, with the resultant images viewed via the 

SlidePath Digital Image Hub application (Leica Microsystems, UK). 

 

3.2.4  Analysis of immunohistochemistry 

All observations were performed blind to demographic and clinical information 

by two independent observers (HM and J Fullerton [postdoctoral research 

assistant]). Inter-rater reliability for scoring was strong (Cohen’s Kappa 0.83). 

Cases where there was a discrepancy were reviewed by both observers and a 
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final, consensus score attained. Quantitative assessment of the density of 

immunoreactive cells was performed using the manual cell count application 

within the SlidePath Digital Image Hub, with cells defined as immunoreactive 

profiles with identifiable nuclei. Anatomical regions of interest (ROI) for 

assessment were selected as: neocortical grey of the cingulate gyrus; corpus 

callosum from midline to lateral extent; thalamic nuclei; and internal capsule 

(Figure 3-1). Density of immunoreactive profiles within each ROI was 

expressed as cells per unit area (cells/mm2). When an ROI had floated in the 

staining process that section’s ROI was excluded for analysis. 

 

3.2.5  Statistical analysis 

Data were analysed using IBM SPSS Statistics Software (version 27; SPSS Inc., 

Chicago, Illinois, USA). Fisher’s exact test was used to assess non-random 

associations between categorical data. Two way mixed-model ANOVA, Mann-

Whitney U, and Wilcoxon signed-rank tests were used to assess differences 

between non-parametric data. Effects were considered significant when 

p<0.05. Cohen’s d was calculated to determine the effect size and to indicate 

the standardized difference between two means. A Cohen’s d value of 0.2 

suggested a small effect, a value of 0.5 suggested medium effect and a value 

of 0.8 suggested a large effect.  Outliers were identified using SPSS and 

removed from the dataset where the value was greater than the third quartile 

added to 1.5 times the interquartile range for data sets in a cohort. 
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Figure 3-1 Representative images of the regions of interest examined in this study. Cingulate regions consist of the corpus callosum (CC), cingulate gyrus (CG) and 
superficial white matter (SWM). Thalamic regions were made up of the internal capsule (IC) and thalamic nucleus (TN). Created with BioRender.com. 
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3.3 Results 

3.3.1  No evidence of a CD3-immunoreactive cellular response 

after TBI 

In all 22 uninjured controls, CD3-immunoreactive profiles were present in low 

numbers in all cingulate and thalamic grey and white matter ROI, located 

sporadically within the perivascular space and adjacent neuropil (Figure 3-2). 

Similarly, in acute and late survivors of TBI, CD3-immunoreactive profiles were 

observed in low numbers within both grey and white matter in all ROI; again, 

localised to the perivascular space and neighbouring neuropil (Figure 3-2). 

Across all groups, CD3-immunoreactive profiles were observed at higher 

density in white matter than in grey matter (Z=-1.863, p=<0.0001, Wilcoxon 

signed-rank test, Table 3-2A). 
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Figure 3-26 Representative images of CD3 immunoreactivity in the subcortical white 
matter (SWM) after traumatic brain injury and in uninjured controls. Similar CD3-
immunoreactive profile density within the SWM of (A) an uninjured 46-year-old male, (B) a 
16-year-old male surviving 7 days after a road traffic accident (RTA), and (C) a 52-year-old 
male who survived 4 years following an assault. In both acute and long-term survivors of a 
single moderate or severe TBI, CD3-immunoreactive profiles were typically present in a 
pattern, distribution and density corresponding to that seen in uninjured, controls. 
Specifically, sparse, perivascular, and occasionally neuropil-located CD3-immunoreactive 
profiles were present at all time points. Scale bar = 100µm. 
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Table 3-2 Regional expression of CD3 and CD20 immunoreactive profiles 

 

CD3 immunoreactive cells/mm2 

  
Corpus 

callosum 
Superficial 

white matter 
Internal 
capsule 

Cingulate 
gyrus 

Thalamic 
nucleus 

Mean 0.981 1.170 0.880 0.275 0.362 

Median 0.816 1.144 0.789 0.185 0.348 

SD 0.780 0.800 0.699 0.281 0.268 
      

  White matter Grey matter 

Mean 0.985 0.321 

Median 0.895 0.308 

SD 0.613 0.235 

Wilcoxon p<0.0001 

Cohen's d 1.431 
      

      

      

CD20 immunoreactive cells/mm2 

  
Corpus 

callosum 
Superficial 

white matter 
Internal 
capsule 

Cingulate 
gyrus 

Thalamic 
nucleus 

Mean 0.014 0.021 0.029 0.011 0.024 

Median 0.000 0.013 0.017 0.000 0.014 

SD 0.031 0.026 0.040 0.023 0.028 
      

  White matter Grey matter 

Mean 0.018 0.022 

Median 0.013 0.017 

SD 0.021 0.023 

Wilcoxon p<0.0001 

Cohen's d 0.182 
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There was no increase in prevalence of cases with infiltrating CD3-

immunoreactive profiles among acute TBI cases versus age-matched controls 

(p=1.00, Fisher’s test). Specifically, low numbers of CD3-positive profiles were 

identified across the cingulate ROIs of 22 of 23 assessable acute cases (p=0.510) 

(Figure 3-2) and the thalamic ROIs in all available cases (p=0.520). Similarly, 

there was no difference in prevalence of late TBI cases with CD3-

immunoreactive profiles compared to controls in all ROI examined (p=1.0).  

While there was no demonstrable difference in CD3-immunoreactive cell 

density comparing acute TBI to age-matched controls, CD3-immunoreactive 

cell density was lower in the cingulate gyrus, internal capsule, and thalamic 

nuclei among late survivors of TBI when compared to uninjured, age-matched 

controls (p=0.008 (Cohen’s d=0.828), p=0.014 (Cohen’s d=0.637) and p=0.02 

(Cohen’s d=0.464) respectively; Mann-Whitney U test, Figure 3-3, Table 3-3 

[supplementary]). 
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Figure 3-3 Density of CD3-immunoreactive profiles within ROI in acute and late TBI survival compared to uninjured controls. No increase in CD3-
immunoreactive T-lymphocytes in any regions across all cohorts examined. A significant decrease in CD3-immunoreactive T-lymphocytes within the cingulate 
gyrus, internal capsule and thalamic nucleus in long-term survivors compared to uninjured, age-matched controls (* p < 0.05, ** p < 0.01; Mann-Whitney U test). 
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3.3.2  No evidence of a CD20-immunoreactive cellular response 

after TBI 

In uninjured controls, CD20-immunoreactive profiles were present within the 

perivascular space and, sporadically, in the bordering neuropil of the cingulate 

and thalamic regions in 18 of 22 controls examined. Likewise, CD20-

immunoreactive profiles were present in similar prevalence and distribution 

among cases of acute and late survival following TBI (Figure 3-4), with CD20-

immunoreactive profiles present in the cingulate ROIs of 21 of 24 acute cases 

examined (NS, Fisher’s exact test) and the thalamic ROIs of 19 of 26 cases assessed 

(NS). Similarly, long-term survivors of TBI demonstrated sparse CD20-

immunoreactive profiles within the perivascular space and adjoining neuropil of 

in cingulate ROIs of 21 of 26 cases examined (NS; Figure 3-4) and thalamic ROIs 

in 19 of 27 cases analysed (NS).  

 

Overall, CD20 immunoreactive profiles were observed at lower density in white 

matter ROI than in grey matter ROI (Z=-1.928, p=<0.0001, Wilcoxon signed-rank 

test, Table 3-2B). There was no measurable difference in density of CD20-

immunoreactive profiles therefore between cohorts examined (Figure 3-5, Table 

3-3 [supplementary]). 
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Figure 3-477 Representative images of CD20-immunoreactivity in the internal capsule and thalamic nuclei after TBI and in controls. (A) Multiple neuropil 
CD20-immunoreactive profiles located in the internal capsule of a 60-year-old male with no history of head injury compared to (B) a single CD20-immunoreactive 
profile within the internal capsule of a 19-year-old male who died 5 years following an assault. (C) Numerous CD20-immunoreactive profiles in the perivascular 
space within the thalamic nuclei of a 25-year-old male uninjured control case, in contrast to (D) a single perivascular CD20-immunoreactive profile within the 
thalamic nuclei of a 20-year-old male who died 24 after an assault. In both acute and long-term survivors of moderate to severe TBI, scant CD20-immunoreactive 
profiles were typically present in a perivascular and periodically neuropil distribution. Scale bars = 100µm. 
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Figure 3-5 Density of CD20-immunoreactive profiles within ROI in acute and late TBI survival compared to uninjured controls. No significant increase in 
CD20-immunoreactive B-lymphocytes in any regions across all cohorts examined (NS, Mann-Whitney test). 
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3.4  Discussion 

These data demonstrate that, when compared to non-injured, age matched 

controls there is no histological evidence of a significant cellular response from 

the adaptive immune system in the brains of patients following a single moderate 

or severe TBI, with survivals spanning the acute phase to the late timepoints some 

years after TBI. Specifically, we found no evidence of increased CD3- or CD20-

immunoreactive profiles across TBI survival cohorts in any of multiple grey and 

white matter regions examined. Indeed, paradoxically, we observed decreased 

CD3-immunoreactive cell density in long-term TBI survivors compared to controls 

in the cingulate gyrus, thalamic nucleus, and internal capsule.  

 

The central nervous system (CNS) is described as an immunologically privileged 

environment, uniquely shielded by the BBB, preventing diffusion of inflammatory 

molecular and cellular components into the neuropil and the spread of infectious 

agents (Hickey, 2001; Ousman & Kubes, 2012). Constant immune surveillance is 

carried out by resident microglia, but a healthy BBB is also responsible for the 

surveillance of the CNS in health, through the passage of low numbers of migrating 

macrophages, lymphocytes, and monocytes (Hickey, 1999, 2001; Ousman & Kubes, 

2012) into the parenchyma, which is heightened when there is a strong 

immunological stimulus out with the CNS (Hickey & Kimura, 1987). However, the 

CNS still demonstrates far lower levels of peripheral cell immunological 

surveillance compared to other organs (Flügel et al., 1999; Yeager et al., 2000) 

and levels of migration also differ the within the CNS, with the cerebrum 

demonstrating lower levels of infiltration than the spinal cord (Phillips & Lampson, 

1999; Yeager et al., 2000), and CD3 and/or CD20 immunoreactive cells not 

commonly found in the brains of healthy patients (Bogerts et al., 2017). This is 

supported by this study, where both CD3- and CD20-immunoreactive profiles were 

identified in low numbers across cohorts. 

 

However, evidence supports BBB disruption both acutely and in late survival 

following TBI (J. Hay et al., 2015; Sulhan et al., 2020; Takata et al., 2021; Tomkins 

et al., 2011). Further, BBB disruption occurs in a variety of neurological conditions 

such as AD (Bell & Zlokovic, 2009; Zlokovic, 2008, 2011), and MS (Kirk et al., 2003; 

Leech et al., 2007; Minagar & Alexander, 2003; Ortiz et al., 2014), and is suggested 
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might contribute to the inflammatory progression of these disease processes. In 

contrast, the findings in this study, however, do not support the hypothesis that 

an influx of either CD3- or CD-20- immunoreactive cellular components occurs 

through a disrupted BBB, either acutely or in the chronic, late-phase after injury. 

Indeed, paradoxically grey matter regions previously identified as vulnerable to 

BBB damage (J. Hay et al., 2015) and examined in this study, show a reduction in 

CD3-immunoreactive profiles in individuals surviving a year or more from single 

moderate or severe TBI.  

 

In pre-clinical studies, a transient increase in T-cell infiltration is observed after 

controlled cortical impact (CCI) in rats (Jin et al., 2012), although only a small 

proportion of infiltrating T-cells cells were directly involved in the inflammatory 

response within the brain.  Further, depletion of mature T- and B-lymphocytes in 

a murine model of TBI resulted in no reduction in astrogliosis or neuronal death or 

changes to levels of pro- and anti-inflammatory mediators or cytokines (Weckbach 

et al., 2012). This indicates that a lack of the adaptive cellular response did not 

noticeably affect the neuroinflammatory reaction in these animals and aligns with 

our studying suggesting a limited role for adaptive cells within the brain after 

injury.  

 

Notably, data from studies of human tissue which do observe an increase in T-cell 

infiltration utilise surgically resected contusion tissue (Holmin et al., 1998) and 

cortical contusions (Hausmann et al., 1999); examples of focal, haemorrhagic TBI 

pathology. In contrast, this study scrutinises a more diffuse tissue response to TBI. 

Cases within the cohorts examined were known to have suffered from contusional 

injuries - 81% of acute cases and 96% of long-term cases. However, none of the 

regions examined contained any contusional damage, as this study aimed to 

examine the adaptive cellular response remote to focal pathology and in regions 

of known vulnerability to pathological changes following TBI. Additional studies 

looking at the cellular response in proximity to constitutional injury may be of 

merit. 

 

The reduction in CD3-immunoreactive profiles observed across regions examined 

in this study is not discussed widely in the literature, with spinal cord injury (SCI) 

studies finding an influx of both T- and B-lymphocytes (Ankeny et al., 2006; 
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Ankeny & Popovich, 2009), and the increased synthesis of autoantibodies like 

those seen in MS (Ankeny et al., 2009). Although, a reduced inflammatory response 

after SCI, possibly induced by the depletion of CD20-immunoreactive B-cells (Casili 

et al., 2016), highlights the potential immunomodulating importance of the 

adaptive cell response in CNS injury and the possibility that a lack of lymphocytes 

within the brain after injury may proffer some form of neuroprotection. 

 

Generation of autoantibodies by the systemic immune system in TBI is recognised 

to occur within days of injury, manifest as antibodies against glial fibrillary acidic 

protein (GFAP) and myelin basic protein (MBP) fragments within the serum and 

cerebral spinal fluid (CSF) samples of patients (Cox et al., 2006; Susie Zoltewicz 

et al., 2012; K. Wang et al., 2016; Z. Zhang et al., 2014). The possible exposure 

of peripheral ‘memory’ immune cells to self-antigens has significance for cases of 

secondary insult or infection, where repeated disruption to the BBB results in the 

appearance of post-traumatic syndromes (Nizamutdinov & Shapiro, 2017). 

Demonstration of MBP auto-reactive T-cells in the periphery after TBI (Cox et al., 

2006) may impact understanding of white matter loss and axonal degradation 

occurring concurrently with chronic inflammation following TBI (Johnson, 

Stewart, Begbie, et al., 2013). A marked absence of an adaptive cell response, 

even in regions such as the corpus callosum which are anatomically vulnerable to 

white matter loss and concurrent chronic innate inflammatory response in late 

survivors of injury (Victoria E. Johnson et al., 2013; C. Smith, 2013; Tomaiuolo et 

al., 2004), suggests white matter loss in MS and TBI may follow different pathways. 

 

Data from this study suggest that a cellular lymphocytic response may not play a 

large role within the brain in the evolution of late TBI neuropathology, unlike that 

seen in other neurodegenerative diseases such as AD (Bryson & Lynch, 2016; 

McManus et al., 2015; Mittal et al., 2019), MS (Dendrou et al., 2015; Hafler, 2009) 

and ALS (Beers et al., 2017; Kawamata et al., 1992; Sheean et al., 2018), and 

contusional TBI (Hausmann et al., 1999; Holmin et al., 1998). However further 

studies could go on to examine how the adaptive cellular response may act to 

alter the homeostatic balance within the CNS after TBI. Modulation of the innate 

inflammatory cell response to injury may be triggered by changes in circulating 

pro- and anti-inflammatory cytokines, which are observed widely in both the acute 

and chronic stages following injury and contributes broadly to secondary damage 
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(Ferreira et al., 2014; Kumar et al., 2015; Morganti-kossmann et al., 2002; Ziebell 

& Morganti-Kossmann, 2010). Further peripheral adaptive immune responses, such 

as antigen processing and presentation by circulating lymphocytes affecting 

neurodegeneration (Tobin et al., 2014), as well as TBI-induced systemic 

immunosuppression (Das et al., 2012; Ritzel et al., 2018) poses questions of how 

TBI may shape and exacerbate these downstream neuroinflammatory responses.  

 

In conclusion, we present data indicating that, following single, moderate to 

severe TBI, there is no histological evidence of a cellular T- or B-lymphocyte 

infiltrative response within the brain parenchyma across acute to late survival 

time points. This demonstrates that the cellular component of the adaptive 

immune system may not influence the progression of TBI pathology locally, as 

previously speculated. 

 

 

 

 

 

 

 

 

 

 

 



79 
 

4 Chapter 4 – The astrocytic response to TBI 

4.1  Introduction 

TBI is a global health concern, associated with high rates of mortality and 

morbidity (Baguley et al., 2000; Frieden et al., 2015; Heegaard & Biros, 2007; 

Maas et al., 2008, 2017; Tagliaferri et al., 2006) and has the highest incidence of 

all common neurological conditions (Maas et al., 2022). For many decades, TBI has 

also been associated with an increased risk of later development of 

neurodegenerative disease (NDD) such as Alzheimer’s disease (AD) (Fleminger, 

2003; Graves et al., 1990; Molgaard et al., 1990) and is now acknowledged as the 

strongest environmental risk factor for development of numerous NDDs (Collins et 

al., 2020; Fann et al., 2018; Li et al., 2017; Livingston et al., 2020; LoBue et al., 

2018; Maas et al., 2022; Nordström & Nordström, 2018; D. Smith et al., 2013b). 

However, a complex series of pathologies develop in the hours and months after 

TBI and there is a need for greater understanding of the driving forces behind this 

neurodegeneration. 

 

Astrocytes are the most abundant cells within the CNS and act as specialised glial 

cells, involved in may complex supportive roles such as within the BBB, where 

astrocytic end foot processes maintain homeostatic balance and blood flow 

(Abbott, 2005; Abbott et al., 1992; Cabezas et al., 2014; Hayashi et al., 1997). 

Further to this, they are key supporters of mechanical strains within the brain; 

where upon exposure to stressors, astrocytes will become reactive and undergo a 

morphological change where they rapidly proliferate, hypertrophy and their 

dendrites become more branched, resulting in intertwined cellular processes (X. 

Cheng et al., 2019; Sofroniew, 2015). This is coupled with an increase in 

expression of protein markers such as glial fibrillary acidic protein (GFAP). A 

chronic and more severe astrocytic response can lead to glial scar formation 

(Burda et al., 2016; D’Ambrosi & Apolloni, 2020; Dossi et al., 2018; Sofroniew, 

2009), characterised by over expression of neuroinflammatory modulators and 

involving glia, neurons and other cells of the parenchyma to form a barrier around 

tissue lesions. Expression GFAP and hypertrophy of astrocytes observed proximal 

to Aβ plaques (Griffin et al., 1989; Kashon et al., 2004; Simpson et al., 2010) and 

a correlation between Braak staging and increased GFAP expression is noted in AD 
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patients (Simpson et al., 2010). Astrocytic endfeet are a key architectural and 

intercellular signalling element of the BBB, participating in ionic, amino acid and 

water homeostasis within the brain (Abbott et al., 2006; Ballabh et al., 2004; 

Heithoff et al., 2021). Aquaporin 4 (AQP4) is the major, bidirectional water 

channel in the brain, predominantly localised on astrocytic endfeet (Nielsen et 

al., 1997; Rash et al., 1998; Venero et al., 2001) and has been observed in 

astrocytes colocalised with cerebral amyloid angiopathy (CAA) in AD patients 

(Hoshi et al., 2012) and is associated with Aβ- clearance in animal models of AD 

(Iliff et al., 2012; A. Smith et al., 2019).  

 

Neuroinflammation is a central factor in the development of degeneration 

following TBI, where it has largely been characterised by the microglial response 

(Hernandez-Ontiveros et al., 2013; Loane et al., 2014; Loane & Byrnes, 2010; 

Loane & Kumar, 2016; Mannix & Whalen, 2012; Ramlackhansingh et al., 2011; 

Witcher et al., 2021). Microglia are quickly activated and proliferate within hours 

of injury (Loane et al., 2014), a process which can continue for weeks and months 

after injury (Gentleman et al., 2004; Johnson, et al., 2013; Loane et al., 2014). 

However, astrocytes are also a central factor in initiating and mediating the 

neuroinflammatory response to TBI (Burda et al., 2016; Karve et al., 2016; Laird 

et al., 2008). From post-mortem tissue cases of human TBI, regional GFAP-

immunoreactive astrogliosis has also been shown to occur at the interface zones 

of the subpial layer and at grey-white matter junctions in survivors of blast injury 

(Shively et al., 2016) and localised in the sulcal depths of cases demonstrating p-

tau immunoreactivity, in a case of CTE pathology observed after single severe TBI  

(Shively et al., 2017). This sulcal astrocytic p-tau pathology – ageing-related tau 

astrogliopathy (ARTAG) is distinct from other tau pathology and a proposed 

hallmark of CTE (Kovacs et al., 2016; Lace et al., 2012; Lõpez-González et al., 

2013; C. McKee & Lukens, 2016). 

 

The BBB is disrupted following injury (Hay et al., 2015) and may be therapeutic 

targets of both BBB protection and recovery after injury (Michinaga et al., 2021; 

Michinaga & Koyama, 2019). Malfunction of aquaporin water channels such as 

AQP4, may play a role in dysregulation of water transport within the CNS after 

injury due to their involvement in the balance of extracellular fluid osmolarity 

and extracellular space volume (Nagelhus et al., 2004; Papadopoulos & Verkman, 
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2007, 2013). Contusional tissue excised following TBI demonstrated co-expression 

AQP1, AQP4 and vascular endothelial growth factor (VEGF) in proximity to cerebral 

blood vessels within 72 hours of injury (Suzuki et al., 2006), while survival of up 

to 30 days elicited an increase in both AQP4 and GFAP paired with increased 

oedema (Neri et al., 2018) suggesting involvement in astrocytic AQP4 activation 

and regulation of water content following injury. AQP4 KO mice have 

demonstrated exacerbated neurofibrillary tau pathology and neurodegeneration 

in a mouse model of CTE (Iliff et al., 2014), and that clearance of p-tau may be 

affected by changes in perivascular AQP4 in astrocytes of mice exposed to CCI 

model of TBI contributing to cognitive decline after TBI (Z. A. Zhao et al., 2017). 

 

Previous studies indicate that the astrogliotic response to injury encompasses 

many aspects that propagate neurodegeneration, however the roles of astrocytes 

in progression of TBI pathology, both across time frames and injury type, remains 

poorly understood. This study aims to examine multiple astrocytic markers to 

characterise the response to injury across survival periods and TBI sub-cohorts. 

 

Aim: To characterise astroglial response to injury in cohorts of both sTBI and rTBI 

and across survival timeframes, examining association of GFAP, AQP4 and NQO1 

expression. 
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4.2  Specific methods 

4.2.1  Case selection 

All tissue was selected from the Glasgow Traumatic Brain Injury Archive of the 

Department of Neuropathology, Glasgow, UK. All material was obtained following 

routine diagnostic autopsy examination at the same institution and approved for 

use in this study by the Greater Glasgow and Clyde Bio-repository Governance 

Committee.  

 

Material from patients aged 60 years or younger at death and exposed to a single, 

moderate to severe TBI was selected to include patients who survived acutely 

following injury (n=20; survival < 2 weeks; mean survival 66 hours [range 11 hours 

– 11 days]; mean age 44.1 [range 18-60]); patients who survived into the long-term 

phase after injury (n=20; survival ≥1 year; mean survival 9.3 years [range 1 – 47 

years]; mean age 46.9 [range 19-60]); and age-matched control patients who were 

aged under 60 years or younger at time of death and with no known history of TBI 

or neurological disease (n=23; mean age 43.7 [range 20-60]). Also selected from 

the archive was material from patients who were professional sports players 

(rugby, football or boxing, Table 4-1) and who donated their tissue after a 

diagnosis of neurodegenerative disease in life (n=14, mean age 68.5 [range 28-86]) 

alongside material from control patients who had no known history of TBI or 

neurological disease and were individually age-matched to each of the 

professional sports players (n=14; average age 67.9 [range 26-85]). 

 

Comprehensive diagnostic neuropathological and forensic reports were available 

for all cases, with all single TBI cases fulfilling standard definitions of moderate 

or severe TBI by Glasgow Coma Scale. Full clinical and demographic information, 

including causes of death are listed in Table 4-1.  
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4.2.2  Brain tissue preparation 

As stated previously, whole brains were immersion fixed in 10% formal saline at 

autopsy for a minimum of 3 weeks prior to dissection, sampling following 

standardised block selection and processing to paraffin using standard techniques. 

For this study, paraffin tissue blocks from a coronal slice of the cerebral 

hemispheres at the level of the lateral geniculate nucleus were selected to 

comprise the medial temporal lobe, including the inferior temporal gyrus and the 

cingulate gyrus with adjacent corpus callosum. 
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sTBI Controls sTBI Acute Survival 
sTBI Long-Term 

Survival
rTBI Controls

Contact Sports 

Players (rTBI)

(n=20) (n=20) (n=20) (n=14) (n=14)

Mean age (range), years 43.7 (20-60) 44.1 (18-60) 46.9 (19-60) 67.9 (26-85) 68.5 (28-86)

Males, n (%) 13 (65) 12 (60) 19 (95) 14 (100) 14 (100)

Mean post-mortem delay (range), hours 63.0 (12-168) 45.9 (3-120) 67.0 (3-120) 108.0 (12-552) 166.5 (24-672)

Mean survival interval (range) 92.8 hours (11-264 hours) 9.3 years (1-47 years)

Cause of sTBI, n (%)

Fall 8 (40) 9 (45%)

RTA N/A 8 (40) 4 (20) N/A N/A

Assault (No History of sTBI) 3 (15) 5 (25) (No History of sTBI) (No History of sTBI)

Unknown 1 (5) 2 (10)

Professional Sport Participation, n (%)

Football 7 (50)

Rugby 4 (28.6)

Boxing 2 (14.3)

PE Teacher 1 (7.1)

Cause of death, n (%)

Head injury 0 18 (90) 0 0 0

AD 0 0 0 0 2 (14.3)

ARDS 0 0 0 0 1 (7.1)

Bronchopneumonia 1 (5) 1 (5) 3 (15) 1 (7.1) 3 (21.4)

Cancer 0 0 0 3 (21.4) 0

Corticobasal degeneration 0 0 0 0 1 (7.1)

Chronic traumatic encephalopathy 0 0 0 0 2 (14.3)

Dementia 0 0 0 0 1 (7.1)

n/a n/a n/a n/a

Table 4-1 Demographic and clinical information of chapter 4 cohorts 

 

Figure 4-1 Representative measurements of GFAP and AQP4 interface immunoreactivity.Table 4-2 Demographic and clinical information of chapter 4 
cohorts 

 
Figure 4-2 Representative measurements of GFAP and AQP4 interface immunoreactivity. 
(A/B) Extent of cingulate crest GFAP-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 29-year-old male who survived 7.5 years following an assault. (C/D) 
Cingulate sulcus AQP4-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 31-year-old female with no history of TBI. (E) Perivascular GFAP immunoreactive 
astrocytes in the cingulate gyrus of a 29-year-old male who survived 7.5 years following an assault. (F) Perivascular AQP4-immunoreactive astrocyte in the cingulate 
gyrus of a 43-year-old female with no history of TBI. Scale bar 5mm, 2.5mm and 250µm respectively. 

 

 

Figure 4-3 Representative measurements of GFAP and AQP4 interface immunoreactivity.Table 4-3 Demographic and clinical information of chapter 4 
cohorts 

 

Figure 4-4 Representative measurements of GFAP and AQP4 interface immunoreactivity.Table 4-4 Demographic and clinical information of chapter 4 
cohorts 

 
Figure 4-5 Representative measurements of GFAP and AQP4 interface immunoreactivity. 
(A/B) Extent of cingulate crest GFAP-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 29-year-old male who survived 7.5 years following an assault. (C/D) 
Cingulate sulcus AQP4-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 31-year-old female with no history of TBI. (E) Perivascular GFAP immunoreactive 
astrocytes in the cingulate gyrus of a 29-year-old male who survived 7.5 years following an assault. (F) Perivascular AQP4-immunoreactive astrocyte in the cingulate 
gyrus of a 43-year-old female with no history of TBI. Scale bar 5mm, 2.5mm and 250µm respectively. 

 

 
Figure 4-6 Representative measurements of GFAP and AQP4 interface immunoreactivity. 
(A/B) Extent of cingulate crest GFAP-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 29-year-old male who survived 7.5 years following an assault. (C/D) 
Cingulate sulcus AQP4-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 31-year-old female with no history of TBI. (E) Perivascular GFAP immunoreactive 
astrocytes in the cingulate gyrus of a 29-year-old male who survived 7.5 years following an assault. (F) Perivascular AQP4-immunoreactive astrocyte in the cingulate 
gyrus of a 43-year-old female with no history of TBI. Scale bar 5mm, 2.5mm and 250µm respectively. 

 

 
Figure 4-7 Representative measurements of GFAP and AQP4 interface immunoreactivity. 
(A/B) Extent of cingulate crest GFAP-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 29-year-old male who survived 7.5 years following an assault. (C/D) 
Cingulate sulcus AQP4-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 31-year-old female with no history of TBI. (E) Perivascular GFAP immunoreactive 
astrocytes in the cingulate gyrus of a 29-year-old male who survived 7.5 years following an assault. (F) Perivascular AQP4-immunoreactive astrocyte in the cingulate 
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sTBI Controls sTBI Acute Survival 
sTBI Long-Term 

Survival
rTBI Controls

Contact Sports 

Players (rTBI)

(n=20) (n=20) (n=20) (n=14) (n=14)

Cause of death, n (%)

Drug overdose 2 (10) 0 0 0 0

FTLD-Tau (PSP) 0 0 0 0 1 (7.1)

GIT haemorrhage 0 0 1 (5) 0 0

Hanging 0 0 0 1 (7.1) 0

Heart disease 6 (30) 0 8 (40) 4 (28.6) 0

Hypovolemic Shock 1 (5) 0 0 0 0

Inhalation of gastric contents 1 (5) 0 0 2 (14.3) 0

Laceration of liver and rib  fractures 0 0 1 (5) 0 0

Liver failure 0 0 1 (5) 0 0

Liver Haemorrhage 1 (5) 0 0 0 0

Myasthenia Gravis 0 0 0 1 (7.1) 0

Myotonic Dystrophy 1 (5) 0 0 0 0

Normal pressure hydrocephalus 0 0 0 0 1 (7.1)

Pulmonary Thromboembolism 1 (5) 0 0 0 0

Renal Failure 0 0 1 (5) 0 0

Septicaemia 1 (5) 1 (5) 0 1 (7.1) 1 (7.1)

SUDEP 4 (20) 0 5 (25) 0 0

Unknown 0 0 0 1 (7.1) 0

Vascular dementia 0 0 0 0 1 (7.1)

TBI pathologies, n (%)

Skull fracture 0 12 (60) 3 (15) 0 0

Contusions 0 16 (80) 20 (100) 0 0

DAI 0 6 (30) 1 (5) 0 0

Brain swelling 0 11 (55) 1 (5) 0 0
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sTBI Controls sTBI Acute Survival 
sTBI Long-Term 

Survival
rTBI Controls

Contact Sports 

Players (rTBI)

(n=20) (n=20) (n=20) (n=14) (n=14)

TBI pathologies, n (%)

SDH 0 14 (70) 6 (30) 0 2 (14.3)

EDH 0 2 (10) 0 0 0

ICH 0 8 (40) 7 (35) 0 0

SAH 0 8 (40) 1 (5) 0 0

Dementia Diagnosis, n (%)

AD 0 0 0 0 4 (28.5)

Vascular dementia 0 0 0 0 1 (7)

CTE 0 0 0 0 6 (42.3)

Corticobasal degeneration 0 0 0 0 1 (7)

FTLD (PSP) 0 0 0 0 1 (7)

Parkinson's disease 0 0 0 0 1 (7)

AD, Alzheimer's disease; ARDS, acute respiratory distress syndrome; CTE, chronic traumatic encephalopathy; DAI, diffuse axonal injury; EDH, extra dural 

haematoma; FTLD (PSP), frontotemporal lobar degeneration (progressive supranuclear palsy); FTLD- Tau, frontotemporal lobar degeneration-tau; ICH, 

intracraniam haematoma; RTA, road traffic accident; SAH, subarachnoid haematoma; SDH, subdural haematoma; SUDEP, sudden unexplained death in epilepsy
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4.2.3  Immunohistochemistry 

From each tissue block, 8μm-thick sections were prepared for 

immunohistochemistry. Sections were deparaffinised in xylene, rehydrated to 

water and then immersed in aqueous solution of 3% hydrogen peroxide for 15 

minutes to quench endogenous peroxidases. Antigen retrieval via microwave 

pressure cooker was performed for 8 minutes in preheated 0.1M tris buffer, 

followed by blocking in 50 L of normal horse serum (Vector Laboratories, 

Peterborough, UK) per 5 mL of Optimax buffer (BioGenex, San Ramon, CA) for 30 

minutes. Once blocked, overnight incubation with primary antibodies was 

performed at 4°C for 20 hours. 

 

Primary antibodies were selected to reveal glial fibrillary acidic protein (GFAP; 

1:250; clone GA5; Leica Biosystems, Newcastle-upon-Tyne, UK), aquaporin-4 

protein (AQP4; 1:200; AB3594; Merck, Darmstadt, Germany) and NAD(P)H quinone 

oxidoreductase 1 (NQO1; 1:1000; A180; ThermoFisher Scientific, San Diego, CA, 

US). Following overnight incubation, biotinylated secondary antibody was then 

applied for 30 minutes (IgG, 1:200), followed by avidin-biotin complex as per the 

manufacturer’s instructions (1:50; Vectastain Universal Elite kit, Vector 

Laboratories). Visualisation was achieved using 3,3’-diaminobenzidine (DAB) 

peroxidase substrate kit (Vector Laboratories) followed by counterstaining with 

haematoxylin. Known positive tissue sections were run in parallel with test 

sections in all antibody runs in addition to sections with primary antibody omitted 

as standard controls for antibody specificity.  

 

All sections were viewed using a Leica DMRB light microscope (Leica Microsystems, 

UK) and digitized by scanning at 20x using a Hamamatsu Nanozoomer 2.0-HT slide 

scanner (Hamamatsu Photonics, UK), with the resultant images viewed via the 

SlidePath Digital Image Hub application (Leica Microsystems, UK) and NDP.view 

2.0 viewing software (Hamamatsu Photonics, UK). 
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4.2.4  Analysis of immunohistochemistry 

All sections were reviewed and analysed blind to demographic and clinical data 

and analyses were performed on multiple anatomic regions within each block. 

Specifically, analyses were performed in the corpus callosum, crest of cingulate 

gyrus, depth of cingulate sulcus and the subcortical white matter of the cingulate 

gyrus within the callosal block. 

For sections stained for GFAP and AQP4, the extent of astrogliosis was measured 

using the ruler tool of the Hamamatsu View.2 digital image hub application, at 

the superficial glia limitans and the boundary between the neocortical grey matter 

and the superficial white matter (Figure 4-1). This was carried out at both the 

crest of the cingulate gyrus and the depth of the cingulate sulcus. Three 

measurements were taken for each region of interest, with the average value 

taken as the datapoint for that section.  

Assessment of GFAP immunoreactive astroglial extent was calculated as 

percentage area of GFAP immunostain. Using Hamamatsu View.2 digital image hub 

application, the relevant ROI was defined, and area measured, and an exported 

image uploaded to ImageJ (NIH, Bethesda, MD) where background was subtracted, 

and the colour Deconvolution plugin applied using the installed haematoxylin/DAB 

vector (H/DAB) to produce separate colour channels for the haematoxylin 

counterstain and specific DAB immunostaining. The DAB-specific image was 

subsequently thresholded and the percentage of positive staining in the ROI 

calculated using the standardised algorithms in ImageJ.  

Sections stained for NQO1, the relevant ROI was defined, and area measured using 

the Hamamatsu View.2 digital image hub application and then manual cell counts 

of NQO1-immunoreactive astrocytes performed. 

 

4.2.1  Statistical analysis 

All data were analysed using SPSS (Version 27; IBM, Inc). The Mann-Whitney U Test 

and Student’s t-test were used to assess the differences in data between and 

within cohorts where applicable. Pearson’s correlation coefficient was used to 

measure the linear correlation between 2 sets of data. All effects were significant 

where p < 0.05.  
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Figure 4-1 Representative measurements of GFAP and AQP4 interface immunoreactivity. 
(A/B) Extent of cingulate crest GFAP-immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 
29-year-old male who survived 7.5 years following an assault. (C/D) Cingulate sulcus AQP4-
immunoreactive astrogliosis at the SGL (1) and WMI (2) in a 31-year-old female with no history of 
TBI. (E) Perivascular GFAP immunoreactive astrocytes in the cingulate gyrus of a 29-year-old male 
who survived 7.5 years following an assault. (F) Perivascular AQP4-immunoreactive astrocyte in 
the cingulate gyrus of a 43-year-old female with no history of TBI. Scale bar 5mm, 2.5mm and 
250µm respectively. 
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4.3 Results 

4.3.1  Ageing results in an expansion of interface GFAP-

immunoreactive profiles 

In non-injured sTBI controls, GFAP-immunoreactive astrocytic profiles with fine 

and widely ramified cellular processes were distributed throughout the cortex, 

localised around penetrating blood vessels and concentrated at both the 

superficial glial limitans (SGL), immediately beneath the pia, and the white 

matter interface (WMI), between subcortical white matter and the overlying 

neocortical grey (Figure 4-2). GFAP-immunoreactive astrocytes were also present 

within the superficial white matter, again preferentially localised to penetrating 

blood vessels. Typically, GFAP-immunoreactive astrocytes were distributed as a 

thin interface band at the SGL and WMI and sporadically throughout the neocortex, 

with little overlap between individual cell domains (Figure 4-2). There was 

significant correlation between age and extent of GFAP-immunoreactive interface 

astrogliosis across the entire cohort, at the SGL (r(81) = 0.28, p = 0.02; Pearson’s 

correlation) and WMI (r(81) = 0.31, p = 0.029) at the crests of cingulate gyri, and 

at the WMI at the depths of the cingulate sulci (r(82) = 0.44, p < 0.001; Figure 4-

3), but not at the SGL of the cingulate sulcus (NS).   
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Figure 4-2 Representative images of extent of GFAP-immunoreactivity in age-matched, 
uninjured controls after sTBI and rTBI. (A) 36-year-old Female with no history of TBI, with (i) 
localised GFAP-immunoreactive astrocytes at the SGL and WMI and (ii) individual perivascular 
astrocytes. (B) 74-year-old male with no history of TBI or neurological disease, demonstrating 
expansion of interface GFAP-immunoreactive astrogliosis at the WMI and SGL. (C) 43-year-old 
male who survived 11 days after a single moderate to severe TBI, with GFAP-immunoreactive 
astrocytes largely isolated to the WMI border and SGL. (D) 47-year-old male who survived 1 
year after single moderate to severe TBI, showing (i) expansion of GFAP-immunoreactive 
interface zone astrogliosis and (ii) an increase in activated astrocytes with overlapping of 
cellular domains. (E) 75-year-old male former professional football player with a history of 
multiple TBIs, with (i) a similar expansion of GFAP-immunoreactivity at interface zones and (ii) 
astrogliosis. Scale bar = 500/250µm. 
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Figure 4-3 Correlation of age and interface GFAP-immunoreactivity in TBI compared to uninjured controls.  Positive correlation between age 
and GFAP-immunoreactivity within the cingulate gyrus at (A) the SGL (p=0.02), and (B) the WMI (p=0.029), and within the cingulate sulcus at (D) 
the WMI (p<0.001; Pearson’s correlation). No correlation was observed between age and GFAP immunoreactive astrogliosis in the cingulate sulcus 
at (C) the SGL. 
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4.3.2  Long-term survival from single to moderate severe TBI but 

not repetitive mild TBI results in GFAP-immunoreactive 

interface astrogliosis 

Examining material from patients who died in the acute phase (<2 weeks post 

injury) following sTBI revealed essentially similar pattern and distribution of 

interface GFAP-positive astrocytes as in age-matched, non-injured controls 

(Figure 4-2). Specifically, GFAP-immunoreactive astrocytes were distributed as a 

thin interface band at the SGL and WMI, with no measurable increase in interface 

astrogliosis among acute sTBI survivors when compared to age matched, non-

injured sTBI controls (Figure 4-4). In contrast, for patients with late survival (≥ 1 

year) from sTBI, there was an increase in morphologically activated astrocytes, 

with expansion of cellular processes and greater overlap between cellular domains 

(Figure 4-2). This was accompanied by expansion of GFAP-immunoreactivity at 

multiple interface zones. Specifically, compared to age-matched, uninjured sTBI 

controls, those surviving more than a year from sTBI showed expansion of GFAP-

immunoreactive interface astrogliosis at the WMI in the cingulate gyrus (0.465 

µm/µm vs 0.377 µm/µm; p=0.012; Mann-Whitney U Test; Cohen’s d = -1.094). This 

was also observed at the SGL (0.194 µm/µm vs 0.141 µm/µm; p=0.008; Cohen’s d 

= -0.93) and WMI (0.201 µm/µm vs 0.125 µm/µm; p=0.039; Cohen’s d = -0.768) of 

the cingulate sulcus (Figure 4-4). Further, there was associated reactive 

astrogliosis in the adjacent corpus callosal white matter of late sTBI survivors 

(45.65% ± 16.28%; mean ± standard deviation area staining) compared to their age-

matched, non-injured controls (28.42% ± 13.52%; t(38) = 3.64, p=0.006, Student’s 

t-test) (Figure 4-6).  In contrast, when comparing individuals exposed to rTBI to 

age-matched, uninjured rTBI controls, there was no expansion of GFAP-

immunoreactivity within the interface zones of the cingulate gyrus or cingulate 

sulcus (Figure 4-2), or in the adjacent white matter of the corpus callosum 

(Figure 4-5). 
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Figure 4-4 Regional distribution of GFAP interface measurements following sTBI vs sTBI Control. In acute sTBI survivals there was evidence of increased astrogliosis 
at the SGL and WMI, defined by a higher proportion of long-term sTBI survivors than age-matched, uninjured controls in material from the cingulate gyrus and the 
cingulate sulcus (* p<0.05; ** p<0.01; Mann-Whitney U Test). 
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Figure 4-5 Regional distribution of GFAP interface measurements following rTBI vs rTBI Control. In rTBI survivals there was no evidence of increased 
astrogliosis at the SGL and WMI, (NS; Mann-Whitney U Test). 
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Figure 4-6 Percentage area staining of GFAP immunoreactivity in the corpus callosum. 
There was evidence of increased astrogliosis in long-term survivors of sTBI compared to 
sTBI controls, defined by a higher percentage GFAP-immunoreactivity (** p<0.01; 
Student’s t-test). 
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4.3.3  Ageing results in an expansion of interface AQP4-

immunoreactive profiles 

In sections from age-matched, non-injured controls prepared for APQ4-

immunoreactivity, staining was predominantly localised to astrocytic processes, 

highlighted at end feet, with minimal AQP4-immunoreactivity within cell bodies. 

Distribution of AQP4-immunoreactive profiles showed the same characteristic WMI 

pattern, at the boundary between neocortical grey matter and immediately 

underlying subcortical white matter, and at the SGL, below the pia mater (Figure 

4-7). AQP4-immunoreactivity was also present within white matter regions of the 

cingulate, with immunoreactive profiles predominantly located around blood 

vessels. Similar to GFAP-immunoreactive interface astrogliosis, there was 

correlation between age and extent of interface AQP4 expression, with increasing 

age of the individual associated with expansion of AQP4-immunoreactivity at the 

SGL (r(84) = 0.23, p =0.019; Pearson’s correlation) of the cingulate gyrus and WMI 

(r(84) = 0.19, p = 0.023; Figure 4-8) in the cingulate sulcus. There was no 

correlation between age and AQP4-immunorective astrogliosis at the WMI of the 

cingulate gyrus or SGL of the cingulate sulcus (NS). 
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Figure 4-7 Representative images of extent of AQP4-immunoreactivity in age-matched, 
uninjured controls after and sTBI and rTBI. (A) 43-year-old female with no history of TBI, 
with (i) localised GFAP-immunoreactive astrocytes at the SGL and WMI and (ii) individual 
perivascular astrocytes. (B) 69-year-old male with no history of TBI or neurodegenerative 
disease, demonstrating expansion of the AQP4-immunoreactive, interface astrogliosis at the 
WMI and SGL. (C) A 56-year-old male who survived 11 days after moderate to severe sTBI, 
with expansion of AQP4-immunreactive astrocytes at the interface zones of the SGL and WMI. 
(D) 51-year-old male who survived 5 years following moderate to severe sTBI showing lesser 
AQP-immunoreactive astrogliosis at interface zones. (E) 83-year-old male, former 
professional footballer exposed to rTBI demonstrating large expansion of AQP4-
immunoreactive astrogliosis at the SGL interface region and an increase in the WMI also. Scale 
bar = 125/500 µm. 
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Figure 4-8 Correlation of age and interface AQP4-immunoreactivity in TBI compared to uninjured controls.  Positive correlation between age 
and AQP4-immunoreactivity within the cingulate gyrus at (A) the SGL (p=0.019; Pearson’s correlation), and at (D) the WMI within the cingulate 
sulcus (p=0.023). No correlation was observed between age and AQP4 immunoreactive astrogliosis at (B) the WMI of the cingulate gyrus, or at (C) 
the SGL within the cingulate sulcus (NS).  
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4.3.4  Acute moderate or severe TBI leads to AQP4-

immunoreactve interface astrogliosis 

In contrast to the relatively confined zones of AQP4-immunoractivity observed 

among their age-matched, non-injured controls, material from patients dying 

in the acute phase (<14 days) after moderate to severe TBI demonstrated a 

marked increase in the number of AQP4-immunoreactive astrocytes within the 

parenchyma resulting in difficulty distinguishing between individual cellular 

domains, and astrocytes no longer localised to perivascular spaces (Figure 4-

7). Further, there was expansion of AQP4-immunoractivity at both the SGL 

(0.412 µm/µm vs. 0.181 µm/µm; p<0.001; Mann-witney U Test) and WMI (0.354 

µm/µm vs. 0.235 µm/µm; p=0.019) of the cingulate gyrus crest, and the SGL 

(0.522 µm/µm vs. 0.365 µm/µm; p=0.015) and WMI (0.202 µm/µm vs. 0.138 

µm/µm; p=0.02) of the cingulate sulcus depths, compared to the uninjured, 

age-matched sTBI controls (Figure 4-9).  

In contrast, for with late (≥ 1 year) survival from sTBI there was no significant 

increase when compared to uninjured, age-matched sTBI controls (Figure 4-

9). Similarly, there was no difference in AQP4-immunoractivity at SGL and WMI 

zones in material from patients exposed to rTBI, and their uninjured, age-

matched rTBI controls (Figure 4-10).  
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Figure 4-9 Regional distribution of AQP4 interface measurements following sTBI vs sTBI Control. In acute sTBI survivals there was evidence of increased astrogliosis 
at the SGL and WMI, defined by a higher proportion of sTBI survivors than age-matched, uninjured controls in material from the cingulate gyrus and the cingulate 
sulcus (* p<0.05; ** p<0.01; Mann-Whitney U Test). 

 



102 
 

 

 

 

 

 

 

 

Figure 4-10 Regional distribution of AQP4 interface measurements following rTBI vs rTBI Control. In acute sTBI survivals there was no evidence of increased 
astrogliosis at the SGL and WMI, defined by a higher proportion of rTBI survivors than age-matched, uninjured controls in material from the cingulate gyrus and the 
cingulate sulcus (NS Mann-Whitney U Test). 
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4.3.5  An increase in NQO1-immunoreactivity in rTBI cohort 

compared to rTBI controls 

NQO1 astrocytic immunoreactivity was observed to some extent across all cases 

within both the rTBI and age-matched, uninjured rTBI control cohorts, typically 

localised to the cingulate sulcus. NQO1-immunoreactivity progressed from limited 

staining confined to the cell body of astrocytes within the external granular (II) 

and external pyramidal (III) layers of the cortex, secondarily observed within 

cellular processes - sporadically within the parenchyma of the neocortex, and 

finally with the appearance of fully reactive astrocytes additionally within the 

multiform (VI) layer of the neocortex in those cases most affected (Figure 4-11). 

When examining patients exposed to rTBI, there was an increase in the number of 

NQO1-immunoreactive astrocytes within the sulcal depths of the cingulate (4.2 

cells/mm2 vs. 2.2 cells/mm2, p=0.046; Student’s t-test) compared to uninjured, 

age-matched rTBI controls (Figure 4-12). There was no increase in astrocytic 

NQO1 immunoreactivity within the cingulate gyrus or within either the superficial 

white matter or corpus callosum.  
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Figure 4-11 Representative images of astrocytic NQO1-immunoreactivity at the cingulate 
sulcus of rTBI and age-matched, uninjured controls. (A) 83-year-old male with no history of 
TBI scale bar = 125um, (B) 60-year-old male with no history of TBI scale bar = 125um, (C1 & C2) 
78-year-old former rugby player scale bar = 1mm/250µm respectively. (D1 & D2) 73-year-old 
former rugby player scale bar = 500/250µm respectively. 
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Figure 4-12 Distribution of NQO1 immunoreactivity within the cingulate 
sulcus. An increase in NQO1 immunoreactivity within the corpus callosum of 
rTBI patients compared to age-matched, uninjured rTBI controls (* p < 0.05 
cells/mm2; Student’s t-test). 
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4.4  Discussion 

This study demonstrates histological evidence of age-associated changes in 

interface astrocytes, together with specific time and region dependent responses 

of astrocytes to TBI. Specifically, in comparison to material from the region of the 

cingulate gyrus in age-matched, uninjured controls, material from patients dying 

in the acute period following moderate to severe sTBI shows increased AQP4-

immunoreactivity at stereotypical interface zones of the superficial glial limitans 

(SGL) and the interface between the neocortex and the underlying white matter 

(WMI). Notably, this pathological expansion of interface AQP4-immunoreactivity 

was not observed in material from patients surviving a year or more from sTBI. In 

contrast, sections stained for GFAP, a marker of reactive astrocytes, 

demonstrated no measurable differences between age-matched controls and 

individuals dying in the acute phase post sTBI, while there was clear expansion of 

interface astrogliosis in those surviving a year or more from sTBI. In respect of 

rTBI although there was evidence of ageing related increases in GFAP and AQP4 

expression, these were not in excess of those seen in their appropriately age-

matched, uninjured controls.  Observed in rTBI cases was an increase in NQO1-

immunoreactive astrocytes compared to age-matched rTBI controls. 

 

GFAP expression is recognised as upregulated in a variety of CNS disease, including 

neurodegenerative diseases (NDD) such as AD (Beach et al., 1989; Beach & Mceer, 

1988; Blasko & Grubeck-Loebenstein, 2003; Itagaki et al., 1989; Perez-Nievas & 

Serrano-Pozo, 2018). In relation to TBI, previous studies have revealed rapid and 

reported evidence of a GFAP-immunoreactive interface astrogliosis at grey-white 

matter zones in material from individuals with history of blast (Shively et al., 

2016) and rTBI (Babcock et al., 2022) compared to controls. In contrast, in a single 

study, no evidence of similar interface expansion in GFAP was reported in 

individuals with purported sTBI history. This current work appears to contradict 

these previous observations by showing interface zone expansion in GFAP-

immunoreactivity is apparently isolated to material from individuals with history 

of sTBI and late survival, and not seen in individuals with history of rTBI. Notably, 

the single, previous descriptive study describing no evidence of interface 

astrogliosis following sTBI considered only limited case numbers, with inconsistent 

injury definition, wide-ranging survivals and age ranges and inclusion of 
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inadequate, non-injured controls (Shively et al., 2016). In this present study we 

employ quantitative methodologies to evaluate pathology in a relatively large 

sample of individuals with consistent and standardised sTBI history in comparison 

to a suitably sized cohort of appropriately age matched, non-injured controls.  As 

such, differences observed between the two studies might reflect the more 

rigorous methodologies employed in the current study.  

 

As regards the apparent contradiction in our findings related to interface 

astrogliosis in those with histories of rTBI and a previous study (Babcock et al., 

2022) again this might reflect methodological differences. In particular, the 

individuals included in the present study are typically of older age (mean age 

around 68 years) than those in that previous study (mean age ~40years).  Our data 

on controls with no history of TBI provide evidence that the process of ‘normal’ 

ageing is associated with an increase in interface astrogliosis. As such, it is 

conceivable that there might be a ‘ceiling’ effect whereby a maximal interface 

astrogliosis is reached, with our older rTBI patients and their age matched controls 

both having reached this ceiling, resulting in no measurable difference. Studies to 

across the ages are therefore required to explore further the relationship between 

rTBI and associated reactive interface astrogliosis.   

 

GFAP is a recognised biomarker for glial pathology in NDD (FDA Authorizes 

Marketing First Blood Test Aid Evaluation Concussion Adults, 2018; Petzold, 2015), 

and serum levels are elevated acutely following both moderate to severe single 

TBI (Nylén et al., 2006) and mild to moderate injury (Papa et al., 2012), it is also 

predictive of an unfavourable outcome (Vos et al., 2010) and correlated with 

clinical severity and extent of pathology (Czeiter et al., 2020). However, whilst 

we do not see a measurable rise in GFAP immunoreactivity at interface zones in 

the acute period after injury, this is supported by studies which demonstrate that 

raised GFAP levels are more associated with focal compared to diffuse pathology 

(Blennow et al., 2011; Mondello et al., 2011; Pelinka et al., 2004)). Age is also 

indicated to affect diagnostic efficacy of GFAP as a biomarker for intracranial 

trauma (Gardner et al., 2018) which supports the observations from this study of 

age blinding differences in GFAP expression between rTBI patients and age-

matched uninured controls.  
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The role of astrocytes in maintaining the balance of water ions within the brain 

has been examined here by scrutinising the expression of AQP4, the most abundant 

aquaporin water channel within the CNS (Nielsen et al., 1996; Papadopoulos et 

al., 2004; Papadopoulos & Verkman, 2007; Rash et al., 1998; Venero et al., 2001). 

AD is characterised by the build-up of amyloid-β (Aβ) within the brain, and studies 

suggest a connection between the failure of Aβ-clearance and activation of 

astrocytes/BBB disruption (Fukuda & Badaut, 2012; Hoshi et al., 2012). Both 

animal models of TBI (Ren et al., 2013) and studies of human brain injury patients 

(Neri et al., 2018) suggest that AQP4 may be involved in reducing oedema 

following sTBI. This study demonstrates there is an immediate, increase in AQP4 

in interface astrocytes following sTBI, which is no longer detectable in material 

from patients surviving a year or more from injury.  This suggests that there is a 

rapid astrocytic response to maintain water-homeostasis following mechanical 

brain injury, which would correlate previously described BBB disruption that is 

known to occur acutely following injury (Hay et al., 2015) . When examining AQP4 

expression in cases of rTBI, there is again no local expansion of AQP4-

immunoreactivity at the typical interface zones, when compared to age-matched, 

uninjured rTBI controls. This may once more be due to the fact that both of these 

cohorts are older in age and so any alteration in the expression of AQP4 in 

astrocytes is masked by the confounding effects of age, which you can see 

positively influences AQP4 expression in uninjured cohorts.  

 

The brain consumes approximately 20% of all oxygen within the body to maintain 

neuronal activity through intensive ATP generation (Goyal et al., 2014; Magistretti 

& Allaman, 2015; Mink et al., 1981), which makes the brain particularly 

susceptible to oxidative stress (Cobley et al., 2018). Instigated by an imbalance 

of reactive oxygen species (ROS) and antioxidants (Halliwell, 2012; Ray et al., 

2012), oxidative stress is a key factor for progression of AD (L. Chen et al., 2008; 

X. Chen et al., 2012; G. Kim et al., 2015; Y. Zhao & Zhao, 2013) and normal ageing-

associated neurodegeneration (Beal, 1995; Mecocci et al., 2018; Urano et al., 

1998; Williams, 1995). Astrocytes are involved in regulation of oxidative stress 

following TBI, via activation of endogenous antioxidant pathways, expressing 

upregulated enzymes such as NQO1 to counter the elevated levels of ROS produced 

by neuroinflammatory processes (Chen, Liang, et al., 2020; Z.-G. Cheng et al., 

2013; Cherry et al., 2018; Ross & Siegel, 2018). NQO1 immunoreactivity was 
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examined in both rTBI cohort and respective controls, with repetitive, chronic 

exposure to mTBI demonstrating an increase in expression of this antioxidant 

enzyme within astrocytes. The NQO1 immunoreactivity was not expressed in the 

same localised manner as GFAP and AQP4 with a lack of expression within the SGL 

and positively stained cells found predominantly in the depths of the cingulate 

sulcus. The increase in NQO1 expression was present within astrocytes in the cases 

of patients exposed to rTBI compared to age-matched, uninjured controls, despite 

both cohorts being of an older mean age, suggesting that the astrocytic response 

to oxidative stress is not as influenced by increased age as by injury. This NQO1 

pathology draws parallels with the sulcal astrocytic p-tau – ageing-related tau 

astrogliopathy (ARTAG) which is a hallmark of CTE (Kovacs et al., 2016; Lace et 

al., 2012; Lõpez-González et al., 2013; C. McKee & Lukens, 2016), due to the 

specific location of NQO1 within the sulcal depths examined in these rTBI 

 

 

Limitations of this study included that due to its retrospective nature examining 

archival tissue, there was limited access to patient’s entire clinical record such as 

imageing, family history, cognitive assessments or any treatments they were 

undergoing. It was not possible to compare sTBI and rTBI cases, as they had such 

different age demographics (45.5 ± 13.3 vs. 68.5 ± 15.1 years) that any effects 

would be unreliable as we showed that age has a significant effect on the 

expression of GFAP and AQP4 at interface zones. Further, NQO1 expression was 

only examined in a pilot study of rTBI cases where is has been identified as a 

possible marker from previous studies. Further work of interest would be to 

examine NQO1 expression across sTBI cohorts and in rTBI cohorts who are of a 

younger age to examine possible distinctions when older age is not a co-factor. 

Additionally, colocalization studies including other regions of interest such as the 

hippocampus using double-labelling or multiplex immunofluorescence (mIF) with 

platforms such as the Akoya Biosciences Phenocycler™ Protein Imaging System 

would allow us to examine how these markers interact within astrocytic 

communities and with other pathologies such as Aβ.  

 

Astrocytes serve multiple functions within the brain in response to injury and this 

study aimed to examine how each of these are altered across a spectrum of TBI 

mechanisms and survival time periods when compared to appropriate, age 
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matched, uninjured controls. Increased age appears to have a more of a manifest 

influence on the astrocytic functions examined in this chapter which may have 

reduced the effect of TBI being investigated. However, the observations made 

work to increase the understanding of how astrocytes are involved in the response 

to TBI and also provide a springboard for future studies which may examine how 

these processes are simultaneously occurring within the brain.  
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5 Chapter 5 – Amyloid-beta plaque pathology in 

elderly TBI 

5.1 Introduction 

Traumatic brain injury is a leading global cause of death and disability (Faul et 

al., 2010) and is acknowledged as a major risk-factor for neurodegenerative 

disease such as Alzheimer’s (Collins et al., 2020; Fann et al., 2018; Livingston et 

al., 2020; LoBue et al., 2018; Nordström & Nordström, 2018; Schaffert et al., 

2018). TBI is particularly problematic in older adults, with increased rates of TBI-

related hospital admissions and mortality observed in persons aged 65 years and 

older (Marincowitz et al., 2019), accounting for approximately 50% of fall related 

deaths in the US (Thompson et al., 2006). Age also influences outcomes after 

injury (Frankel et al., 2006; Hukkelhoven et al., 2009; Ramanathan et al., 2012), 

resulting in increased injury severity, and lower rates of recovery and hospital 

discharge, whilst acting as an independent predictor of mortality and poorer 

functional outcome after similar injury (Mosenthal et al., 2002, 2004; Susman et 

al., 2002). However, underrepresentation of older patients in research cohorts 

(Gardner et al., 2015, 2017; Munro et al., 2002; Thompson et al., 2006) results in 

a lack of understanding of the relationship between comorbidities of age and the 

pathologies driving neurodegeneration in these vulnerable patients. Therefore, 

with an increasingly elderly global population, the understanding of whether head 

injury in later life hastens the onset or increases the risk of dementia is vitally 

important. 

 

A hallmark of AD (Beyreuther & Masters, 1991; Hardy JA & GA., 1992; Ittner & 

Götz, 2011; Price & Morris, 1999; Sisodia & Price, 1995), progressive amyloid-beta 

(Aβ) deposition, has long been considered one of the causative agents of AD 

pathogenesis (Selkoe & Hardy, 2016). The initial aggregation of Aβ peptides into 

irregularly shaped, diffuse plaques is associated with the early stages of disease 

(Behrouz et al., 1991; Dickson & Vickers, 2001; Malek-Ahmadi et al., 2016; Morris, 

Storandt, Mckeel, et al., 1996), while the latter development of senile, neuritic 

plaques is considered a pathological correlate of clinical AD (Mirra et al., 1991). 

These neuritic plaques consist of a central zone of dense Aβ with radiating fibrils, 
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commonly with neuritic elements and microglial involvement (DeTure and 

Dickson, 2019; Dickson and Vickers, 2001; Perl, 2010). Similarly, Aβ accumulation 

within the brain is observed in normal brain ageing (Blumenthal, 2004; Jack et al., 

2009; Quigley et al., 2011; K. M. Rodrigue et al., 2009) and is known to precede 

the initial signs of cognitive decline, with 29% of healthy, older controls showing 

Aβ deposition (Jack et al., 2009)). Positron emission tomography imaging of Aβ 

with Pittsburgh Compound B (C-PIB-PET) has been used to suggest a link between 

the presence of Aβ and early memory changes in non-demented individuals (Pike 

et al., 2007), where post-mortem studies demonstrate diffuse plaque 

accumulation in non-cognitively impaired, normal ageing (Malek-Ahmadi et al., 

2016; Morris, Storandt, McKeel, et al., 1996; Teissier et al., 2020a) and these 

diffuse plaques typically have a regional distribution correlating with earlier 

stages of neurodegenerative decline (Grothe et al., 2017; Teissier et al., 2020b; 

D. R. Thal et al., 2004). 

 

Aβ plaques are also observed following TBI, occurring in up to 30% of patients 

dying acutely following a moderate to severe head injury – even in younger adults 

(Hong et al., 2014; Roberts et al., 1994, 1991, 1990; Smith et al., 2003). Plaques 

seen acutely after injury can occur rapidly, having been noted in tissue surgically 

excised from TBI patients (DeKosky et al., 2007; Ikonomovic et al., 2004) and are 

often diffuse, similar to that seen in ageing brains and in the early stages of AD 

(Dickson & Vickers, 2001; Malek-Ahmadi et al., 2016; Morris, Storandt, McKeel, et 

al., 1996). Aβ plaque is also found in patients who survive chronically after a 

moderate to severe brain injury, reappearing in the late phase of survival with a 

more often neuritic appearance (Johnson et al., 2012), similar to those seen in AD 

(Mirra et al., 1991). Experimental animal studies of TBI in aged mice demonstrate 

that older animals display worse overall recovery outcomes and slower reversal of 

oedema, alongside an increase in blood-brain barrier disruption and increased 

neuroinflammatory response in both the acute and long-term phase after injury, 

compared to uninjured, aged mice (Onyszchuk et al., 2008, 2009). 

 

An additional hallmark of AD, hyperphosphorylated neurofibrillary tangles (NFTs) 

of tau protein within neurons, are also developed in normal ageing. The presence 

of NFTs has been detected in elderly subjects, correlated with age (Braskie et al., 

2010; Pontecorvo et al., 2019; Price & Morris, 1999; Schöll et al., 2016) and 
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imaging studies using tau PET agents detect early deposition of both tangles and 

Aβ plaques before any detectable changes to cortical structures (Braskie et al., 

2010; Pontecorvo et al., 2019; Schöll et al., 2016), which follows the predicted 

path of Braak et al. (2006) staging of disease progression. The importance of tau 

pathology following TBI is becoming further understood and chronic traumatic 

encephalopathy (CTE) is commonly described as a tauopathy, with the 

pathognomonic lesion increasingly thought of as aggregates of tau within neurons 

and astrocytes located at sulcal depths (Arena et al., 2020). It is also seen 

following survival of a year or more after a single, moderate to severe TBI, with 

both a greater density and distribution of NFTs in up to 30% of cases compared to 

age-matched controls (Johnson et al., 2011) mirroring the distribution described 

in cases of repetitive mTBI and CTE (Stewart et al., 2016). However, similar tau 

pathology was not observed in post-mortem tissue from patients, who survived up 

to 4 weeks following single, moderate to severe TBI, in a cohort ranging in age 

from youth to elderly (C. Smith et al., 2003). 

 

Whilst neurodegenerative patterns of change are known to occur in elderly 

individuals without associated cognitive decline, further investigation is required 

to fully understand the effects of TBI and any connection to resulting progression 

to neurodegenerative disease such as AD. Indeed, Aβ plaque observed after acute 

injury in an elderly population may represent co-existing pathologies rather than 

TBI-associated phenomena. Transgenic animal models of AD have indicated that 

TBI accelerates the onset of AD-related pathology such as neuronal loss, gliosis, 

atrophy, increased phospho-tau immunoreactivity, Aβ deposition, and greater 

cognitive impairment (Nakagawa et al., 2000; D. Tran et al., 2011; Uryu et al., 

2002; Washington et al., 2014), compared to non-TBI mice. However, more 

research is required to fully assess the connection between age and 

neuropathological change post-injury in this vulnerable cohort. This chapter aims 

to examine Aβ plaque and NFT pathology in an aged population of acute TBI 

survivors, with the hypothesis that we will observe increased Aβ plaque deposition 

in the acute phase following injury when compared with age-matched, uninjured 

controls with no previous history of neurological disorder. 
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Aim:  

To characterise Aβ and tau pathology in an aged population of individuals in the 

acute period following exposure to moderate to severe sTBI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

5.2  Specific methods 

5.2.1  Case selection 

All tissue was selected from the holdings of the Glasgow Traumatic Brain Injury 

Archive of the Department of Neuropathology, Glasgow, UK. All material was 

obtained following routine diagnostic autopsy examination at the same institution 

and approved for use in this study by the Greater Glasgow and Clyde Bio-repository 

Governance Committee. Cases with a history of acute survival following a single, 

moderate, or severe TBI aged over 60 years at time of death (n=42) were selected 

from the archive, together with age-matched controls with no known history of 

TBI or neurological disease (n=42). The UN defines older persons as those aged 60 

years and over (Raut, 2019), while a study of older trauma patients established 60 

years as the data-driven definition of elderly in trauma (Campbell-Furtick et al., 

2016). Detailed reports from the original diagnostic post-mortem evaluation were 

available for all cases, supplemented by forensic and clinical records, where 

necessary. All TBI cases had a confirmed history of a single, moderate or severe 

TBI, as defined by Glasgow Coma Scale at presentation. Full clinical and 

demographic information for each cohort is presented in Table 5-1.  

 

5.2.2  Brain tissue preparation 

Whole brains were immersion fixed in 10% formal saline at autopsy for a minimum 

of 3 weeks prior to dissection, sampling following standardised block selection and 

processing to paraffin using standard techniques. Paraffin tissue blocks from a 

coronal slice of the cerebral hemispheres at the level of the lateral geniculate 

nucleus were selected to include: the hippocampus and adjacent medial temporal 

lobe, including the inferior temporal gyrus; the cingulate gyrus and adjacent 

corpus callosum; the insular cortex; the thalamus; and the cerebellum at the 

dentate nucleus. 
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Elderly TBI Elderly Controls

(n=42) (n=42)

Mean age (range) years 70.12 (60-89) 70.4 (60-86)

Males, n (%) 29 (69) 28 (67)

Mean post-mortem delay 

(range), hours
68.10 (4-264) 56.42 (4-288)

Not applicable

(No history of TBI)

Cause of TBI, n (%)

Fall 24 (57.14)

RTA 12 (28.57) n/a

RTA ped 4 (9.52) (No history of TBI)

Unknown 2 (4.76)

Cause of death, n (%)

Acute head injury 31 (73.81) -

Unknown 1 (2.38) 9 (21.42%)

Bronchopneumonia 5 (11.90) 5 (11.90%)

Heart failure - 4 (9.52%)

Multiple injuries 3 (7.14) -

Myocardial infarction - 3 (7.14%)

Septicaemia - 3 (7.14%)

SUDEP - 3 (7.14%)

Cancer - 2 (4.76%)

COAD - 2 (4.76%)

Organ failure - 2 (4.76%)

Pulmonary congestion - 2 (4.76%)

Pulmonary thromboembolism 2 (4.76) -

Mean survival interval 

(range), hours
86.29 (0.6-336)

Table 5-1 Demographic and clinical information of chapter 5 cohorts 

 

Figure 5-1 Representative images of diffuse and neuritic plaque stained with 
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Elderly TBI Elderly Controls

(n=42) (n=42)

Cause of death, n (%)

Inhalation gastric contents - 1 (2.38%)

Liver haemorrhage - 1 (2.38%)

Myelopathy - 1 (2.38%)

Perforated viscus - 1 (2.38%)

Polymyositis - 1 (2.38%)

Renal failure - 1 (2.38%)

Vasculitis - 1 (2.38%)

TBI Pathologies, n (%)

Skull fracture 31 (73.81) -

DAI 24 (57.14) -

Brain swelling 22 (52.38) -

SDH 31 (73.81) -

EDH 3 (7.14) -

SAH 22 (52.38) -

COAD, chronic obstructive airways disease; DAI, diffuse axonal injury; 

EDH, extradural haematoma; RTA, road traffic accident; RTA, road traffic 

accident - pedestrian; SAH, subarachnoid haematoma; SDH, subdural 

haematoma; SUDEP, sudden unexplained death in epilepsy



118 
 

5.2.3  Immunohistochemistry 

From each tissue block, 8μm-thick sections were prepared for 

immunohistochemistry. Sections were deparaffinised in xylene, rehydrated to 

water, and then immersed in aqueous solution of 3% hydrogen peroxide for 15 

minutes to quench endogenous peroxidases. Antigen retrieval via microwave 

pressure cooker was performed for 8 minutes in preheated 0.1M citrate buffer, 

followed by blocking in 50µL of normal horse serum (Vector Laboratories, 

Peterborough, UK) per 5 mL of Optimax buffer (BioGenex, San Ramon, CA) for 30 

minutes.  

 

Once blocked, overnight incubation with primary antibodies was performed at 4°C 

for 20 hours. Primary antibodies were selected to reveal Aβ (clone 6F3D; 1:75; 

Dako, Santa Clara, CA) and tau (PHF1; 1:1000; gift from P. Davies, Feinstein 

Institute for Medical Research, Manhasset, NY, USA). Following overnight 

incubation, biotinylated secondary antibody was then applied for 30 minutes (IgG, 

1:200), followed by avidin-biotin complex as per the manufacturer’s instructions 

(1:50; Vectastain Universal Elite kit, Vector Laboratories). Visualisation was 

achieved using 3,3’-diaminobenzidine (DAB) peroxidase substrate kit (Vector 

Laboratories) followed by counterstaining with haematoxylin. Known positive 

tissue sections were run in parallel with test sections in all antibody runs in 

addition to sections with primary antibody omitted as standard controls for 

antibody specificity.  

 

 

5.2.4  Analysis of immunohistochemistry 

Observations were made blind to demographic and clinical data for all cases. The 

frequency and distribution of Aβ plaques was semi-quantitatively assessed using 

modifications of standardised, semi-quantitative scoring systems. Plaque density 

was scored using a modified version of the system set out by the “Consortium to 

Establish a Registry for Alzheimer’s Disease” (CERAD) system (Mirra et al., 1991; 

G. W. Roberts et al., 1994) as: no plaques (score 0), sparse plaques (score 1), 

moderate plaques (score 2) or frequent plaques (score 3) (Figure 5-2). The extent 

of plaque density was calculated as the highest modified-CERAD score across all 
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regions for each case. Morphology of Aβ plaque was defined as either fibrillar, 

neuritic plaque which consisted of a central beta-amyloid core surrounded by 

circular fibrillary extensions or diffuse plaque, which had a more amorphous, 

irregular shape and did not contain a central core of Aβ (Figure 5-1). Diffuse and 

fibrillar neuritic plaque were assessed both independently and jointly. The 

regional distribution of Aβ plaque pathology was assessed using a modified version 

of the scoring system reported by Thal et al (2002), whereby the hierarchical 

presence of plaques across brain regions was scored as: cingulate (grade 1), 

hippocampus (grade 2), thalamus (grade 3) and finally cerebellar (grade 4) (Figure 

5-2).  

 

 

 

 

Figure 5-1 Representative images of diffuse and neuritic plaque 
stained with BA4 (Dako, 6F/3D). (A) diffuse Aβ plaque in the cingulate 
gyrus of a 79-year-old female who survived 8 days following an RTA, 
and (B) neuritic Aβ plaque in the cingulate gyrus of a 64-year-old male 
who survived 24 hours after a fall. Bar is 100µm. 
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Tau-immunoreactivity was assessed using a modified, standardized, semi-

quantitative system of analysis (Braak et al., 2006; D. Smith et al., 2013b). PHF1-

immunoreactive NFTs and neurites of sparse to moderate density in the 

transentorhinal cortex with or without small numbers in the CA1 sector of the 

hippocampus were defined as a score of 1. PHF1-immunoreactive NFTs and 

neurites as described in score 1, together with NFTs extending into the fusiform 

gyrus and sparse tangles in the neocortex denoted a score of 2, while PHF1-

positive NFTs and neurites in widespread sectors of the hippocampal formation 

and subiculum, with extensive medial temporal, cingulate and insular cortical 

involvement indicated a score of 3 (Figure 5-2).  

 

5.2.5  Statistical analysis 

Statistical analysis comparing cohorts was performed using IBM SPSS Statistics 

Software (version 25; SPSS Inc., Chicago, Illinois, USA). The Mann-Whitney U test 

was used to compare medians between cohorts and Pearson’s chi-squared test and 

Fisher’s exact test were used to assess categorical data. Cramer’s V and partial 

eta squared were used to determine effect size for Chi-squared and Mann-Whitney 

U tests respectively. All effects were considered statistically significant when p < 

0.05.  
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Figure 5-26 Representative images of modified, standardized, semi-quantitative scoring methods undertaking in this investigation. (A) CERAD Scoring method 
of BA4-immunoreactive amyloid-plaque demonstrating the extent of amyloid-beta plaque pathology across all brain regions examined. Score of (1) is zero plaques, 
Score (2) is sparse plaque, Score (3) is moderate plaques, and Score (4) is frequent plaques. (B) Modified Thal scoring method for the hierarchical regional distribution 
of BA4-immunoreactive amyloid-beta plaque across 4 ROI. Score (1) is amyloid-beta plaques limited to the cingulate, Score (2) is involvement of hippocampal areas, 
Score (3) is inclusion of thalamic areas, and Score (4) is involvement of the cerebellar cortex. (C) Modified Braak scoring method of PHF-1-immunoreactive NFTs. 
Score (1) sparse to moderate density in transentorhinal cortex with/without small numbers in hippocampus CA1. Score (2) is addition of NFTs extending into the 
fusiform gyrus and sparse tangles in the neocortex. Score (3) is widespread sectors of the hippocampal formation and subiculum, with extensive medial temporal, 
cingulate and insular cortical involvement. Created with BioRender.com.  
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5.3  Results 

5.3.1  Presence of Aβ plaque 

Aβ plaques were observed in the majority of both control and TBI cases; 31 of 38 

(81.5%) uninjured elderly control cases and 27 of 38 (71.1%) elderly TBI cases (NS, 

Chi-squared). Across both experimental groups, diffuse plaques were present in 

the majority of cases in both cohorts, with elderly controls demonstrating diffuse 

plaque in 30 of 38 (78.9%) cases, while they were present in 23 of 38 (60.5%) 

elderly TBI patients (NS, Chi-squared). However, when looking at the presence of 

neuritic plaque, there was a higher incidence in elderly TBI patients (20 of 38, 

52.6%) compared to uninjured controls (11 of 38, 28.9%; p = 0.036, Cramer’s V = 

0.241, Table 5-2 [supplementary], Figure 5-3). In both experimental groups, Aβ 

plaque was typically observed in one of two patterns. Sporadic and isolated 

clusters of plaque within the grey matter regions, surrounded by plaque-free 

neuropil, predominantly located at the gyral crests in neocortical areas. 

Alternatively, extensive deposits of plaque occurred across cortical layers and 

grey matter bodies, expanding into white matter. In these cases, plaque 

frequently extended throughout gyral crests and sulcal depths.  
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5.3.2  Extent of Aβ plaque 

The extent of Aβ plaque pathology within our cohorts was examined by generating 

the mean of the CERAD score (Roberts et al., 1994) across the four ROI analysed 

for each case. When looking at the overall extent of Aβ plaque pathology, there 

was no increase in the proportion of cases affected by sparse, moderate, or 

frequent plaque between uninjured elderly controls and elderly TBI patients (NS, 

Mann-Whitney U test). The same pattern was observed for simply diffuse Aβ 

plaque (NS, Mann-Whitney U test), with a similar extent of diffuse plaque 

pathology in elderly TBI patients compared to uninjured elderly controls. 

However, there was an increase in the extent of neuritic Aβ plaque pathology in 

elderly TBI patients compared to uninjured elderly controls (p = 0.048, ηp
2 = 0.05, 

Mann-Whitney U test, Table 5-3 [supplementary]). This increase was driven by a 

higher level of elderly TBI patients demonstrating a moderate score for neuritic 

Figure 5-3 Proportion of cases with presence of overall, diffuse and neuritic Aβ plaque 
presence in both elderly uninjured controls and elderly TBI patients. An increase in the 
presence of neuritic Aβ plaque in elderly TBI patients (* p < 0.05, Chi-squared test). 
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Aβ plaque deposition (8 of 38, 21%) compared to uninjured, age-matched controls 

(2 of 38, 5%; p = 0.042, Chi-squared, Cramer’s V = 0.234).   

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.3  Regional differences in Aβ plaque 

In both uninjured control and TBI cases, when present in the cingulate region, Aβ 

plaques were found across cortical laminae and encroaching into superficial white 

matter in most extreme cases. Within hippocampal involvement, small aggregates 

of plaques were frequently observed in the inferior temporal gyrus, fusiform 

sulcus, and entorhinal cortex, whilst cases with more extensive plaques 

throughout the isocortex of the cingulate and level of the hippocampus plaques 

were also observed within the subiculum and hippocampal formation. Involvement 

Figure 5-4 Graphical representation of the proportion of all, diffuse and neuritic Aβ plaque 
pathology within elderly-control and elderly TBI patients. An increase in the extent of neuritic 
plaque in elderly TBI patients compared to uninjured elderly-controls (* p <0.05, Mann-Whitney U 
test). 
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of the thalamic region saw sparse individual plaques distributed throughout the 

thalamic nuclei, largely surrounded by plaque-free neuropil. Sparse, diffuse 

plaques were located within both the molecular and granular layers of the 

cerebellar cortex.  

The regional distribution of Aβ plaque pathology was calculated using a modified 

version of the Thal et al. methodology (Thal 2002). When all plaque was analysed, 

this demonstrated an increase in the regional distribution of Aβ plaque in elderly 

TBI patients compared to uninjured elderly-controls, with plaques observed in 

three or more regions examined in 15 of 38 elderly TBI cases (39.5%) compared to 

5 of 38 (13.2%) elderly controls (p = 0.006; Chi-square test,). When diffuse Aβ 

plaque alone was examined, there was a similar increase in the regional 

distribution of plaque, with plaques observed in 9 of the 38 elderly TBI patients 

(23.7%), and 4 of 38 (10.5%) of elderly, uninjured controls (p = 0.031; Chi-squared 

test). Lastly, the same pattern was also observed when examining only neuritic 

plaque, where plaques were seen in 3 or more regions examined in 7 of 38 elderly 

TBI cases (18.4%) compared to just 1 of the 38 uninjured elderly-controls (2.6%, p 

= 0.025, Chi-squared test, Figure 5-5, Table 5-4).  

 

 

 

 

 

 

 

 

 

 

Table 5-4 Modified Thal score for regional distribution of Aβ plaque within elderly 

controls and elderly TBI patients 

 

Control TBI Control TBI Control TBI

0 Regions 9 12 13 19 30 20

1-2 Regions 24 11 21 10 7 11

3-4 Regions 5 15 4 9 1 7

Chi-squared

Cramer's V

p = 0.006 p = 0.031 p = 0.025

0.367 0.302 0.312

All plaque Diffuse plaque Neuritic plaque
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This increase in the distribution of Aβ plaque is driven by a hierarchical increase 

in plaque deposition in elderly TBI patients. Overall, Aβ plaque was observed 

widely in the cingulate and hippocampal regions across cohorts, but deposits 

within the deeper thalamic regions were more frequently observed in elderly TBI 

(13 of 38, 34.2%) compared to elderly controls (5 of 38, 13.2%, p = 0.031 Chi-

squared test, Cramer’s V = 0.248). Aβ plaques were also observed exclusively 

within the cerebellum of TBI survivors displaying extensive pathology across 

multiple other regions and were absent within this region in all uninjured, age-

matched controls.  

 

 

 

 

Figure 5-6 Graphical representation of the comparison of regional distribution of Aβ plaque 
for all, diffuse and neuritic plaque between elderly controls and elderly TBI patients. An 
increase in the proportion of elderly TBI cases with amyloid-beta plaque in 3-4 regions is present 
in all plaque subgroups, compared to uninjured elderly controls. (* p < 0.05, ** p < 0.01, Pearson’s 
chi-squared). 
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5.3.4  Tau NFT pathology 

The extent and distribution of NFTs across brain regions were examined using a 

modified version of the Braak et al (2006) method of semi-quantitative scoring 

(Johnson 2012). Both uninjured control and TBI cohorts demonstrated a similar 

extent and distribution of phospho-tau pathology, with NFTs present in 35 of 37 

elderly uninjured control cases (95%) compared to 34 of 37 (92%) of elderly TBI 

patients (NS; Fisher’s exact test, Figure 5-6).  

 

Both elderly TBI and age-matched uninjured control cases demonstrated mild 

pathology, with occasional tau neurofibrillary tangles (NFTs) observed within the 

superficial layers of the transentorhinal cortex and sporadically within the CA1 

region of the hippocampal formation. In elderly TBI and control cases with more 

severe NFT pathology, widespread tangles were observed throughout the 

hippocampal formation and subiculum, with comprehensive involvement of 

cortical laminae of the fusiform and entorhinal cortex as well as previously 

affected transentorhinal cortex. Additionally, in these cases, tau NFT pathology 

was observed throughout the crests of the cingulate gyrus, superficial frontal 

gyrus, and insular cortex, with clusters of tangles also observed at the sulcal 

depths.  

 

Semi-quantitative analysis of density and distribution of tau NFT pathology 

demonstrated that TBI patients did not display more extensive pathology than age-

matched, uninjured controls (NS, Mann-Whitney U test, Figure 5-6). In cases of 

uninjured elderly controls, 16 of 37 cases (43%) met the criteria for score 1 

classification, with tangles in the transentorhinal cortex and CA1 of the 

hippocampus, while 19 of 37 (51%) of elderly patients who died acutely following 

TBI also scored 1. Score 2 classification for uninjured controls was 18 of 37 cases 

(49%) and 13 of 37 (35%) for TBI patients, with further extension of NFTs into the 

fusiform gyrus as well as equal pathology in the regions present for Score 1. Lastly, 

only 1 of 37 (3%) uninjured controls met the criteria of score 3 classification, with 

extensive NFTs throughout the hippocampus, subiculum, and greater involvement 
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of neocortical regions, whereas 2 of 37 TBI cases (5%) of cases were classed as 

Score 3 pathology.  

 

 

 

 

 

 

 

 

 

Figure 5-7 Graphical representation of extent and distribution of neurofibrillary tangles 
(NFTs) in elderly uninjured controls and elderly TBI patients. No increase in the extent or 
distribution of NFTs in elderly TBI patients compared to age-matched, elderly controls (NS; 
Fisher’s exact test). 
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5.4 Discussion 

This study demonstrates histological evidence of an increase in the extent of 

neuritic Aβ plaque deposition in the acute period following moderate to severe 

single TBI, in elderly individuals compared to age-matched, uninjured controls. 

There was also a significant difference in the regional distribution of overall, 

diffuse and neuritic plaque, with an increase in the proportion of elderly TBI cases 

with Aβ plaque pathology in three or more regions compared to uninjured elderly 

controls. Concurrently, there was no increase in the extent or distribution of NFTs 

in TBI patients compared to their uninjured counterparts. 

 

Aβ deposition is not only a hallmark and contributing driver of disease in AD (Ittner 

& Götz, 2011; Potter & Wisniewski, 2012; Selkoe & Hardy, 2016) but is also an age-

associated pathology (Blumenthal, 2004; Price & Morris, 1999; Quigley et al., 

2011; K. M. Rodrigue et al., 2009), known to precede any initial signs of cognitive 

decline. Estimates suggest that an interval of 20-30 years may occur between the 

primary development of Aβ positivity and the onset of dementia (Jansen et al., 

2015), while Aβ deposition has been shown in 29% of healthy, older controls (Jack 

et al., 2009).  

 

To this end, we would expect to observe Aβ plaque pathology within both cohorts 

examined in this study, as they were pooled from across a spectrum of older 

patients. Our uninjured elderly controls were carefully selected to have no history 

of neurodegenerative disease and at post-mortem, any pathological changes were 

put down to normal ageing. However, one area where this study observed a 

difference, was in the extent of neuritic Aβ plaque deposition in elderly TBI 

patients compared their age-matched, uninjured controls, where neuritic plaques 

were found in 53% of TBI patients compared to 29% of control participants. This is 

potentially substantial, as whilst diffuse plaque is known to accumulate in non-

cognitively impaired normal ageing (Malek-Ahmadi et al., 2016; Morris, Storandt, 

McKeel, et al., 1996; Teissier et al., 2020b) and also in younger adult TBI patients 

in the acute period after moderate to severe TBI (Roberts 1994, Smith 2003, 

Ikonomovic 2004, DeKosky 2007), mature and densely-cored, neuritic plaques are 

related to later-stage clinical AD (Mirra et al., 1991) and long-term survival after 

moderate/severe sTBI in younger adults (Johnson et al., 2010, 2012).  
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The distribution of Aβ plaque aggregates within regions of the brain is a diagnostic 

marker of AD, with a sequential development of plaque pathology in a hierarchical 

manner. The 2012 National Institute on Aging-Alzheimer's Association (NIA-AA) 

guidelines (Hyman 2012) utilises the system of grading disease progression set out 

by Thal et al., 2002, where Aβ plaque deposition develops into regions which 

receive projections in an anterograde fashion, from areas which already display 

build-up of Aβ plaques. Using a similar tiered method of grading the evolution of 

pathology within the brain, elderly TBI patients exhibited a pattern of Aβ 

distribution which follows the model of disease of quantification set out by Thal 

et al for AD, whereby regional distribution increases with disease state and 

neuropathological decline.  

 

Tau pathology is the other protein aggregate that we examined in this study, as it 

is again a major component for diagnosis of AD (Braak et al., 2006), seen to 

develop in typical ageing (Price & Morris, 1999)) as well as a pathology found in 

the chronic stages after TBI (Johnson et al., 2012) and in cases of repetitive TBI 

in younger-adult patients (Arena et al., 2020; Stewart et al., 2016). However, the 

changes in the extent and distribution of Aβ plaques in the elderly TBI patients 

examined here was not paired with a similar increase in the extent or distribution 

of tau pathology compared to the elderly controls, similar to the lack of NFTs 

observed in the acute period following TBI in younger-adult patients (C. Smith et 

al., 2003). Therefore, age appears contribute to a greater extent on the 

development and progression of Aβ pathology in the acute period following injury, 

as it seems to increase in isolation from other markers of disease such as NFTs.   

 

Controlled cortical impact (CCI) models of TBI in aged mice demonstrate greater 

neurodegeneration and increased functional deficits compared to sham animals 

(Onyszchuk et al., 2008), while another study found an increase in thalamic 

pathology in aged mice following injury (Onyszchuk et al., 2009). This is akin to 

the increase in Aβ pathology in the thalamic regions in elderly TBI patients we 

observed, compared to uninjured elderly controls (p=0.031, Chi-squared test). CCI 

models of TBI in transgenic AD mouse models have also been shown to rapidly 

develop amyloid-beta deposition within days of TBI (Washington et al., 2014), and 

while this has also been observed in correlation with increase in accumulation of 

NFTs (Tran et al., 2011), this was not observed in this study. 



131 
 
Interestingly, clearance of trauma-induced amyloid-beta deposits and reduction 

in cognitive deficits were observed in both Alzheimer’s-transgenic (Washington et 

al., 2014) and wild-type mice (Shishido et al., 2019), suggesting TBI as a risk factor 

for acute cognitive impairment but that the transience of amyloid-beta deposition 

following TBI could limit the long-term contribution to neurodegeneration. 

Amyloid turnover and degradation of clearance pathways is believed to contribute 

to AD through a variety of mechanisms (Baranello et al., 2015; Cockerill et al., 

2018; Hickman et al., 2008), pathways which may play a similarly important role 

in the clearance of Aβ following TBI (Johnson et al., 2010). However, there is still 

little understanding of how the combination of TBI and age effects methods of 

amyloid turnover, but the acute development and distribution of neuritic, senile 

plaques observed in the elderly TBI cohort indicates that TBI could exacerbate the 

build-up of these proteins and result in a further backlog of clearance process.  

 

This study observes a state of pathology of increased neuritic Aβ plaque, which 

has developed within an acute timeframe of less than 2 weeks in these older TBI 

patients, similar to that seen in clinical Alzheimer’s disease. One suggestion could 

be that these are patients who demonstrated an increase in the quantity of 

neuritic plaque and were exposed to a TBI due to the neurodegenerative processes 

which were already present within their brain, but which weren’t demonstrating 

other cognitive changes which might have resulted in a clinical diagnosis of NDD. 

Aβ pathology has long been thought of as an initial pathogenic event in AD 

development (Morris et al., 1996), and both post-mortem (Malek-Ahmadi et al., 

2016) and imageing studies (Jack et al., 2009; Mintun et al., 2006; Pike et al., 

2007; Rowe et al., 2007, 2010; Villemagne et al., 2021; Vlassenko et al., 2012) 

indicate that Aβ pathology is present in approximately 25% portion of healthy older 

individuals aged over 75, whilst correlating with early memory changes in non-

demented individuals (Lowe et al., 2009; Pike et al., 2007; Teissier et al., 2020b). 

Preclinical individuals are also at a higher risk of falls (Bollinger et al., 2021; Stark 

et al., 2013), while falls in cognitively normal individuals are associated with 

neurodegenerative markers such as Aβ (Keleman et al., 2020). Therefore, if it is 

as thought, and Aβ deposition is demonstrative of pre-clinical AD (Bäckman et al., 

2005; Levey et al., 2006; Pike et al., 2007; Price & Morris, 1999; Small et al., 

2007; D. R. Thal et al., 2004, 2014) and they are also at increased risk of TBI from 

falls, then these vulnerable individuals will benefit most widely from therapies 
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aimed at reducing amyloid burden (Panza et al., 2019; Shi et al., 2022; van Dyck 

et al., 2022) 

 

The main limitation of this study is that it is a retrospective examination of a 

cohort of patients who have passed away following traumatic brain injury. The 

data available to us are from comprehensive pathology reports written by 

consultant pathologists, however we do not have access to a patient’s entire 

clinical record. Information such as family history, post-injury treatment 

provision, cognitive assessment or any imaging examinations undergone would 

enable us to follow the progression of any neurodegenerative changes during their 

lifetime, and make this study more comparable to research into other 

neurodegenerative diseases such as AD. As such, it is not possible to link the 

observations in differences in the neuropathology with any clinical changes during 

the patient’s lifetime as we do not have a record of each patient’s pre-TBI 

functional status. These methodologies are increasingly being used in the field of 

human TBI research (PREVENT Football/Rugby), however this chapter considers 

purely the pathological changes observed in the brains of patients who were 

examined either following TBI or in age-matched, uninjured control 

subjects.  Nevertheless, when stratifying by TBI severity and age, injury has been 

proven to sharply increase the risk of dementia across all ages (Gardner & Yaffe, 

2014) 

 

Cerebral ageing is a complex process, causing multiple age-related changes to 

brain size, vasculature, protein accumulation (Peters, 2006; Schöll et al., 2016), 

specifically the build of Aβ deposits within the brain (Aizenstein et al., 2008; Gu 

et al., 2015; Malek-Ahmadi et al., 2016; K. Rodrigue et al., 2012), however it is 

not always associated with increased incidence of dementias. The relationship 

between the hallmarks of natural ageing and accelerated ageing of 

neurodegenerative disease such as AD are blurred, with the involvement of TBI-

induced deposition and how it may relate to any resulting cognitive decline still 

an important question which highlights the importance of examining TBI in relation 

to appropriately age-matched uninjured controls. Roberts et al., 1994 observed 

an acute increase in the prevalence of plaque in their older cases, this study has 

gone further to examine the extent and distribution of amyloid-beta plaque and 

we demonstrate a similar increase in both, compared to uninjured controls. This 
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supports the theory that TBI is associated with an increase in the extent of neuritic 

plaque and change to the regional distribution of overall, diffuse and neuritic Aβ 

plaque deposition in elderly patients.  
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6 Chapter 6 – Development of a protocol to analyse 

differences in proteomes of Alzheimer’s disease, 

rTBI and uninjured controls 

6.1 Introduction 

Traumatic brain injury (TBI) is a major cause of morbidity and mortality globally 

with approximately 2.8 million people sustaining a TBI in the United States (US) 

each year (Taylor et al., 2017). TBI is also a leading environmental risk factor for 

the development of neurodegenerative disease later in life (Collins et al., 2020; 

Fleminger, 2003; Gardner & Yaffe, 2014; Gavett et al., 2010; Li et al., 2017; LoBue 

et al., 2018; Nordström & Nordström, 2018; Plassman & Grafman, 2015; 

Sivanandam & Thakur, 2012; Washington et al., 2016), in particular chronic 

traumatic encephalopathy (CTE). The chronic effects of TBI have been 

documented for almost 100 years, with the coinage of terms such as “traumatic 

encephalopathy” (Osnato & Giliberti, 1926) and “punch-drunk” symptoms 

(Martland 1928) leading to the use of the term CTE to describe the 

neuropathological changes observed following repetitive mild TBI (Edwards et al., 

2017; McKee et al., 2009, 2013, 2015; Omalu et al., 2011; D. Smith et al., 2013b; 

Stewart et al., 2016) and in patients who survive in the long-term following a 

moderate to severe single TBI (Johnson et al., 2012; Kenney et al., 2018; 

Washington et al., 2016; Zanier et al., 2018). However, understanding of the 

cellular and molecular dynamics of both single and repeat TBI are lacking, and 

future work is required to provide insight into disease mechanisms and future 

therapeutic care.  

Neuropathology observed after TBI is characterised not only by the initial primary 

pathology such as haemorrhagic damage and diffuse axonal injury, but also a 

secondary cascade of neurodegenerative processes associated with dementia, 

including cerebral atrophy (Bernick et al., 2020; Harris et al., 2018), 

neuroinflammation (Johnson, et al., 2013; Loane & Kumar, 2016) and 

proteinopathies. Misfolding and/or aggregation of proteins is a cornerstone 

pathology of neurodegenerative diseases, with Alzheimer’s disease (AD) (Gamblin 

et al., 2003; Hardy & Selkoe, 2002; Ittner & Götz, 2011), frontotemporal dementia 
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(FTD) and amyotrophic lateral sclerosis (ALS) (Neumann et al., 2006), and 

Parkinson’s disease (Polymeropoulos et al., 1997)  all affected and defined by 

proteinopathies.  

The abnormal accumulation of pathological proteins related to neurodegenerative 

disease is also seen both acutely and chronically following injury. In the acute 

phase after single moderate to severe TBI (sTBI), proteins such as alpha-synuclein 

(αsyn) (Ikonomovic et al., 2004; Newell et al., 1999), phospho-independent TAR 

DNA-binding protein 43 (TDP-43)(Johnson et al., 2011) and amyloid-beta (Aβ) 

(DeKosky et al., 2007; Ikonomovic et al., 2004; G. W. Roberts et al., 1991, 1994; 

D. Smith et al., 2003) aggregate, while deposition of proteins is also observed in 

the chronic period following injury (Johnson et al., 2011, 2012; McKee et al., 

2013). Patients exposed to repetitive mild TBI (rTBI) such as retired professional 

sports players, often demonstrate a differing phenotype of protein deposition to 

sTBI patients. Cytoplasmic phosphorylated, rather than TDP-43 contributes to a 

diagnosis of CTE (King et al., 2010; McKee et al., 2010, 2013, 2016), abundant 

diffuse Aβ plaques (McKee et al., 2016; G. Roberts et al., 1990; Stein et al., 2015; 

Tokuda et al., 1991), and distinctive phosphorylated tau aggregates at depths of 

cortical sulci as neurofibrillary tangles (NFT) and glial tau inclusions (Arena et al., 

2020; Kanaan et al., 2016; McKee et al., 2009, 2013; Mez et al., 2017; Saing et 

al., 2012; Schmidt. et al., 2001) are associated with CTE, and form a cornerstone 

of the disease staging in the current consensus diagnosis methodology (McKee et 

al., 2016). 

Formalin fixed, paraffin embedded tissue (FFPE) has been used for decades to 

diagnose disease and evaluate tissue histology, but due to issues with protein 

extraction and peptide identification/quantification due to formaldehyde induced 

inter- and intra-molecular cross linking large archival FFPE tissue banks remain 

largely idle (Bedino, 2003; Tran et al., 2011). Quantitative proteomics of fresh 

post-mortem tissue of patients suffering from AD (Andreev et al., 2012; Butterfield 

& Castegna, 2003; Donovan et al., 2012; Sultana et al., 2007; Q. Wang et al., 2005) 

and PD (Basso et al., 2004; C. J. Werner et al., 2008) have identified proteins 

biochemically altered in disease, providing potential insight into key molecular 

pathways of neurodegeneration. Similarly, analysis of the proteome of frozen 

tissue from patients following TBI, highlight enrichment of proteins that are 

corelated with pathology staging (Abu Hamdeh, Shevchenko, et al., 2018; Cherry 

et al., 2018), with the hope that proteomic approaches may aid identification of 
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clinically useful biomarkers and advancement of therapeutic care (Lizhnyak & 

Ottens, 2015; Mi et al., 2014; Opii et al., 2007; K. Wang et al., 2004). Recent 

progress in methodologies of using FFPE tissue in proteomic research (Ostasiewicz 

& Wiśniewski, 2017; Tanca et al., 2012) has enabled recent studies to provide 

accurate and meaningful data, identifying novel disease associated proteins and 

pathways in AD (E. Drummond et al., 2017; E. S. Drummond et al., 2015). 

The use of archival FFPE tissue from patients who have suffered a TBI would enable 

important comprehensive comparison of proteins aggregating within TBI and AD 

cohorts. The pathological changes driving post-TBI neurodegeneration and how 

they are related to other dementia diseases are still poorly understood, meaning 

that potential targets for intervention and specific therapies against development 

of dementia remain elusive. The opportunity to identify a unique marker of TBI 

pathology made possible by expanding the understanding the molecular changes 

following TBI could advance the field exponentially. 

 

Aim: To develop a protocol for the successful identification of  proteomes from 

archival FFPE tissue across a selection of cohorts including rTBI patients, 

individuals diagnosed with Alzheimer’s disease and uninjured, age-matched 

controls. 
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6.2 Specific methods 

6.2.1  Method 1: Laser microdissection of Aβ plaques from FFPE 

tissue and downstream analysis 

6.2.1.1  Case selection 

All tissue was selected from the holdings of the Glasgow Traumatic Brain Injury 

Archive of the Department of Neuropathology, Glasgow, UK. All material was 

obtained following routine diagnostic autopsy examination at the same institution 

and approved for use in this study by the Greater Glasgow and Clyde Bio-repository 

Governance Committee. 

A case with diagnosis of AD (n=1) and a case of a professional sports player with a 

history of rTBI (n=1) were selected from the archive. Detailed reports of diagnostic 

post-mortem evaluation were available. Full clinical and demographic information 

for each cohort in this overall study is presented in Table 6-1. 

 

6.2.1.2  Brain tissue preparation 

Whole brains underwent standard immersion fixation in 10% formal saline at 

autopsy for a minimum of 3 weeks prior to dissection, standardised sampling, 

block selection and processing to paraffin. For this portion of the study, paraffin 

tissue blocks from a coronal slice of the cerebral hemispheres at the level of the 

lateral geniculate nucleus were selected to include the cingulate gyrus and 

adjacent corpus callosum.  
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AD rTBI Controls AD rTBI

(n=2) (n=4) (n=3) (n=2) (n=6)

Mean age of tissue (range), 

years
31 (0) 7 (17) 23.3 (4) 31.0 (2) 2.5 (1-5)

Mean age (range), years 86 (6) 74 (10) 69.7 (7) 78.8 (20) 75.5 (14)

Males, n (%) 1 (50) 4 (100) 3 (100) 3 (100) 6 (100)

Mean post-mortem delay 

(range), hours
81 (0) 36 (12) 33.3 (52) 2.75 (0.5) 48 (0)

Professional Sport 

Participation, n (%)

Football n/a 2 (50) n/a n/a 5 (83.3)

Rugby n/a 1 (25) n/a n/a 1 (16.7)

Boxing n/a 1 (25) n/a n/a 0

Cause of death, n (%)

Acute Cardiac Failure - - 1(33.3) - -

Alzheimer's disease 1 (50) - - 2 (66.6) -

Bronchopneumonia - 1 (25) - - 1 (16.7)

CTE - - - - 3 (50)

DLB - 1 (25) - - 1 (16.7)

Normal pressure hydrocephalus - - 1(33.3) - -

Pulmonary ingestion 1 (50) - - 1 (33.3) -

Respiratory Failure - - 1(33.3) - -

Sepsis - 1 (25) - - -

Unknown - - n/a - -

Vascular dementia - 1 (25) - - 1 (16.7)

Dementia Diagnosis

AD 2 (100) - - 3 (100) -

AD, Alzheimer's disease; CTE, Chronic traumatic encephalopathy: DLB, Dementia with Lewy 

Bodies; rTBI, repetitive TBI

Initial Methods 

Experiments
Final Cohort

Table 6-1 Demographic and clinical information of chapter 6 cohorts 

 

Figure 6-1 Representative images of targeted collection of amyloid-β plaques gathered using 
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Figure 6-22 Representative structural outline of method development for proteomic 
analysis of archival FFPE 
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6.2.1.3  Immunohistochemistry 

From the rTBI FFPE tissue block, 8μm-thick sections were prepared for 

immunohistochemistry. Sections were deparaffinised in xylene, rehydrated to 

water, and then immersed in aqueous solution of 3% hydrogen peroxide for 15 

minutes to quench endogenous peroxidases. Antigen retrieval via microwave 

pressure cooker was performed for 8 minutes in preheated 0.1M citrate buffer, 

followed by blocking in 50µL of normal horse serum (Vector Laboratories, 

Peterborough, UK) per 5 mL of Optimax buffer (BioGenex, San Ramon, CA) for 30 

minutes.  

Once blocked, overnight incubation with primary antibodies was performed at 4°C 

for 20 hours. Primary antibody was selected to reveal Aβ (clone 6F3D; 1:75; Dako, 

Santa Clara, CA). Following overnight incubation, biotinylated secondary antibody 

was then applied for 30 minutes (IgG, 1:200), followed by avidin-biotin complex 

as per the manufacturer’s instructions (1:50; Vectastain Universal Elite kit, Vector 

Laboratories). Visualisation was achieved using 3,3’-diaminobenzidine (DAB) 

peroxidase substrate kit (Vector Laboratories) followed by counterstaining with 

haematoxylin. Sections were then left to air dry for 10 minutes. 

 

6.2.1.4  Laser capture microdissection (LCM) 

Microdissection of Aβ plaques was undertaken using the Arcturus® XT system and 

CapSure® Macro LCM caps. Once the slide had been appropriately set up on the 

Arcturus, with a cap placed onto the relevant area of the section and set up for 

the infra-red (IR) laser with the relevant testing undertaken, targeted 

microdissection of Aβ plaques was undertaken with the cap replaced upon the 

slide to capture approximately 300 plaques per cap. Caps were then moved to the 

QC station of the Arcturus and placed within a sterile microcentrifuge tube to be 

stored at -80°C until 30 caps had been collected. 
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6.2.1.5  Whole tissue section curl collection and dewaxing 

From both tissue blocks, 2 10μm-thick sections were cut and placed into a sterile 

1.5ml microcentrifuge tube using sterile disposable forceps until each sample had 

a total weight of 0.3g. A sterile environment was maintained at all times and 

between each sample.   

To each microcentrifuge tube of a whole tissue section, 1ml of analar xylene was 

added and vortexed for 1 minute before being centrifuged at 13000rpm for 5 

minutes. The xylene was decanted taking care to retain the section and 1ml of 

analar ethanol added, the tube vortexed for 1 minute and centrifuged at 

13000rpm for 5 minutes. This step was repeated with a second wash of 1ml of 

ethanol and the waste ethanol decanted.  Each microcentrifuge tube was covered 

with a layer of Parafilm and pierced several times and the samples dried in a heat 

block at 55-60 ֯C for 1-3 hours. Samples were then stored at -80֯C with the samples 

collected by LCM. 

 

6.2.1.6  Sample lysis, digestion and filter aided sample preparation (FASP) 

SDS lysis buffer was made up with 50ml of pH7.6 Tris, 2g 4% SDS and 0.75g of DTT 

(100mM) and cells lysed using a 1:10 sample to buffer ratio. All samples were 

thawed to room temperature. For the whole tissue samples 200µl of SDS lysis 

buffer was added and sample homogenised utilising a micro-pestle. For the LCM 

samples on the CapSure caps, each was placed on a flat, clean surface, film side 

up. 15µl of buffer was placed onto the surface of the cap film and incubated for 

1 minute. The buffer was aspirated and dispensed up and down with a pipette 

several times to solubilise the plaques, being careful not to scrape the polymer 

surface of the cap. The extraction buffer was then collected in a microcentrifuge 

tube and samples from all caps collated into the one tube, reusing the SDS buffer 

so that a maximum of 200µl of buffer is used. Both whole tissue sample and 

collated LCM sample were then incubated at 95ºC for 5 minutes before being 

centrifuged at 16000xg for 5 minutes.  

Urea buffer A (UA) was made up using 20ml of 100mM tris (pH 8.5) and 9.6g of 

urea (8M) and Urea buffer B (UB) using 10ml of 100mM tris (pH 8.0) and 4.8g of 

urea (8M). Iodoacetamide (IAA) was made up using 10mls of UA and 0.09g of IAA, 
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it must be kept in the dark. Ammonium bicarbonate solution was made using 50mls 

of dH2O and 0.175g of ammonium bicarbonate.  

Up to 30µl of protein extract was placed in the filter unit along with 200ul of UA 

and centrifuged at 14000xg for 40 minutes with this step repeated again. The flow-

through from the collection tube was discarded and 100ul of IAA solution placed 

in the filter unit, mixed at 600rpm for 1 minute before incubating without 

movement for 20 minutes. 100ul of UB was placed in the filter unit and centrifuged 

at 14000xg for 40 minutes. 40ul of UB with endoproteinase Lys-C (at an enzyme to 

protein ratio of 1:50) was placed in the filter unit, mixed at 600 rpm for 1 minute 

before incubation in a wet chamber overnight. Samples in the filter units were 

transferred to a new collection tube and 120ul of ammonium bicarbonate solution 

with trypsin (at an enzyme to protein ratio of 1:100) was added to each filter unit, 

mixed at 600rpm for 1 minute and incubated at room temperature for 4 hours. 

The filter units were spun at 14000xg for 40 minutes. 50ul of 0.5M sodium chloride 

in 10% acetyl nitrate was added to each spin filter unit and centrifuged at 14000xg 

for 20 minutes. Samples were now in the final collection tube and acidified with 

1% trifluoracetic acid. 

6.2.1.7  Liquid-chromatography mass-spectrometry (LCMS) and protein 

identification 

Dry peptides residues were solubilized by 5% acetonitrile with 0.5% formic acid 

using the auto-sampler of a nanoflow uHPLC system (Thermo Scientific RSLCnano). 

Online detection of peptide ions was by electrospray ionisation (ESI) mass 

spectrometry MS/MS with an Orbitrap Elite MS (Thermo Scientific).  

Ionisation of LC eluent was performed by interfacing the LC coupling device to an 

NanoMate Triversa (Advion Bioscience) with an electrospray voltage of 1.8 kV.  An 

injection volume of 1-2 µL of the reconstituted protein digest were desalted and 

concentrated for 10 min on trap column (0.3 × 5 mm) using a flow rate of 25 l / 

min with 1 % acetonitrile with 0.1 % formic acid.  Peptide separation were 

performed on a Pepmap C18 reversed phase column (50 cm × 75 µm, particle size 

3 µm, pore size 100 Å, Thermo Scientific) using by a solvent gradient at a fixed 

solvent flow rate of 0.3 l / min for the analytical column. The solvent composition 

was A) 5 % DMSO, 0.1 % formic acid in water B) 5 % DMSO, 0.1 % formic acid in 

acetonitrile. The solvent gradient was 4 % B for 10 min, 4 to 32 % for 170 min, 32 
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to 80 % for 15 min, held at 80 % for 5 min. A further 10 minutes at initial conditions 

for column re-equilibration was used before the next injection.   

The Orbitrap Elite acquired full-scan MS in the range 300 to 2000 m/z for a high-

resolution precursor scan at 30,000 RP (at 400 m/z), while simultaneously 

acquiring up to the top 20 precursors were isolated at 0.7 m/z width and subjected 

to CID fragmentation (35 % NCE) in the linear ion trap using rapid scan mode. 

Singly charged ions are excluded from selection, while selected precursors are 

added to a dynamic exclusion list for 30s. 

Protein identifications were assigned using the Mascot search engine (v2.6.2, 

Matrix Science) to interrogate protein sequences in the NCBI Genbank database, 

allowing a mass tolerance of 10 ppm for the precursor and 0.3 Da MS/MS matching. 

 

6.2.1.8  Repeat sample preparation for second samples  

Certain steps in this methodology were repeated for a second cohort (Table 6.1), 

where LCM was undertaken on sections taken through IHC for Aβ, from 1 case with 

a history of rTBI and 2 cases with a diagnosis of AD, and Aβ plaques collected using 

the Arcturus® XT system and CapSure® Macro LCM caps. These samples then went 

through the same sample lysis, digestion and FASP followed by LCMS and protein 

identification. 

 

6.2.2  Method 2: Proteomic analysis of FFPE whole tissue section 

with additional formic acid solubilisation 

6.2.2.1 Case selection 

All tissue was selected from the holdings of the Glasgow Traumatic Brain Injury 

Archive of the Department of Neuropathology, Glasgow, UK. All material was 

obtained following routine diagnostic autopsy examination at the same institution 

and approved for use in this study by the Greater Glasgow and Clyde Bio-repository 

Governance Committee. 
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A case of a professional sports player with a history of rTBI (n=1) was selected 

from the archive. Detailed reports of diagnostic post-mortem evaluation were 

available. Full clinical and demographic information for each cohort in this overall 

study is presented in Table 6.1. 

 

6.2.2.2  Brain tissue preparation 

This was carried out as seen in 6.2.1.2 

 

6.2.2.3  Whole tissue section curl collection and dewaxing 

From the tissue block, 2x 10μm-thick sections were cut and placed into a sterile 

1.5ml centrifuge tube using sterile disposable forceps until each sample had a 

total weight of 0.3g. Two samples were collected from this case for comparison 

of downstream proteomics with additional formic acid solubilization step and 

without. A sterile environment was maintained at all times and between each 

sample.   

To each microcentrifuge tube of a whole tissue section, 1ml of analar xylene was 

added and vortexed for 1 minute before being centrifuged at 13000xg for 5 

minutes. The xylene was decanted taking care to retain the section and 1ml of 

analar ethanol added, the tube vortexed for 1 minute and centrifuged at 13000xg 

for 5 minutes. This step was repeated with a second wash of 1ml of ethanol and 

the waste ethanol decanted.  Each microcentrifuge tube was covered with a layer 

of Parafilm and pierced several times and the samples dried in a heat block at 55-

60 ֯C for 1-3 hours and samples stored at -80 ֯C. 

 

6.2.2.4  Formic acid solubilisation 

Formic acid (FA) solution was made up at 70% using LCMS-grade FA and LCMS-grade 

dH2O. 100mM ammonium bicarbonate, 20% acetyl nitrate was made up using 

0.395g of ammonium bicarbonate in 40ml of dH2O and 10ml of ACN.  
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Each sample was thawed to room temperature and 150ul of the 100mM ammonium 

bicarbonate, 20% acetyl nitrate added to each sample and centrifuged at 14000xg 

for 5 minutes. Both samples were incubated at 95ºC for 1 hour and then 65ºC for 

2 hours in preheated heat blocks with each sample wrapped in parafilm to keep 

the microcentrifuge tubes closed. The samples were cooled to room temperature 

and spun at 14500xg for 3 minutes before being placed in the SpeedVac vacuum 

centrifuge to dry out for approximately an hour. 90ul of the formic acid was placed 

into one sample, vortexed well and both samples incubated at room temperature 

overnight. 

Both samples were then sonicated for 5 minutes using a water bath sonicator and 

vortexed 3 times in that 5 minutes before the formic acid sample was dried in the 

SpeedVac vacuum centrifuge. The samples were then resuspended in 200ul of SDS 

lysis buffer made up with 50ml of pH7.6 Tris, 2g 4% SDS and 0.75g of DTT (100mM) 

and homogenised with a micro-pestle.  

 

6.2.2.5  Sample lysis, digestion, FASP, LCMS and protein identification 

This was carried out using the same protocol as 6.2.1.6 and 6.2.1.7 

 

6.2.3  Method 3: Proteomic analysis of FFPE whole tissue portion 

with specialised FFPE FASP kit 

6.2.3.1 Case selection  

All tissue was selected from the holdings of the Glasgow Traumatic Brain Injury 

Archive of the Department of Neuropathology, Glasgow, UK. All material was 

obtained following routine diagnostic autopsy examination at the same institution 

and approved for use in this study by the Greater Glasgow and Clyde Bio-repository 

Governance Committee. 

A case of a professional sports player with a history of rTBI (n=1) was selected 

from the archive. This case was selected due to the abundance of tissue available 

for this methodology. Detailed reports of diagnostic post-mortem evaluation were 
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available. Full clinical and demographic information for each cohort in this overall 

study is presented in Table 6.1. 

 

6.2.3.2  Brain tissue preparation 

Whole brains underwent standard immersion fixation in 10% formal saline at 

autopsy for a minimum of 3 weeks prior to dissection, standardised sampling, 

block selection and processing to paraffin. For this portion of the study, a paraffin 

tissue block from a coronal slice of the cerebral hemispheres at the level of the 

lateral geniculate nucleus were selected to include the frontal cortex. 

 

6.2.3.3  Lysis, digestion, FASP using FFPE-FASP kit 

The selected paraffin block was melted, and tip of gyrus removed to the weight 

of 0.693g, divided into smaller pieces and placed in a 15ml centrifuge tube. To 

the sample, 1ml of xylene was added and it was incubated with gentle agitation 

for 5 minutes. The sample was then centrifuged at 5,000xg for 5 minutes and 

excess xylene removed before repeating the process. To the sample, 1ml of 

absolute ethanol was added, centrifuged at 5000xg for 5 minutes and waste 

ethanol removed before repeating this process. The sample was then divided 

between two sterile 1.5ml microcentrifuge tubes before placed in a centrifugal 

vacuum for 30 minutes to dry the sample out. The tube was then weighed to 

enable accurate calculation of trypsin dilution required in later steps. The sample 

was then homogenised with universal protein extraction buffer (UPX - FFPE FASP 

Kit, Expedeon, San Diego, CA, US) using a dounce homogenizer and each sample 

tube covered with Parafilm whilst was incubated at 150°C for 30 minutes with 

agitation. The sample was then cooled to room temperature and pelleted at 

14,000xg for 15 minutes. The lysate for was then collated from the two 

microcentrifuge tubes. 

50µl of lysate was placed in the spin filter unit with 200µl of urea solution (FFPE 

FASP Kit, Expedeon, San Diego, CA, USA) and centrifuged at 15000xg for 30 

minutes. This was repeated a total of 5 times to use all of the lysate in the same 

sin filter tube with waste from the collection tube removed when full. At the same 
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time a control tube with only urea underwent the same process. The sample was 

then vortexed with 90µl of urea solution and 10 µl of 10x iodoacetamide solution 

(FFPE FASP Kit, Expedeon, San Diego, CA, USA) for 1 minute before incubation in 

the dark for 20 minutes at room temperature. This was then centrifuged at 

15000xg for 10 minutes. 100µl of urea solution was added and centrifuged for 15 

minutes, this was repeated twice. The collection tube was emptied of waste at 

this point. 100µl of 50mM ammonium bicarbonate (FFPE FASP Kit, Expedeon, San 

Diego, CA, USA) was added to the spin filter and the sample centrifuged for 10 

minutes at 15000xg, this stage was also repeated twice. The sample was moved 

to a new collection tube and 75µl of the trypsin solution (made up to a ratio of 

1:100 of enzyme to protein at 0.05µg/µl in 50mM ammonium bicarbonate) and 

incubated in a heat block at 37ºC for 18 hours with the tubes covered in parafilm 

to minimise evaporation.  

The spin filter was placed into a new collection tube and spun at 14,000 x g for 10 

minutes. To the spin filter, 50µl of 50mM ammonium bicarbonate was added and 

the sample spun at 14, 000 x g for 10 minutes before 50µl of acetyl nitrile was 

added and the sample spun again at 14,000 x g for 10 minutes. Lastly, 1µl of 

trifluoroacetic acid was added to the collection tube and vortexed to produce the 

final protein digest. 100µl of the sample was then placed into a multiwell liquid 

chromatography-mass spectrometry tray and transferred to the centrifugal 

vacuum dryer to dry before repeating this process to utilise all of the protein 

digest sample.  

 

6.2.3.4  LCMS and protein identification 

This was performed as in 6.2.1.7. 
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6.2.4  Method 4: Proteomic analysis of FFPE whole tissue section to 

optimise amount of lysate used with specialised FFPE-FASP kit 

6.2.4.1  Case selection 

All tissue was selected from the holdings of the Glasgow Traumatic Brain Injury 

Archive of the Department of Neuropathology, Glasgow, UK. All material was 

obtained following routine diagnostic autopsy examination at the same institution 

and approved for use in this study by the Greater Glasgow and Clyde Bio-repository 

Governance Committee. 

A case of a professional sports player with a history of rTBI (n=1) was selected 

from the archive. Detailed reports of diagnostic post-mortem evaluation were 

available. Full clinical and demographic information for each cohort in this overall 

study is presented in Table 6.1. 

 

6.2.4.2  Brain tissue preparation and whole tissue section curl collection 

Brain tissue preparation was performed as in 6.2.3.2. 

From the tissue block, 20μm-thick sections were cut and placed into a sterile 

1.5ml centrifuge tube using sterile disposable forceps. Two samples were 

collected from this case for comparison of downstream proteomics with to 

optimise the amount of lysate used with the following total weights for each 

sample: A2 weighed 0.9g, A2b weighed 0.4g. 

 

6.2.4.3  Lysis, digestion, FASP using FFPE-FASP kit 

To each sample, 2ml of xylene was added and it was incubated with gentle 

agitation for 5 minutes. The sample was then centrifuged at 5,000xg for 5 minutes 

and excess xylene removed before repeating the process. To the sample, 2ml of 

absolute ethanol was added, centrifuged at 5000xg for 5 minutes and waste 

ethanol removed before repeating this process. The sample was divided between 

two sterile 1.5ml microcentrifuge tubes before placed in a centrifugal vacuum for 
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30 minutes to dry the sample out. The sample pellet was weighed to enable 

accurate calculation of trypsin dilution required in later steps. The sample was 

homogenised with universal protein extraction buffer (UPX - FFPE FASP Kit, 

Expedeon, San Diego, CA, USA) using a dounce homogenizer and each sample tube 

covered with Parafilm whilst was incubated at 150°C for 30 minutes with 

agitation. The sample was then cooled to room temperature and pelleted at 

14,000xg for 15 minutes. The lysate for was then collated from the two 

microcentrifuge tubes. 

To optimise the amount of lysate utilised and reduce the number of times the 

sample has to be spun through the spin filter unit, there were three samples which 

went through the FFPE-FASP protocol. Sample A2i was 50ul of the lysate from 

sample A2 (original weight 0.9g of FFPR tissue), sample A2 was the remainder of 

the lysate from the 0.9g sample and sample A2b was all the lysate from the smaller 

FFPE whole tissue curls with an original weight of 0.4g.  

50µl of lysate was placed in the spin filter unit with 200µl of urea solution (FFPE 

FASP Kit, Expedeon, San Diego, CA, USA) at any one time and centrifuged at 

15000xg for 30 minutes. This was repeated for samples A2 and A2b to use all of 

the lysate in their respective spin filter units, with waste from the collection tube 

removed when full. At the same time a control tube with only urea underwent the 

same process.  

The samples were then vortexed with 90µl of urea solution and 10 µl of 10x 

iodoacetamide solution (FFPE FASP Kit, Expedeon, San Diego, CA, USA) for 1 

minute before incubation in the dark for 20 minutes at room temperature. These 

were then spun at 15000xg for 10 minutes. 100µl of urea solution was added and 

centrifuged for 15 minutes, this was repeated twice. The collection tubes were 

emptied of waste at this point. 100µl of 50mM ammonium bicarbonate (FFPE FASP 

Kit, Expedeon, San Diego, CA, USA) was added to the spin filters and the samples 

centrifuged for 10 minutes at 15000xg, this stage was also repeated twice. The 

samples in the spin filter unit were moved to a new collection tube and 75µl of 

the trypsin solution (made up to a ratio of 1:100 of enzyme to protein at 0.05µg/µl 

in 50mM ammonium bicarbonate relative to the weight of each sample) and 

incubated in a heat block at 37 C for 18 hours with the tubes covered in parafilm 

to minimise evaporation.  
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The spin filter was placed into a new collection tube and spun at 14,000 x g for 10 

minutes. To the spin filter, 50µl of 50mM ammonium bicarbonate was added and 

the sample spun at 14, 000 x g for 10 minutes before 50µl of acetyl nitrile was 

added and the sample spun again at 14,000 x g for 10 minutes. Lastly, 1µl of 

trifluoroacetic acid was added to the collection tube and vortexed to produce the 

final protein digest. 100µl of the sample was then placed into a multiwell liquid 

chromatography-mass spectrometry tray and transferred to the centrifugal 

vacuum dryer to dry before repeating this process to utilise all of the protein 

digest sample.  

 

6.2.4.4  LCMS and protein identification 

This was performed as in 6.2.1.7. 

 

6.2.5  Method 5: Proteomic analysis of FFPE whole tissue section 

with specialised FFPE FASP kit and the use of a protease 

inhibitor to prepare for multiple samples 

6.2.5.1 Case selection 

All tissue was selected from the holdings of the Glasgow Traumatic Brain Injury 

Archive of the Department of Neuropathology, Glasgow, UK. All material was 

obtained following routine diagnostic autopsy examination at the same institution 

and approved for use in this study by the Greater Glasgow and Clyde Bio-repository 

Governance Committee. 

A case of a professional sports player with a history of repetitive TBI (n=1) was 

selected from the archive. Detailed reports of diagnostic post-mortem evaluation 

were available. Full clinical and demographic information for each cohort in this 

overall study is presented in Table 6.1. 
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6.2.5.2 Brain tissue preparation and whole tissue section curl collection 

Whole brains underwent standard immersion fixation in 10% formal saline at 

autopsy for a minimum of 3 weeks prior to dissection, standardised sampling, 

block selection and processing to paraffin. For this portion of the study, paraffin 

tissue blocks from a coronal slice of the cerebral hemispheres at the level of the 

lateral geniculate nucleus were selected to include the frontal cortex.  

From the tissue block, 20μm-thick sections were cut and placed into a sterile 15ml 

centrifuge tube using sterile disposable forceps. 

 

6.2.5.3 Lysis, digestion, FASP using a FFPE-FASP kit with protease inhibitor 

To the sample in the 15ml centrifuge tube, 2ml of xylene was added and were 

incubated with gentle agitation for 5 minutes. The sample was centrifuged at 

5,000xg for 5 minutes and the excess xylene removed before repeating the 

process. To the sample, 2ml of absolute ethanol was added, sample centrifuged 

at 5000xg for 5 minutes and waste ethanol removed before repeating this process. 

The sample was then divided between two sterile 1.5ml microcentrifuge tubes 

before placed in a centrifugal vacuum for 30 minutes to dry the sample out. The 

sample pellet was then weighed to enable accurate calculation of trypsin dilution 

required in later steps. The universal protein extraction buffer (UPX - FFPE FASP 

Kit, Expedeon, San Diego, CA, US) was then made up with protease inhibitor 

(Expedeon, San Diego, CA, US) to obtain a 1x concentration (5mM). Each sample 

was homogenised with UPX buffer/protease inhibitor solution using a dounce 

homogenizer and each sample tube covered with Parafilm whilst was incubated at 

150°C for 30 minutes with agitation. The sample was then cooled to room 

temperature and pelleted at 14,000xg for 15 minutes. The lysate for the sample 

was then collated from the two microcentrifuge tubes - with care taken to not 

include any cellular debris or lipids, into one and placed in a freezer at -80°C 

overnight. 

 

Once defrosted, the samples were spun at 14,000xg for 10 minutes to separate 

any cellular debris or lipids. Then 50µl of the sample was aliquoted into a spin 
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filter and the remainder of the sample placed into a -80°C freezer. Into the spin 

filter of each sample, 200µl of urea solution (1ml of Tris hydrochloride per tube 

of urea – FFPE FASP kit, Expedeon, San Diego, CA, US) was added and the sample 

spun at 14, 000 x g for 30 minutes. This was then repeated, and the sample spun 

for 20 minutes. The flow through from the collection tube was discarded and 90µl 

of urea solution and 10µl of 10x IAA solution (100µl of urea per black tube of IAA 

- FFPE FASP kit, Expedeon, San Diego, CA, US) added to the spin filter which was 

then incubated in the dark for 20 minutes without agitation. The spin filter was 

then spun at 14,000xg for 10 minutes. To the spin filter, 100µl of urea solution 

was added and all samples were spun at 14,000xg for 15 minutes, this was 

repeated twice. Subsequently, 100µl of 50mM ammonium bicarbonate (FFPE FASP 

kit, Expedeon, San Diego, CA, USA) was added to each spin filter which was spun 

at 14,000xg for 10 minutes, and this process repeated twice. The flow through 

from the collection tube was discarded.  

Trypsin solution was then added to the spin filter (75µl made up to a 1µg trypsin: 

100µg protein dilution in 50mM ammonium bicarbonate), vortexed for 1 minute 

and incubated at 37ºC for 18 hours with the spin filter wrapped in Parafilm to 

minimise the effects of evaporation of the digest.  

Any sample which had condensed onto the lid of the spin filter was then pipetted 

back into the spin filter which was then placed into a new collection tube and 

spun at 14,000 x g for 10 minutes. To each spin filter, 50µl of 50mM ammonium 

bicarbonate was added and the samples spun at 14, 000 x g for 10 minutes before 

50µl of acetyl nitrile was added and the sample spun again at 14,000 x g for 10 

minutes. Lastly, 1µl of trifluoroacetic acid (TFA) was added to the collection tube 

and vortexed to produce the final protein digest. 

To prepare the sample for LCMS, 100µl of the sample was then placed into a 

multiwell liquid chromatography-mass spectrometry tray and transferred to the 

centrifugal vacuum dryer to dry before repeating this process to utilise all of the 

protein digest sample.   
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6.2.5.4  Nanoflow HPLC electrospray tandem mass spectrometry (nLC-ESI-

MS/MS) and protein identification 

Dry peptides residues were solubilized in 20 µL 5 % acetonitrile with 0.5 % formic 

acid using the auto-sampler of a nanoflow uHPLC system (Thermo Scientific 

RSLCnano). Online detection of peptide ions was by electrospray ionisation (ESI) 

mass spectrometry MS/MS with an Orbitrap Elite MS (Thermo Scientific). Ionisation 

of LC eluent was performed by interfacing the stainless steel nanobore needle 

with an electrospray voltage of 2.0 kV.  An injection volume of 5 µL of the 

reconstituted protein digest were desalted and concentrated for 12 min on trap 

column (0.3 × 5 mm) using a flow rate of 25 µl / min with 1 % acetonitrile with 0.1 

% formic acid.  Peptide separations were performed on a Pepmap C18 reversed 

phase column (75 cm × 75 µm, particle size 2 µm, pore size 100 Å, Thermo 

Scientific) using by a solvent gradient at a fixed solvent flow rate of 0.3 µl / min 

for the analytical column inside a thermostat column oven held at a constant 

60°C. The solvent composition was A) 0.1 % formic acid in water B) 0.08 % formic 

acid in 80% acetonitrile 20% water.  The solvent gradient was 4 % B for 12 min, 4 

to 60 % for 102 min, 60 to 99 % for 14 min, held at 99 % for 5 min. A further 9 

minutes at initial conditions for column re-equilibration was used before the next 

injection. The Orbitrap Elite acquired full-scan MS in the range 300 to 2000 m/z 

for a high-resolution precursor scan at 60,000 RP (at 400 m/z), while 

simultaneously acquiring up to the top 20 precursors were isolated at 0.7 m/z 

width and subjected to CID fragmentation (35 % NCE) in the linear ion trap using 

rapid scan mode. Singly charged ions are excluded from selection, while selected 

precursors are added to a dynamic exclusion list for 30s.  

 

Protein identifications were assigned using the Mascot search engine (v2.6.2, 

Matrix Science) to interrogate protein sequences in the Swissprot database using 

human taxonomy, allowing a mass tolerance of 10 ppm for the precursor and 0.3 

Da MS/MS matching. 
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6.2.6  Method 5 – Final Samples: Proteomic analysis of a cohort of 

FFPE whole tissue sections using FFPE-FASP kit and protease 

inhibitor to compare samples within TBI sub-cohorts and AD 

6.2.6.1 Case selection 

All tissue was selected from the holdings of the Glasgow Traumatic Brain Injury 

Archive of the Department of Neuropathology, Glasgow, UK. All material was 

obtained following routine diagnostic autopsy examination at the same institution 

and approved for use in this study by the Greater Glasgow and Clyde Bio-repository 

Governance Committee. 

One case of a professional sports players with a history of rTBI was selected from 

the archive for the first experiment using this method, while 6 rTBI cases of 

professional sports players with a history of repetitive TBI, alongside cases with a 

known diagnosis of AD (n=3), and age-matched controls (n=3) with no known 

history of TBI or neurological disease were selected for the second experiment.  

Detailed reports of diagnostic post-mortem evaluation were available. Full clinical 

and demographic information for each cohort in this overall study is presented in 

Table 6.1. 

 

6.2.6.2 Brain tissue preparation and whole tissue section curl collection 

Whole brains underwent standard immersion fixation in 10% formal saline at 

autopsy for a minimum of 3 weeks prior to dissection, standardised sampling, 

block selection and processing to paraffin. For this portion of the study, paraffin 

tissue blocks from a coronal slice of the cerebral hemispheres at the level of the 

lateral geniculate nucleus were selected to include the frontal cortex.  

For the first experiment, from the tissue block, 20μm-thick sections were cut to 

a weight of 0.9g and placed into a sterile 15ml centrifuge tube using sterile 

disposable forceps. For the second experiment, 20μm-thick sections were cut to 

a weight of 0.921g - 1.103g and placed into individual sterile 15ml centrifuge tube 

using sterile disposable forceps. 
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6.2.6.3 Lysis, digestion, FASP using FFPE-FASP kit with protease inhibitor 

This was undertaken using the protocol in 6.2.5.3. 

 

6.2.6.4 Nanoflow HPLC electrospray tandem mass spectrometry (nLC-ESI-

MS/MS) 

This was undertaken using the protocol in 6.2.5.4. 

 

6.2.6.5  Protein identification 

Protein identifications were assigned using the MaxQuant search engine (v1.6.5.0, 

Max Plank Institute, DE) to interrogate protein sequences in the UniProt database 

using human taxonomy (uniprot-proteome_UP000005640_human_22042020). 

Perseus software (v1.6.1.5, Max Plank Institute, DE) was subsequently used to 

process results to filter by: site, reverse, contaminants, identification by > 1 

peptide, before being grouped into cohorts and filtered so as to only include 

proteins identified in ≥70% of cases within a cohort.  

 

 

6.2.7  Statistical analysis 

All data were analysed using SPSS (Version 27; IBM, Inc) and R Project (R 

Foundation for Statistical Computing, AT). In SPSS, one-way ANOVA tests with 

Tukey post hoc test, were used to assess the differences in data between and 

within cohorts where applicable. Using Searchlight in R Project (Cole et al., 2021), 

for principal component analysis and Student’s t-test to compare protein 

expression between cohorts. All differences were significant where p ≤ 0.05. 

Effect size was measured using the partial Eta squared (ηp
2); where 0.01 

represents small effect size, 0.06 medium effect size, and > 0.14 large effect size. 
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6.3 Results 

6.3.1  Method 1: Laser capture microdissection (LCM) of Amyloid-β 

(Aβ) plaques from FFPE tissue and downstream analysis. 

LCM was used to identify and extract targeted Aβ plaques from FFPE sections cut 

on to standard slides and stained for BA4 primary antibody. Aβ plaques were 

observed using the microscope of the LCM and accurately removed from the tissue 

section using the infra=red (IR) target spot and adhered to the thermoplastic of 

the LCM caps (Figure 6-1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-2 Representative images of targeted collection of amyloid-β plaques gathered using 
laser capture microdissection (LCM). From the cingulate sulcus of a 79-year-old male former 
rugby player exposed to rTBI. (A) and (C) from before targeted collection, with red dots 
indicating the plaques to be captured and (B) and (D) of the same region after microdissection 
using an IR laser (Red dot). Scale bar = 500µm. 

A 
 

D 
 

C 
 

B 
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Once all appropriately sized plaques had been removed from the field of view of 

the LCM, the cap we repositioned to allow for further collection of Aβ plaques 

until the necessary 300 had been collected and the cap was then frozen at -80°C 

in a microcentrifuge tube. On average, each cap was replaced onto the tissue slide 

3 times.  

Three samples were run for experiment 1 in this first methodology, 1 of Aβ plaques 

selectively collected from the rTBI case using the LCM - Sample ID: ‘AP’. Two 

samples prepared from 20µm whole section tissue curls – Sample ID: ‘H’ and ‘C’ 

(Table 6-1). This was carried out to assess the abundance of peptides present in 

each sample and to calculate whether the correct number of Aβ plaques have 

been collected and whether whole section sample would produce too high a level 

of protein for the liquid chromatography–mass spectrometer (LCMS) to quantify.  

The Spot Size of the IR laser had three settings which could be adjusted to allow 

for adequate power for collection of different sized Aβ plaques. These were 

checked and modified depending on the appearance of the Aβ plaques for each 

section. The LCM was carried out on non-coverslipped sections which air dried 

before being placed onto the stage of the LCM, this meant that sections could dry 

out and required careful attention to make sure that the sections were adequately 

but not overly dried out.  

There was a large degree of variety in the number of protein hits observed in these 

samples (Table 6-2), but the sample processed using the LCM method (sample 

“AP”) produced a far greater protein load of 543 than either of the samples so 

was decided to be the optimal protocol to move forward with. However, 

subsequent samples could not replicate this initial high output of proteins 

observed in sample “AP” (Table 6-2), so following experiments were derived with 

the aim of improving the protein read-out obtained from whole tissue curl 

samples, due to the time consuming and costly nature of collecting samples using 

LCM. 
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Sample ID Case Cohort Sample type Sample weight Protein hits

AP A150016 rTBI LCM Amyloid Plaque n/a 543

H A150016 rTBI Whole tissue curl n/a 4

C A890001 AD Whole tissue curl n/a 90

Sample ID Case Cohort Sample type Sample weight Protein hits

rTBI 2 A010103 rTBI LCM Amyloid Plaque n/a 4

AD1 A890001 AD LCM Amyloid Plaque n/a 5

AD2 A890362 AD LCM Amyloid Plaque n/a 8

Sample ID Case Cohort Sample type Sample weight Protein hits

FA A150016 rTBI Whole tissue curl n/a 273

No FA A150016 rTBI Whole tissue curl n/a 147

Sample ID Case Cohort Sample type Sample weight Protein hits

FFPE_tissue A180017 rTBI FFPE tissue wedge n/a 326

Sample ID Case Cohort Sample type Sample weight Protein hits

A1 A180090 rTBI Tissue curls 0.867g 150

Control Blank - - - - 320

Sample ID Case Cohort Sample type Sample weight Protein hits

A2a A180017 rTBI Tissue curls 0.901g 494

A2i A180017 rTBI Tissue curls - 50ul lysate from A2a n/a 419

A2b A180017 rTBI Tissue curls 0.402g 542

Control Blank - - - - 214

A2 A180017 rTBI Tissue curls - 50ul lysate from A2a 0.934g 431

Control blank - - - - 34

Method 5 - Experiment 1

Method 1 - Experiment 1

Method 1 - Experiment 2

Method 2

Method 3

Method 4 - Experiment 1

Method 4 - Experiment 2

Table 6-2 Protein output for preliminary method experiments   

 

Table 6-49 Protein output for preliminary method experiments   



159 
 

6.3.2  Method 2: Proteomic analysis of FFPE whole tissue section 

with additional formic acid solubilisation 

An additional formic acid (FA) step was added to the protocol using LCMS grade 

FA in an adaptation of the protocol from Drummond et al (2015) to aid 

identification of insoluble proteins. This additional pre-processing step came 

before FASP before standard LCMS. Two samples were processed using this method 

(Table 6-1), one with added FA and another from the sample with no FA. This 

sample pre-treated with FA generated a higher protein load of 273 (Table 6-2) 

than the one with no additional FA step, 147 proteins.  

 

6.3.3  Method 3: Proteomic analysis of FFPE whole tissue portion 

with specialised FFPE-FASP kit 

A specialised kit was identified for the processing of FFPE tissue (UPX - FFPE FASP 

Kit, Expedeon, San Diego, CA, USA). This kit was optimised for use with FFPE tissue 

which is notoriously difficult to process, removing some small individual steps and 

producing a protein digest which is ready for downstream analysis. The kit also 

allows for greater consistency in tissue processing and the possibility of processing 

multiple samples simultaneously with greater ease.   

For this experiment it was suggested in the user guide that a small portion of FFPE 

tissue could be used, rather than needing to cut tissue curls. The optimum weight 

described by the kit manufacturers was between 0.5-1.0g, so 0.693g was sectioned 

from the tip of a cortical gyrus. Dewaxing and pre-processing of the sample proved 

difficult in the form of a larger block of tissue as the FFPE tissue is quite firm and 

so was difficult to get the xylene and ethanol to penetrate the tissue, 

subsequently the sample was divided between two microcentrifuge tubes to allow 

for adequate combining of the reagents with the sample. Once the sample had 

been homogenised and the lysate was taken through the spin filter the later steps 

followed as per the previous methodology.   

Despite the difficulty with sample pre-processing the use of the kit in this method 

produced a comparable protein load of 326 (Table 6-2). It was decided however 

to return to using tissue curls cut from the whole block for this protocol 
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development so as to streamline the initial processes before attempting more 

targeted sampling. 

 

6.3.4  Method 4: Proteomic analysis of FFPE whole tissue section to 

optimise the amount of lysate used with specialised FFPE-

FASP kit 

This method used to calculate the optimal starting sample weight and optimal 

amount of lysate to be used within the spin filter column stage of the protocol, as 

previous experiments generated a considerable volume of lysate that required to 

be run through the spin filter column. A1 weighed 0.867g and was processed with 

a blank sample of kit reagents as a control again generating 250µl of lysate – 

resulting in 4 repeats of the spin filter column stage to maximise the number of 

peptides collected. This A1 sample produced a reasonable if perhaps slightly low 

protein load of 150 and unfortunately the control sample was contaminated, 

producing a protein load of 320 (Table 6-2). 

Subsequently, sample A2a (weight 0.901g), sample A2b – taken from the same case 

but a smaller starting weight (0.402g) and sample A2i - a 50µl volume of lysate 

acquired from sample A2a (Table 6-2), were taken through the FFPE-FASP kit 

methodology to examine whether the starting weight should be reduced or 

whether the lysate volume from a larger sample could be limited to just 50µl. A 

control sample was included, again just including the FFPE-FASP kit reagents and 

no original sample. This experiment showed the sample with the highest number 

of proteins identified was A2b with 542 (Table 6-2) but using a larger sample 

weight with only 50µl lysate at the spin column stage still produced a reasonable 

number of protein hits without needing to repeat the spin column step multiple 

times. It was therefore decided to use the protocol for sample A2i with a starting 

sample weight of between 0.3-0.5g for the processing of multiple samples in the 

final protocol, so as to increase time efficiency.  
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6.3.5  Method 5 - Proteomic analysis of a cohort of FFPE whole 

tissue sections using an FFPE-FASP kit and protease inhibitor, 

initial experiment  

This methodology involved the addition of a protease inhibitor step which meant 

that multiple samples could be prepared in one day and then frozen overnight 

before the trypsin digestion stage was begun, allowing us to run as comparable an 

experiment as possible, running multiple samples simultaneously on the same LC-

MS run. In the initial experiment, the rTBI sample produced a comparable number 

of proteins to previous runs (431) while the blank control sample came back with 

just 34 protein hits indicating minimal contamination (Table 6-2), suggesting that 

the samples would not be degraded by overnight storage at -80ºC.  

 

6.3.6  Method 5 - Label-free quantification of 12 samples, to 

compare proteins within TBI sub-cohorts and AD 

The final experiment examining the protein load produced from the whole tissue 

section taken from 12 samples from a cohort of patients with: a diagnosis of AD, 

patients exposed to rTBI and uninjured, age-matched controls with no history of 

neurodegenerative disease (Table 6-1). There was a significant difference in the 

age of the archival, FFPE brain tissue used, with an increase in age of tissue from 

2.5 ± 1.4 years in rTBI cases, to 23.3 ± 2.1 years in Control cases (95% CI 17.9 to 

23.8; p < 0.0005) and to 31.0 ± 1.0 years in AD cases (95% CI 25.5 to 31.5; F(2,9) 

=5.7, p < 0.0005; one-way ANOVA, ηp
2 = 0.990)  

A strong protein load was obtained for each sample (Figure 6-3), with a higher 

number of proteins identified in rTBI cases (341.0 ± 57.9) compared to Alzheimer’s 

cases (209.3 ± 73.9, 95% CI, 19.7 to 243.6; F(2,9) = 4.4, p = 0.023; one-way ANOVA, 

ηp
2 = 0.551). 

 

 

 

 



162 
 

 

 

 

Once the samples had been suitably filtered and grouped into cohorts, 267 

proteins were identified across the 12 samples analysed (Table 6-3 

[supplementary]) with relative abundance for each protein calculated, followed 

by imputation and normalisation by log2 transformation.  

Principal component analysis (PCA – Figure 6-4) demonstrates that samples within 

cohorts are largely distinct, with minimal overlap and high conformity within 

cohorts when comparing (Figure 6-4A) control to AD cohorts, and (Figure 6-4C) 

rTBI and AD cohorts. Slight overlap of one control sample (Figure 6-4B) when 

compared to rTBI cohorts indicates slight similarity but these two cohorts are 

largely distinct.  

  

 

 

* 
 

Figure 6-3 Representative image of protein hits within each of the 12 cases examined 
from Alzheimer’s, rTBI and age-matched uninjured controls with no history of 
neurodegenerative disease prior to filtration. There was significantly higher protein load 
for rTBI cases compared to Alzheimer’s cases (p = 0.023; one-way ANOVA). 
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Of these the 267 proteins identified, significant differences in expression were 

observed in 19 proteins when comparing controls and AD cases (Figure 6-5), 

control and rTBI cases (Figure 6-6) and rTBI and AD cases (Figure 6-7; Table 6-3 

[supplementary], Student’s t-test).  

 

 

 

Figure 6-4 PCA of protein expression for AD, rTBI and uninjured controls cohorts. 
(A) Clustering of control and AD samples demonstrates no overlap for either cohort 
on PC1 (38.97%) or PC2 (21.67%). (B) Clustering of control and rTBI samples shows 
one control sample related to rTBI grouped samples with cohorts principally grouped 
along PC1 (29.82%) and PC2 (21.79%). (C) Samples for rTBI and AD cohorts are 
clustered into highly distinct groups for PC1 (41.5%) and PC2 (15.71%). 
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Figure 6-55 Heatmap of LFQ intensity (log2) for significantly differently expressed proteins in 
control (CTRL) and AD (ALZ) cohorts. 19 proteins were differentially expressed in control and 
AD cases (Student’s t-test, p < 0.05), red indicating positive log2fold change and blue negative 
log2fold change. HSPA6, ATP1A2 and CANX proteins were expressed higher in AD cases, while 
HBA1;HBA2, S100B, PEBP1, MBP, CFL1, TPI1, ENPP6, CAMK2G, SNCA, VDAC1, GNAO1, PGK1, CS, 
ADD2, FTL and ATP5C1 showed higher expression in uninjured, age-matched controls. 
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Figure 6-6 Heatmap of LFQ intensity (log2) for significantly differently expressed proteins in 
control (CTRL) and rTBI (RTBI) cohorts. 25 proteins were differentially expressed in control and 
rTBI cases (Student’s t-test, p < 0.05), red indicating positive log2fold change and blue negative 
log2fold change. NEFM, ATP6V1D, NEFH, HBD, ATP2B2, PKM, SOD1, PFN1, ACO,2 TKT, ATP1A2, 
ACOT7, CANX, COX4I1 and UQCRC1 proteins were expressed higher in rTBI cases, while PTPRZ1, 
HAPLN2, CADM4, CRYAB, SLC9A3R1, OMG, LGALS3BP, ANXA5, MAP2 and UQCRFS1 showed higher 
expression in uninjured, age-matched controls.   
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Figure 6-7 Heatmap of LFQ intensity (log2) for significantly differently expressed proteins in 
rTBI (RTBI) and AD (ALZ) cohorts. 64 proteins were differentially expressed in rTBI and AD cases 
(Student’s t-test, p < 0.05), red indicating positive log2fold change and blue negative log2fold 
change. MBP, UQCRC1, LDHA, CYCS, IGHA1, HSPD1, CAMK2G, VDAC1, TPPP3, ATP6V1D, CNTN2, 
CNP, SEPTIN7, TUBB3, TUBA1B, PFN1, DBI, TPPP, GAPDH, GDI2, HBA1;HBA2, HBD, PHB2, FTL, 
ATP6V1B2, CS, SNCA, SOD1, TPI1, GSTP1, ENPP6, S100B, GDI1, RAP1B, PKM, ECH1, 
CKMT1A;CKMT1B, HSPA5, ADD2, GNAO1, PGK1, GNAI1, YWHAE, SH3GL2, TALDO1, ALDH9A1, 
SEPT8, MDH1 and IGHG1 proteins were all expressed higher in rTBI cases, while SNAP25, PYGB, 
DYNLRB1, UQCRFS1, CANX, PSMB6, MT-CO2, RPS18, PCSK1N, HSPA6, ATP5D, UBC, GPX1, PRRT2 
and CADM4 proteins showed higher expression in AD cases. 
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6.4 Discussion 

This study has shown that it is possible to identify proteins from archival FFPE 

samples from across distinct cohorts, utilising a standardisable protocol and high 

throughput LCMS to make comparisons across cohorts and identify common and 

unique proteins across all 3 cohorts examined. This opens the door to potentially 

accessing data from thousands of samples which have until recently had limited 

viability for downstream proteomic analysis. 

 

The majority of previous proteomic studies have utilised fresh-frozen (FF) post-

mortem tissue or samples such as CSF for examining NDD such as AD (Andreev et 

al., 2012; Butterfield & Castegna, 2003; Donovan et al., 2012; Sultana et al., 2007; 

Q. Wang et al., 2005) and PD (Basso et al., 2004; Fountoulakis & Kossida, 2006; C. 

Werner & Engelhard, 2007). Furthermore, FF tissue has previously been used in 

the identification of possible CSF biomarkers for AD (Korolainen et al., 2010; Lista 

et al., 2013) and contributed to the identification potential treatment options 

including the demonstration of cytoprotective proteomic changes after the 

administration of the histone deacetylase inhibitor (HDACi) valproic acid (VPA), 

resulting in modulation of injury response after TBI in a swine model of injury 

(Pumiglia et al., 2021). However, most tissue archive collections consist of large 

banks of FFPE samples and concerns have long remained that there may be a much 

wider variation in quality of FFPE samples (Gaffney 2018) for example due to 

variation in processing protocols and also because of the modification of proteins 

by formalin during fixation (Giusti & Lucacchini, 2013). Recent developments in 

mass spectrometry techniques of analysing proteins from FFPE samples 

(Ostasiewicz et al., 2010; Wiśniewski et al., 2012) have made inroads into 

producing a practical, robust, and reproducible methodology for FFPE proteomics 

with the goal of comparable results to FF tissue. Rigorous comparative studies 

between the two tissue types have been carried out, one examining The ProCOC 

prostate cancer cohorts (Umbehr 2008) with a comparison of clinical standards 

and identification of a potential panel of biomarkers, for prostate cancer (Zhu et 

al., 2019). Additionally, the temporal stability of FFPE samples is a major benefit 

in its utilisation in diagnostic histopathology and research. This stability has been 

expounded by research identifying novel prognostic markers and even highlighting 
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the superior practically of FFPE tissue over FF (Drummond & Wisniewski, 2019). 

This study’s continuation of the recent expansion in the use of FFPE tissue for 

proteomic analysis (Ostasiewicz & Wiśniewski, 2017; Tanca et al., 2012) 

demonstrates the potential wealth of future research available to us by accessing 

the proteome of our archived FFPE tissue.  

 

TBI is widely recognised as the leading environmental risk factor for the 

development of neurodegenerative disease (NDD), seen to affect approximately 

69 million individuals each year (Dewan et al., 2019) across the globe, responsible 

for approximately 3% of dementia in the general population. This study has 

provided a small insight into the possibilities for examination of the heterogeneity 

amongst different cohorts of injury mechanism and survival periods. The study by 

(Abu Hamdeh, et al., 2018), compared the proteome of cortical FFPE tissue taken 

from patients exposed to severe TBI compared to patients with idiopathic normal 

pressure hydrocephalus (iNPH) and were able to demonstrate a striking difference 

in the molecular profile between the two cohorts. Animal models of rTBI can 

further understanding of the chronic neurodegeneration that occurs in the years 

after injury. Comparison of a model of mild rTBI over a wide time frame, with a 

proteome of CTE-diagnosed patients to examine dysregulation between pathways 

observed 39 common upregulated proteins between species and 24 common 

pathways when compared to controls (Morin, 2022). Those relatively small number 

of human samples is comparable to the numbers examined in this study, however 

both form a springboard for future examination of larger cohorts of TBI subtypes 

and survival groups. 

 

From the final experiment to compare cohorts of pathology, 267 proteins were 

successfully identified, with 84 of these significantly differentiated across the 

three cohorts.  Several protein functions were represented in the proteins 

identified and differentially expressed in the 12 samples; including biomarkers for 

both widely understood and emerging NDD processes, as well as proteins identified 

in oxidative stress processes - increasingly aligned with neurodegeneration 

observed following TBI.  
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Neurofilaments are a structural component maintaining structural integrity 

comprising four subunits, light, middle and heavy weight chains and α-internexin 

or peripherin and are sensitive to neurodegeneration across NDD (Yuan et al., 

2017; Yuan & Nixon, 2021), thus making them a promising biomarker for both 

disease and injury. An increase in CFS and plasma levels of neurofilament heavy 

chain (NEFH) subunit is observed in patients diagnosed with MND/ALS 

(Ganesalingam et al., 2013; Reijn et al., 2009; Steinacker et al., 2016; Zucchi et 

al., 2020). Alike, CCI animal models of TBI (Anderson et al., 2008) and acute 

survivors of moderate sTBI show an increase in serum NEFH compared to uninjured 

controls, correlated with injury severity (Shibahashi et al., 2016). This is reflected 

in a higher expression of NEFH in rTBI patients compared to uninjured controls (p 

= 0.049; Student’s t-test) and further indicates NEFH as a potential diagnostic and 

prognostic biomarker for both NDD and TBI. 

ProSAAS is a small endocrine and neuroendocrine chaperone protein expressed 

largely in the brain (Chaplot et al., 2020; Lanoue & Day, 2001). It has been 

observed co-localized with aggregates of Tau in Pick's disease (Kikuchi et al., 2003) 

and Alzheimer's disease and parkinsonism-dementia complex on Guam (Wada et 

al., 2004), Aβ plaques in AD (Hoshino et al., 2014) and Lewy bodies in Parkinson’s 

Disease (Jarvela et al., 2016) - where it is involved in reducing fibrillation and 

neurotoxicity of proteins such as alpha-synuclein. ProSAAS has also been identified 

as a potential differentially expressed biomarker in multiple studies of the CSF 

proteome of AD patients (Abdi et al., 2006; Choi et al., 2013; Davidsson et al., 

2002; Hölttä et al., 2015; Jahn et al., 2011; Van Steenoven et al., 2020; Wang et 

al., 2016) and is associated with disease progression in AD (Mathys et al., 2019). 

Within this study, ProSAAS demonstrates a significantly higher expression in AD 

patients compared to rTBI cases (p > 0.0001).  

Alpha-synuclein (α-syn) is a presynaptic protein involved in the release of 

neurotransmitters such as dopamine (Butler et al., 2015, 2017) and accumulation 

of aggregates is associated with Lewy bodies, the main neuropathological 

characteristic of PD (Bloem et al., 2021; Braak H; Braak E, 2000; Spillantini et al., 

1997) and LBD (Hashimoto & Masliah, 1999; Lee et al., 2014; McKeith et al., 2017). 

Accumulation of α-syn is also observed in AD (Hashimoto & Masliah, 1999; 

Mikolaenko et al., 2005; Trojanowski & Virginia M-Y.L, 1998), which is supported 

by the higher expression of α-syn observed in AD patients compared to uninjured 

controls (p = 0.003) in this study. Chronic survival of a CCI model TBI in rats also 



171 
 
establishes increased α-syn accumulation in substantia nigra (Acosta et al., 2015), 

the region vulnerable to neurodegeneration in PD; and in patients exposed to 

severe TBI compared to healthy controls, elevation of CSF α-syn, where it is 

correlated with survival outcomes (Mondello et al., 2013), suggesting a 

pathological link between TBI and PD. This is strengthened further by the higher 

expression of α-syn in rTBI cases compared to uninjured controls (p = 0.013) 

demonstrated within this study.  

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a redox-sensitive enzyme, 

that catalyses the first step of the glycolysis pathway, generating Adenosine 

Triphosphate (ATP) (Cumming & Schubert, 2005; Itakura et al., 2015; Tisdale, 

2002). GAPDH undergoes nuclear translocation upon exposure to oxidative stress 

(Hara et al., 2005) and instigates transcription of apoptotic genes leading to cell 

death. It also forms Aβ-like aggregates (Nakajima et al., 2007), which promote 

cell death and have been shown to accelerate Aβ amyloidogenesis and subsequent 

cell death in in vitro and in vivo models of AD (Itakura et al., 2015) and are also 

observed in Huntington’s disease and ALS (Lazarev et al., 2013). GAPDH is also 

thought to modulate secondary neurodegeneration after TBI and pharmaceutical 

inhibition in a weight-drop model of TBI results in better memory and motor 

function outcomes as well as reduction in GAPDH aggregates observed after injury 

(Dutysheva et al., 2023). GAPDH-targeted therapy has been identified as a possible 

therapeutic avenue for TBI patients (Lazarev et al., 2018) further supported by 

the higher expression of GAPDH in rTBI patients compared to AD patients (p = 0.02) 

in this study.  

Superoxide dismutase [Cu-Zn] (SOD1) is an important antioxidant enzyme that 

functions in detoxifying superoxide free radicals (Branco et al., 2006), with 

mutations in SOD1 gene associated with neurodegenerative diseases ALS (Deng et 

al., 1993; Kiernan et al., 2011; Rosen et al., 1993) and PD (Helferich et al., 2015; 

Trist et al., 2017). In ALS, SOD1 mutations are largely believed to result in toxic 

gain of function, mediated by promotion of ROS and RNS molecules, where build 

up eventually leads to cell injury and death (Bruijn et al., 1997, 1998, 2004; Liu 

et al., 1998), or by accumulation of SOD1 aggregates – a confirmed pathology in 

the spinal cord of ALS patients (Forsberg et al., 2010; Kerman et al., 2010; Poon 

et al., 2005). SOD1-mutant mice exposed to a CCI model of TBI present with CTE-

like tauopathy and associated motor impairment and white matter pathology and 

develop an earlier onset of ALS phenotype (Thomsen et al., 2016).  TBI is also a 
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known environmental risk factor for ALS (H. Chen et al., 2007; X.-C. Chen et al., 

2022; Wright et al., 2017), with professional football (Mackay et al., 2019) and 

rugby (Russell et al., 2022) players at higher risk of MND than age matched 

population controls. Therefore, the noted higher expression of SOD1 in rTBI cases 

compared to AD patients (p = 0.001) indicates involvement of oxidative stress on 

post traumatic neurodegenerative processes and further highlights the association 

between TBI and ALS neurodegenerative processes. 

 

The protein loads for the samples examined in this study were potentially 

comparatively low compared to other proteomic studies from examining TBI and 

neurodegeneration in human FFPM and even FFPE tissue, however as a proof of 

principal pilot study we have been able to demonstrate that it is possible to obtain 

identifiable proteins from archival FFPE tissue from a range of time points. This 

included proteins which have been identified as potential biomarkers of NDD such 

as ProSAAS.  

 

One step to build from this initial study could be to perform western blots to 

validate the differences observed here, but to obtain a truer understanding of the 

differences in protein expression, the next stage would be to move to undertake 

a labelling protocol such as Tandem Mass Tag protein labelling mass spectroscopy. 

The application of isotope labels to individual samples would allow us to run our 

samples simultaneously in the same test and reduce the batch effect of running 

multiple samples through the LCMS, allowing for a broader and more accurate 

analysis of the proteome across a multiplexed sample. This would remove the 

limitation of not being able to directly quantify differences in protein abundance 

between the samples created by running the samples sequentially as we did in this 

experiment, which inevitably leads to qualitative and/or quantitative differences 

between signals for the same peptide in different samples. 

 

Additional studies could also increase the cohort size to include a more 

comprehensive number of samples, but the most wide-ranging investigations could 

be performed using new digital pathology technology such as the Nanostring © 

GeoMx™ Digital Spatial Profiling (DSP) platform. Antibodies which have 
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photocleavable oligonucleotide tags are hybridized to protein targets within a 

slide, counted and mapped to an image of the tissue and generate a spatial 

analysis of a panel of proteins, to truly assess the proteomic signature within a 

sample.  

 

As the leading environmental factor for NDD, the increasing worldwide exposure 

to TBI presents a risk which means better understanding of current driving factors 

as well as that novel identification of future treatment targets is key to better 

understanding of this complex polypathology. The results found in this study 

demonstrate that possibility of proteomic analysis of vast archives of human tissue 

will hopefully aid in the development of effective strategies for how to tackle all 

aspects of TBI-induced neurodegeneration. 
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7 Chapter 7 – General discussion 

7.1 Summary 

The work presented in this thesis provides insight into the neuropathological 

changes which occur following single, moderate to severe TBI and rTBI. TBI affects 

approximately 69 million individuals globally each year and is the strongest 

environmental risk factor for the development of neurodegenerative disease. To 

date there is a limited understanding of the processes which drive an acute 

biomechanical injury to progressive, ongoing neurodegenerative disease. This 

thesis examines the processes which have the potential to influence progression 

of neurodegeneration following traumatic brain injury. No evidence of central 

adaptive immune system cellular response was observed across survival from 

acute to late time periods following moderate or severe sTBI. In contrast, multiple 

markers of astroglial activation were upregulated for both acute and long-term 

survivors of moderate to severe single TBI (sTBI) as well as individuals exposed to 

repetitive TBI (rTBI) through contact sport. The importance of examining TBI and 

proteinopathies in the context of age demonstrated that TBI at an older age leads 

to an increase in the extent and distribution of amyloid-β (Aβ) plaque, particularly 

neuritic plaque, compared to uninjured, age-matched controls, demonstrating the 

importance of examining TBI and proteinopathies in the context of age. Lastly, by 

developing a protocol and examining the proteome of rTBI, Alzheimer’s disease 

(AD), and age-matched uninjured controls with no history of neurodegenerative 

disease (NDD), it was demonstrated that robust and reliable comparisons can be 

drawn from archival FFPE tissue.  

 

7.2 TBI and neurodegenerative disease 

Both single and repetitive TBI have been shown to contribute to the risk of 

developing neurodegenerative disease later in life, with the estimates suggesting 

that at least 3% of dementia in the general population are attributable to TBI 

(Livingston et al., 2020). The link between repeated mild TBI has existed for 

almost 100 years, initial (Brandenburg & Hallervorden, 1954; Corsellis et al., 1973; 

Martland, 1928; Millspaugh, 1937; G. W. Roberts et al., 1990; Spillane, 1962) it is 
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now recognised as a consequent of exposure to rTBI through various contact sports 

including American football (Gavett et al., 2010; McKee et al., 2009; Omalu et al., 

2005, 2006, 2011; Omalu, Fitzsimmons, et al., 2010; Omalu, Hamilton, et al., 

2010), Rugby (Russell et al., 2022; Stewart et al., 2016), association football 

(Mackay et al., 2019) and non-sports related injures such as blast injury (Goldstein 

et al., 2012). However, whilst TBI is recognised as the strongest environmental 

factor for development of NDD (Fann et al., 2018; LoBue et al., 2018; Nordström 

& Nordström, 2018), the complex and heterogeneous neurodegeneration observed 

following TBI means further research is required to understand the mechanisms 

underlying disease progression.  

 

 

7.3 The adaptive and innate cellular immune response to 

TBI 

Neuroinflammation is a central aspect to TBI, where it is involved in triggering a 

rapid multicellular cascade, but also for the development of neurodegenerative 

diseases like AD (Griffin et al., 1998; Perry et al., 2010). Much of the literature 

explores the acute and chronic microglial response to injury, characterised by 

morphological changes (Johnson, Stewart, Begbie, et al., 2013; Loane & Byrnes, 

2010; Walker et al., 2014) and expression of pro-inflammatory mediators (Rodney 

et al., 2018; Thelin et al., 2017; Ziebell & Morganti-Kossmann, 2010) resulting in 

neuron damage and propagation of the inflammatory cycle. However, 

increasingly, research is looking beyond microglia to other innate cellular 

responses, such as that of astrocytes, and that of the adaptive immune system 

within the central nervous system (CNS). 

 Limited previous studies of human TBI indicate an influx of lymphocytes after 

severe TBI (Hausmann et al., 1999; Holmin et al., 1998; Kossmann et al., 1995) - 

across a BBB which is disrupted after injury (Dardiotis et al., 2012; Hay et al., 

2015). This finding was not replicated in this study suggesting that the cellular 

arm of the adaptive immune response may not affect progression of 

neuropathology after TBI. However, it does not rule out the effect of pro- and 

anti-inflammatory cytokines released by peripherally circulating immune cells 

after injury. This study was limited by the nature of using immunohistochemistry 
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to examine a snapshot of the response by circulating peripheral lymphocytes in 

FFPE tissue. A larger cohort may have reduced this issue however, examination of 

peripheral blood samples from patients across injury time frames using flow 

cytometry, might provide further insight into the peripheral immune cells and 

their influence on the homeostatic balance after TBI.  

 

Astrocytes exert multiple roles within the brain, both as supportive cells, but also 

as central figures in the neuroinflammatory response to disease (Beach et al., 

1989; Beach & Mcgeer, 1988; Blasko & Grubeck-Loebenstein, 2003; Itagaki et al., 

1989; Perez-Nievas & Serrano-Pozo, 2018) and trauma (Burda et al., 2016; Karve 

et al., 2016; Laird et al., 2008), where they exhibit both neuroprotective and 

neurotoxic roles. Reactive astrogliosis is a known driver of AD (Blasko & Grubeck-

Loebenstein, 2003; Itagaki et al., 1989; Kashon et al., 2004; Perez-Nievas & 

Serrano-Pozo, 2018; Simpson et al., 2010) and also a response to sTBI (Burda et 

al., 2016; Karve et al., 2016; Laird et al., 2008), but further examination of the 

effect of rTBI on the astroglial response is required.  

 

In this study, the stereotypical, localized proliferation and morphological reactive 

astrogliosis was observed by an increase in GFAP-immunoreactivity at the 

neocortical interface zones of the superficial glial limitans (SGL) and white matter 

interface (WMI) between the neocortex and superficial white matter. Long-term 

survivors of sTBI demonstrated an expansion of GFAP-immunoreactivity at the 

interface zones in comparison to age-matched, uninjured sTBI controls. There was 

no significant increase in GFAP-immunoreactive astrogliosis at interface zones in 

acute survivors of TBI as had been observed in previous studies (Hay, 2018), a 

difference which may have been affected by cohort size. Also, there was no 

significant difference in expression of GFAP when examining sTBI and rTBI cohorts, 

a result predisposed by the effect of increased age. Where there was a significant 

correlation between age and GFAP expression in the uninjured controls there was 

not going to be a significant difference in GFAP expression between sTBI and rTBI 

cases as they too had a large age difference.  

The astrocytic role in water and ion homeostasis through activation of AQP4 

channels on the astrocytic end food processes, was also examined and found that 

acute survivors of sTBI demonstrated a rapid increase in AQP4-immunoreactive 

astrocytes at the stereotypical interface zones when compared to uninjured, age-
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matched sTBI controls. This AQP4-immunoreactive astrogliosis had diminished in 

long-term survivors and was not significantly different to tat observed in uninjured 

sTBI controls. Also, there was no significant difference in expression of AQP4-

immunoreactive astrocytes when comparing sTBI and rTBI due to the increased 

age of the rTBI cases compared to sTBI and the effect of age on AQP4 expression 

in cases examined.  

Lastly, oxidative stress in astrocytes was examined through assessing antioxidant 

enzyme NQO1 in a pilot cohort of rTBI cases, with an increase in NQO1-

immunoreactive astrocytes observed in the depths of the cingulate sulcus in rTBI 

when compared to age matched rTBI controls. This finding indicates that oxidative 

stress processes are not as influenced by age and highlights a key avenue of 

research for both rTBI cohorts but also future examination of sTBI cohorts.  

 

This examination of the astrocytic response was limited by a smaller cohort size 

which did not allow for comparison of sTBI and rTBI cohorts due to the effect of 

age on pathology observed. Future studies involving the inclusion of younger rTBI 

cases would allow for accurate comparisons but also, incorporating older survivors 

of aTBI and cTBI, age-matched to rTBI cases would provide insight into the 

pathology across a broader cohort of society, further understanding of how these 

cells respond to injury. Examination of how these markers colocalise within these 

and additional regions of interest such as the hippocampus and amygdala would 

also provide insight into how the multiple roles played by astrocytes plays out 

within the cellular environments and expand understanding of how 

neuropathological changes affect symptomatic changes for individuals affected.   
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7.4 Examination of Aβ proteinopathy and sample 

proteomes in a selection of cohorts 

TBI is particularly problematic amongst older populations (Thompson 2006, 

Gardner 2014, 2018, Marincowitz 2019) and there is a lack of understanding of the 

relationship between the root pathologies driving neurodegeneration and the 

effect of age. Aβ deposition is a hallmark pathology of AD (Selkoe and Hardy 2016), 

normal ageing (Price 1999, Peters 2006), and also TBI (Roberts 1990, 1991 & 1994, 

Smith 2003, Hong 2014), however the morphology of Aβ plaque is distinct between 

neurodegenerative processes, with neuritic plaque observed in AD and chronically 

after sTBI, while diffuse plaque is found in normal ageing and in the acute period 

following TBI. This study discovered that acute survival following single, moderate 

to severe TBI resulted in an increase in the extent of neuritic Aβ plaque deposition 

compared to uninjured, age-matched older controls with no history of 

neurodegeneration.  There was also an increase in the regional distribution of 

overall, diffuse and neuritic plaque, with an increase in the proportion of elderly 

TBI cases with Aβ plaque pathology in three or more regions compared to 

uninjured elderly controls. This difference in Aβ plaque pathology was not 

matched by a relative change in Tau NFT pathology in TBI patients – a pathology 

which is only observed in long-term survivors of TBI and not in acute survivors. 

This indicates that the differences seen in Aβ pathology may be more than just 

age associated pathology. 

The change in abundance of established, neuritic plaque indicates older 

individuals exposed to a fall or RTA potentially already have an amount of plaque 

deposited within the brain. These deposits then rapidly develop to the pathology 

observed in diagnosed AD patients. Alternatively, these patients may have already 

had elevated levels of Aβ deposits which subsequently led to their TBI. Further 

work could lead to a greater understanding of the complex timeframe of 

neurodegenerative changes that occur with age. The findings of this study 

highlight the importance of using properly age-matched uninjured controls. 

  

Lastly, proteomic analysis of vast archives of FFPE tissue has been limited due to 

issues with protein extraction and peptide identification/quantification because 

of formaldehyde induced crosslinking inherent to formalin fixation. This study 

aimed to develop a protocol for processing FFPE samples for downstream analysis 
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of peptides using liquid chromatography mass spectrometry (LCMS), initially using 

targeted samples collected via LCM and then whole tissue curls. This study 

demonstrates that it is possible to produce identifiable proteins and to undertake 

basic comparisons of their relative abundances for samples from across a range of 

cohorts and tissue ages.  Whilst protein loads for the samples may be lower than 

for experiments utilizing fresh-frozen tissue, this proof of principal study 

examining a small cohort also identified proteins that are already recognized as 

potential biomarkers of NDD (ProSAAS). Imbalance of ROC and antioxidants 

contributes to neurodegeneration in disease through oxidative stress in NDD (X. 

Chen et al., 2012; G. Kim et al., 2015; Zhao & Zhao, 2013) and ageing (Grimm & 

Eckert, 2017; López-Otín et al., 2013; Mecocci et al., 2018). 

Limitations of this study were that it was not possible to develop a protocol for 

analysis of targeted samples from LCM and that it is only possible to perform 

partial analysis on these non-labelled samples as this was truly a snapshot of what 

could be identified form these cohorts from these specific, individual samples. 

Labelling and pooling of samples through Tandem Mass Tag protein labelling mass 

spectroscopy would be a future avenue for this research and enable us to expand 

the cohort even further and utilise FFPE to identify potential therapeutic targets.  

 

7.5 Conclusion 

In summary, this work demonstrated a broad spectra of neuropathological changes  

observed following TBI across a range of cohorts representing various injury 

mechanisms, survival periods and age groups. TBI is not restricted to a certain 

demographic but is a unique public health issue in that it can and does affect all 

corners of society; and those deemed most vulnerable, the elderly and the young 

are also the most commonly exposed to the damage of TBI. This is why it has been 

vital to examine the effects of TBI across such a broad range of individuals within 

our cohorts available within the GBIRG archive. The largest limitation to this work 

has been that all tissue examined has been collected retrospectively, with limited 

clinical data available at times and cohorts necessarily small. It would be 

advantageous to work with cohorts gathered prospectively, where we could 

investigate the breadth of pathology observed after TBI in real time and with full 
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knowledge of the clinical outcomes, family background and any clinical 

interventions and therapeutics. Larger cohort numbers would also be 

advantageous, allowing for comparisons between groups for key factors such age 

and sex. Importantly, this work is now underway with both the COllaborative 

Neuropathology NEtwork Characterizing ouTcomes of TBI (CONNECT-TBI) and 

HEalth And Dementia outcomes following Traumatic Brain Injury (HEAD-TBI). Both 

projects aim to analyse the risk of dementia and other NDD in individuals with a 

broad range of TBI injury subtypes and survivals, importantly compared to the 

general population using prospective patient cohorts and tissue. This thesis has 

advanced our understanding of how the underlying neurodegenerative 

mechanisms come together to influence underlying TBI pathology.   
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Hypothesis Aims Findings Future Work 

sTBI results in acute 
and long-lasting 
influx of adaptive 
immune cells 

To characterise 
the pattern and 
timeframe of the 
adaptive 
immune cell 
response across 
a variety of 
survival time 
points after TBI 

No histological evidence 
of a significant cellular 
response from the 
adaptive immune system 
following exposure to 
moderate to severe, 
single TBI in patients 
surviving acutely or 
long-term after injury, 
with no increase in T- or 
B-lymphocytes. 

Examination of 
peripheral markers 
of the adaptive 
immune response 
across TBI 
timeframes and 
sub-cohorts such as 
rTBI or aged 
groups. 

sTBI and rTBI result 
in an increase in 
reactive astrogliosis 
associated with 
increase in 
expression of the 
relevant markers 
GFAO, APQ4 and 
NQO1 

To characterise 
astroglial 
response to 
injury in cohorts 
of both sTBI and 
rTBI, across 
survival 
timeframes and 
the association 
with GFAP, AQP4 
and NQO1 
expression 

Increase in reactive 
astrogliosis following TBI 
exposure, with increase 
in AQP4-immunoreactive 
astrocytes in the acute 
period, increase in 
GFAP-immunoreactive 
astrocytes in long-term 
survivors and increase in 
NQO1 immunoreactivity 
in rTBI cases compared 
to age-matched 
controls. There was also 
an increase in AQP4 and 
GFAP in correlation with 
age across cases. 

Examination of 
NQO1 in sTBI 
cohorts across 
survival 
timeframes and in 
younger rTBI 
patients. Study of 
colocalization of 
astrocytic markers 
through double 
labelling and 
multiplexed IF 
techniques.  

In aged individuals, 
sTBI results in an 
acute Aβ plaque 
deposition but no 
increase in 
hyperphosphorylated 
tau 

To characterise 
Aβ and tau 
pathology in an 
aged population 
of individuals 

An increase in both 
presence neuritic Aβ 
plaque and an increase 
in regional expression of 
all plaque compared to 
age-matched uninjured 
controls, but no 
increase in NFT 
pathology 

Examination of Aβ 
plaque in patients 
with 
comprehensive 
clinical work up 
and inclusion in 
imageing and 
serum/plasma 
biomarker studies 

Identification of 
peptides is possible 
from across TBI and 
NND cohorts from 
FFPE archival tissue 

To generate a 
protocol for the 
successful 
identification of 
a proteome from 
archival tissue 

A protocol was 
developed for 
processing FFPE tissue 
and 267 proteins were 
identified with 84 
differentially expressed 
across AD, rTBI and 
control cohorts 

Expansion of the 
cohorts and 
inclusion of sTBI, 
as well as further 
techniques such as 
TMT-LCMS or 
spatial proteomics  

 

Table 7-1 Summary of aims findings and possible future investigations 

 

Supplementary 1 - (Table 3-3) Mean density of CD3- and CD20-immunoreactive 
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Appendix 2 – Full cohorts and demographics 

 

 

 

 

 

 

 

 

 

 

Controls Elderly Controls Acute sTBI Elderly Acute sTBI Long-term sTBI Alzheimer's rTBI

(n=32) (n=48) (n=32) (n=42) (n=27) (n=4) (n=15)

Mean age (range), years 40.8 (46) 71.3 (16) 42.4 (51) 70.1 (19) 47.7 (41) 79.8 (13) 74.4( 58)

Males, n (%) 20 (62.5) 34 (71) 21 (66) 29 (69) 26 (96) 3 (75) 15 (100)

Mean post-mortem delay (range), hours 71.6 (180) 52.9 (548) 54.6 (236) 60.4 (242) 58.7 (181) 28.8(78.5) 36 (480)

Mean survival interval (range), hours - - 89.8 (258) 86.3 (335) 77088 (402960) - -

Cause of TBI, n (%)

Fall - - 15 (47) 24 (57) 13 (46) - -

RTA - - 12 (38) 16 (38) 5 (18) - -

Assault - - 3 (9) - 7 (25) - -

Unknown - - 2 (6) 2 (5) 3 (11) - -

Football - - - - - - 8 (53)

Rugby - - - - - - 4 (27)

Boxing - - - - - - 2 (13)

PE teacher - - - - - - 1 (7)

Cause of death, n (%)

Acute fatty degeneration of liver - - - - 1 (4) - -

Acute purulent meningitis - - - - 1 (4) - -

Allergic reaction - 1 (2) - - - - -

AD - - - - - 2 (50) 2 (13)

ARDS - - - - - - 1 (7)

Aspiration pneumonitis - 3 (6) - - 1 (4) - -

Bronchopneumonia 1 (3) 3 (6) 2 (6) 5 (12) 2 (7) 2 (50) 3 (30)

Carcinoma of lung and pitauitary gland - 1 (2) - - - - -

CBD - - - - - - 1 (7)
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Controls Elderly Controls Acute sTBI Elderly Acute sTBI Long-term sTBI Alzheimer's rTBI

(n=32) (n=48) (n=32) (n=42) (n=27) (n=4) (n=15)

Cause of death, n (%)

Cirosis of liver - - - - 1 (4) - -

COAD - 2 (4) - - - - -

Complications of paraplegia due to myolopathy. - 1 (2) - - - - -

Coronary artery atheroma - - - - 1 (4) - -

CTE - - - - - - 3 (20)

DLB - - - - - - 1 (7)

Epilepsy 1 (3) - - - 1 (4) - -

FTLD-PSP - - - - - - 1 (7)

GI Haemorrhage - - - - 1 (4) - -

Haemorrhage 1 (3) - - - - - -

Head Injury - - 28 (88) 31 (74) - - -

Heart disease 2 (6) - - - 6 (21) - -

Heart Failure 1 (3) 2 (4) - - 1 (4) - -

Heart transplant - 1 (2) - - - - -

Hepatic encephalopathy - - - - 1 (4) - -

Hepatic Failure - 1 (2) - - - - -

Hypothermia 1 (3) - - - - - -

Inhalation of gastric contents 2 (6) - - - - - -

Laceration of liver - - - - 1 (4) - -

Liver haemorrhage 1 (3) 1 (2) - - - - -

Myasthenia Gravis - 1 (2) - - - - -

Myocardial infarction 2 (6) 3 (6) 1 (3) - - - -

Myotonic dystrophy 1 (3) - - - - - -



187 
 

 

 

 

 

 

 

 

 

 

 

 

Controls Elderly Controls Acute sTBI Elderly Acute sTBI Long-term sTBI Alzheimer's rTBI

(n=32) (n=48) (n=32) (n=42) (n=27) (n=4) (n=15)

Cause of death, n (%)

Multiple Injuries - - - 3 (7) - - -

Non hodgkins lymphoma 1 (3) 1 (2) - - - - -

Normal pressure hydrocephalus - - - - - - 1 (7)

Overdose 4 (13) 1 (2) - - - - -

Perforated Viscus - 1 (2) - - - - -

Polymyositis - 1 (2) - - - - -

PTE - - - - 1 (4) - -

Pulmonary congestion and oedema - 2 (4) - - - - -

Pulmonary Thromboembolism 1 (3) - - 1(2) - - -

Pyelonephritis - - - - 1 (4) - -

Renal Failure - 1 (2) - - 1 (4) - -

Respiratory failure - 1 (2) - - - - -

Sepsis 2 (6) 4 (8) 1(3) - - - 1 (7)

Squamous cell carcinoma / bronchopneumonia - 1 (2) - - - - -

Stomach carcinoma/liver and adrenal metastes - 1 (2) - - - - -

Sudden death of cardiac origin 2 (6) - - - - - -

SUDEP 7 (22) 3 (6) - - 4 (14) - -

Suicide 1 (3) - - - - - -

Unknown - 8 (17) - 2 (5) - - -

Vasculitis - 1 (2) - - - - -

Vascular dementia - - - - - - 1 (7)
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Controls Elderly Controls Acute sTBI Elderly Acute sTBI Long-term sTBI Alzheimer's rTBI

(n=32) (n=48) (n=32) (n=42) (n=27) (n=4) (n=15)

TBI pathologies, n (%)

Brain swelling - - 14 (44) 21 (50) 1(4) - -

Contusions - - 24 (75) 30 (71) 27 (96) - -

DAI - - 12 (38) 25 (60) 4 (14) - -

EDH - - 2 (6) 3 (7) 2 (7) - -

HBD - - 21 (66) 41 (98) 13 (46) - -

ICH - - 20 (63) 25 (60) 9 (32) - -

RIP - - 26 (81) 37 (88) 8 (29) - -

SAH - - 17 (53) 22 (52) 1(4) - -

SDH - - 23 (72) 31 (74) 13 (46) - -

Skull fracture - - 22 (69) 31 (74) 14 (50) - -

AD, Alzheimer's disease; ARDS, Acute respiratory distress syndrome; CBD, Corticobasal degeneration; COAD, Chronic obstructive airways disease; CTE, Chronic traumatic 

encephalopathy; DAI, Diffuse axonal injury; DLB, Dementia with Lewy bodies; EDH, Extradural haematoma; FTLD-PSP, Frontotemporal lobular degeneration - progressive supranuclear 

palsy; GIT, Gasterointestinal tract; HBD, Hypoxic brain damage; ICH, Intracranial haematoma; PTE, Post-traumatic epilepsy; RIP, Raised intracranial pressure; RTA, Road traffic accident; 

SAH, Subarachnoid haematoma; SDH, Subdural haematoma; SUDEP, Sudden unexplained death in epilepsy.
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Appendix 3 – List of antibodies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antigen Clone/description Antibody Source 
Method of 

Antigen Retrieval 
Concentration 

CD3 
SP7, Monoclonal 
Mouse Anti-CD3.  

ThermoFisher 
Scientific, San 
Diego,CA 

Microwave 
pressure cooker in 
0.1M Citrate buffer 
(pH6) 

1:100 

CD20 
L26, Monoclonal 
Mouse Anti-CD20.  

Leica Biosystems, 
Newcastle-upon-
Tyne, UK 

Microwave 
pressure cooker in 
0.1M Citrate buffer 
(pH6) 

1:200 

GFAP 
GA 5, Monoclonal 
mouse anti-GFAP  

Leica Biosystems, 
Newcastle-upon-
Tyne, UK 

Microwave 
pressure cooker 
and 0.1M Tris 
Buffer (pH8) 

1:250 

AQP4 
AB3594, Polyclonal 
Rabbit Anti-AQP4 

Merck, Darmstadt, 
Germany 

Microwave 
pressure cooker 
and 0.1M Tris 
Buffer (pH8) 

1:200 

NQO1 
A180, Monoclonal 
Mouse Anti-NQO1 

Thermo Fisher 
Scientific, San 
Diego,CA 

Microwave 
pressure cooker 
and 0.1M Tris 
Buffer (pH8) 

1:1000 

BA4 
6F/3D, Monoclonal 
Mouse Anti BA4.  

Dako/Agilent, 
Santa Clara, 
California, US 

Formic acid (10%) 
for 5 minutes with 
wash, before 
Microwave 
pressure cooker in 
0.1M Citrate buffer 
(pH6) 

1:75 

PHF-1 
Gift from P. Davies, 
Paired helical 
filament  

Feinstein Institute 
for Medical 
Research, 
Manhasset, NY, 
USA) 

Microwave 
pressure cooker in 
0.1M Citrate buffer 
(pH6) 

1:1000 
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Appendix 4 – Supplementary tables 

 

 

 

 

 

 

 

 

 

 

 

Supplementary 33 - (Table 3-3) Mean density of CD3- and CD20-immunoreactive 
profiles 
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 All plaque Diffuse plaque Neuritic plaque 

 Control TBI Control TBI Control TBI 

No Plaque present 7 11 8 15 27 18 

Plaque Present 31 27 30 23 11 20 

Chi-squared 0.280 0.08 0.036 

Cramer's V 0.124 0.2 0.241 

 

A 
 

Supplementary 81 – (Table 5-2) Presence of Aβ plaque 

 

Supplementary 82 – (Table 5-2) Presence of Aβ plaque 

B 
 

 All plaque Diffuse plaque Neuritic plaque 

 Control TBI Control TBI Control TBI 

Nil 8 11 9 15 26 19 

Sparse 8 3 6 4 1 2 

Moderate 6 11 9 7 2 8 

Frequent 16 13 14 12 9 9 

Median 2.0 2.0 2.0 1.5 0.0 0.5 

Mann-Whitney test 0.704 0.288 0.048 

η2 0.002 0.01 0.05 

 

Supplementary 153 - (Table 5-3) CERAD score for extent of amyloid-beta pathology in 
elderly controls and elderly TBI patients 
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P r ot e i n Na me s HM1 HM4 HM10 Mean HM11 HM6 HM7 Mean HM12 HM2 HM3 HM5 HM8 HM9 Mean AD vs C
AD vs 

rTBI
rTBI vs C

ACO2 17.10 16.67 17.12 16.96 16.63 17.17 17.52 17.11 17.57 17.31 18.22 18.36 17.79 18.53 17.96 8 8 15.3 0.666 0.054 0.005 0.14 1 -0.86

ACOT7 15.80 16.10 15.66 15.85 16.52 16.23 16.32 16.36 16.83 16.37 15.99 16.51 16.52 16.16 16.40 3 3 11.6 0.041 0.799 0.027 0.5 0.54 -0.04

ACTG1 22.99 22.80 22.84 22.88 22.17 20.87 22.54 21.86 22.35 22.95 23.05 22.87 22.71 22.99 22.82 26 10 67.2 0.182 0.195 0.659 -1.01 -0.06 -0.96

ACTN1 15.99 14.94 14.56 15.16 14.57 15.54 15.97 15.36 16.80 15.77 14.95 15.76 16.48 14.94 15.78 4 2 5.4 0.758 0.456 0.302 0.2 0.62 -0.42

ADD2 15.23 15.11 15.76 15.37 13.97 14.87 14.11 14.32 15.92 15.46 15.73 15.89 16.13 15.95 15.84 2 1 3.3 0.042 0.022 0.120 -1.05 0.48 -1.53

ALDH2 16.48 14.53 15.37 15.46 15.41 14.68 16.34 15.48 17.38 17.65 17.25 16.57 17.72 17.14 17.29 5 5 13 0.981 0.050 0.073 0.02 1.83 -1.81

ALDH5A1 15.77 15.36 14.70 15.28 15.97 16.45 16.27 16.23 15.03 16.16 14.15 16.00 15.42 16.23 15.50 2 2 5.2 0.073 0.083 0.638 0.96 0.22 0.73

ALDH7A1 18.26 16.81 17.05 17.37 15.20 15.84 17.21 16.08 17.20 18.62 16.82 16.56 17.57 17.27 17.34 5 5 11.7 0.163 0.153 0.956 -1.29 -0.03 -1.26

ALDH9A1 16.21 14.60 15.22 15.34 15.34 14.85 14.39 14.86 16.25 16.52 16.32 15.20 16.19 15.80 16.04 6 6 16 0.438 0.024 0.271 -0.48 0.7 -1.18

ALDOA 18.94 18.14 18.51 18.53 19.16 18.66 19.16 18.99 19.27 19.50 19.11 19.37 19.63 19.53 19.40 17 16 50.8 0.190 0.115 0.052 0.46 0.87 -0.41

ALDOC 20.19 20.12 20.73 20.34 20.08 19.87 20.32 20.09 20.71 20.33 20.38 20.56 20.40 20.18 20.43 15 14 37.9 0.341 0.104 0.722 -0.26 0.08 -0.34

ANXA5 18.28 18.17 18.11 18.19 18.68 18.87 17.86 18.47 16.95 18.06 18.03 17.45 18.11 17.48 17.68 7 7 15.9 0.455 0.102 0.044 0.28 -0.51 0.79

ANXA6 17.37 14.84 17.42 16.54 15.28 16.26 15.00 15.51 15.11 17.85 17.59 14.52 17.71 17.35 16.69 15 15 20.4 0.357 0.144 0.898 -1.03 0.14 -1.17

ARHGDIA 16.64 14.95 15.61 15.74 15.37 16.23 14.31 15.30 15.30 16.94 16.87 16.58 15.87 16.76 16.39 2 2 15.7 0.590 0.177 0.321 -0.43 0.65 -1.09

ARPC4 16.05 14.52 16.84 15.80 16.54 14.62 16.11 15.76 15.71 15.80 16.12 16.51 15.85 16.00 16.00 2 2 13.7 0.962 0.722 0.802 -0.05 0.2 -0.24

ATP1A1 16.97 14.91 15.53 15.81 15.25 15.45 16.99 15.89 17.47 17.51 15.24 16.97 18.26 17.66 17.19 20 10 22.4 0.919 0.128 0.137 0.09 1.38 -1.29

ATP1A2 14.74 15.98 15.95 15.56 16.46 17.55 17.27 17.09 18.41 16.73 16.44 17.36 17.60 16.75 17.21 11 3 14.1 0.045 0.794 0.028 1.54 1.66 -0.12

ATP1A3 20.21 19.12 19.39 19.57 19.57 20.34 20.30 20.07 21.27 20.54 19.83 20.48 20.76 20.41 20.55 21 10 25.7 0.297 0.194 0.071 0.5 0.98 -0.48

ATP1B1 19.29 16.98 18.99 18.42 17.91 14.45 17.94 16.77 18.64 19.23 18.42 19.83 17.06 19.92 18.85 7 7 21.8 0.305 0.206 0.641 -1.65 0.43 -2.08

ATP2B2 14.97 14.32 14.55 14.61 15.89 14.66 14.61 15.05 15.08 15.61 15.14 15.43 15.94 15.71 15.49 3 2 3.9 0.411 0.414 0.019 0.44 0.87 -0.43

ATP5A1 20.55 20.86 21.38 20.93 21.73 21.80 20.98 21.50 20.66 20.49 21.18 20.97 20.42 21.18 20.82 33 33 56.1 0.183 0.097 0.713 0.57 -0.11 0.69

ATP5B 20.65 20.61 21.49 20.92 21.23 21.31 20.79 21.11 20.55 20.68 21.36 21.25 20.93 21.48 21.04 27 27 70.3 0.596 0.778 0.721 0.19 0.13 0.07

ATP5C1 15.40 15.64 15.83 15.62 14.85 15.08 15.03 14.99 14.64 15.47 16.15 15.78 14.86 17.09 15.66 5 5 25.2 0.020 0.127 0.922 -0.63 0.04 -0.67

ATP5D 17.18 19.21 20.02 18.80 20.52 20.34 19.67 20.17 18.58 16.84 16.37 18.06 18.16 17.46 17.58 4 4 20.2 0.241 0.001 0.281 1.37 -1.22 2.6

ATP5I 14.37 13.91 16.40 14.89 17.19 15.22 14.53 15.65 16.91 14.66 16.37 17.53 17.91 16.76 16.69 3 3 34.8 0.532 0.330 0.123 0.75 1.8 -1.04

ATP5O 18.05 18.10 19.48 18.54 19.00 18.24 18.53 18.59 18.30 18.03 18.72 18.95 18.16 19.15 18.55 10 10 59.6 0.931 0.897 0.986 0.05 0.01 0.04

ATP6V1A 17.63 17.47 17.82 17.64 17.85 16.56 17.96 17.46 17.24 18.02 18.01 17.46 17.81 17.90 17.74 14 14 26.6 0.730 0.600 0.557 -0.18 0.1 -0.28

ATP6V1B2 18.28 17.70 18.51 18.16 17.56 17.62 17.93 17.70 18.13 18.31 18.52 18.45 18.08 18.58 18.34 14 14 31.7 0.185 0.009 0.539 -0.46 0.18 -0.64

ATP6V1D 14.62 14.04 14.63 14.43 13.84 14.00 14.20 14.01 16.17 16.78 15.83 14.53 16.35 16.02 15.95 4 4 16.2 0.158 0.001 0.004 -0.41 1.52 -1.93

ATP6V1E1 19.27 15.15 20.24 18.22 20.90 15.13 19.83 18.62 19.07 19.65 19.45 19.46 19.17 20.26 19.51 7 7 30.5 0.874 0.665 0.495 0.4 1.29 -0.89

BASP1 17.91 18.40 20.06 18.79 20.88 14.35 19.08 18.10 18.85 15.20 13.89 18.01 17.05 18.19 16.87 5 5 51.1 0.765 0.602 0.105 -0.69 -1.92 1.24

BCAN 18.02 19.07 18.96 18.68 18.93 18.53 18.03 18.50 17.08 18.02 17.97 17.72 17.31 17.99 17.68 7 6 7.9 0.686 0.061 0.074 -0.18 -1 0.82

Seq 

coverage 

[ %]

Unique 

pept ides
Pept ides

AD vs rTBI 

log2f old

rTBI vs C 

log2f old

AD vs C 

log2f old

S t ude nt ' s t - t e stCont r ol  ( C )  r TB I

LFQ I nt e nsi t y  ( l og2 )

A l z he i me r ' s ( AD)

Supplementary 197 - (Table 6-3) – Label free quantification (LFQ) data for protein expression in control, AD and rTBI cohorts (log2). Peptides 
identified and sequence coverage (%), Student’s t-test and log2fold change for cohort comparisons. 
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P r ot e i n Na me s HM1 HM4 HM10 Mean HM11 HM6 HM7 Mean HM12 HM2 HM3 HM5 HM8 HM9 Mean AD vs C
AD vs 

rTBI
rTBI vs C

BIN1 18.00 18.10 16.66 17.59 17.86 16.04 15.65 16.52 13.61 18.17 16.47 15.12 17.11 16.55 16.17 6 5 14.8 0.271 0.726 0.121 -1.07 -1.42 0.35

CA2 17.64 17.36 17.20 17.40 17.36 15.18 17.34 16.63 17.89 17.63 17.60 17.62 17.73 17.61 17.68 3 3 13.5 0.397 0.283 0.150 -0.77 0.28 -1.05

CADM4 17.50 17.96 18.09 17.85 17.84 17.77 17.74 17.79 16.03 17.33 17.17 16.79 16.58 16.83 16.79 4 4 12.1 0.754 0.003 0.007 -0.07 -1.06 1

CALM3 16.89 18.48 19.04 18.14 19.97 17.21 19.30 18.83 15.58 17.70 16.26 16.81 15.17 17.11 16.44 5 5 40.9 0.551 0.083 0.095 0.69 -1.7 2.39

CAMK2A 18.17 18.03 17.99 18.07 18.08 15.91 18.26 17.42 17.37 17.91 17.63 18.05 18.77 16.86 17.76 7 4 18.6 0.479 0.698 0.312 -0.65 -0.3 -0.35

CAMK2G 16.40 16.61 16.77 16.59 14.52 14.52 14.34 14.46 16.78 16.48 16.72 17.19 16.80 16.51 16.75 4 1 7.9 0.000 0.000 0.343 -2.14 0.15 -2.29

CANX 14.54 14.16 14.14 14.28 15.87 16.52 15.75 16.05 14.72 14.43 14.52 14.94 15.47 14.68 14.79 2 2 4.1 0.007 0.014 0.041 1.77 0.52 1.25

CAPZA1 17.20 16.35 16.98 16.84 16.94 14.99 14.47 15.47 16.47 16.42 16.75 16.94 16.72 16.53 16.64 2 1 8.4 0.202 0.260 0.506 -1.38 -0.21 -1.17

CAPZA2 17.13 16.80 17.08 17.01 17.10 16.73 17.68 17.17 17.35 17.44 17.20 17.19 17.45 17.17 17.30 3 2 14.7 0.628 0.680 0.081 0.16 0.29 -0.13

CBR1 19.61 19.62 18.64 19.29 19.21 19.10 18.84 19.05 18.44 19.79 18.99 18.55 18.53 17.84 18.69 9 7 51.3 0.542 0.257 0.216 -0.24 -0.6 0.36

CBR3 17.73 17.57 16.66 17.32 16.47 14.42 16.74 15.88 17.22 17.71 16.37 16.76 16.34 15.99 16.73 3 1 13.4 0.179 0.367 0.230 -1.44 -0.59 -0.85

CFL1 18.02 16.94 16.83 17.26 14.64 15.41 14.24 14.76 15.39 17.87 14.46 14.34 17.09 18.01 16.19 3 3 20.5 0.008 0.106 0.213 -2.5 -1.07 -1.43

CKB 19.74 19.98 19.29 19.67 19.38 19.87 19.54 19.60 19.27 19.99 19.21 19.51 18.83 18.63 19.24 13 13 44.6 0.800 0.184 0.184 -0.07 -0.43 0.36

CKMT1A;CKMT1B 17.38 16.19 17.02 16.86 14.53 15.76 16.26 15.52 16.86 17.73 17.50 17.77 18.24 18.48 17.76 9 9 24.5 0.106 0.031 0.103 -1.34 0.9 -2.24

CLU 16.24 17.06 16.39 16.56 16.42 14.74 16.64 15.93 14.42 16.66 16.66 16.48 16.28 16.40 16.15 3 3 8.9 0.412 0.770 0.375 -0.63 -0.41 -0.22

CNDP2 16.64 16.37 15.05 16.02 16.42 15.58 16.75 16.25 17.02 17.54 16.09 16.32 16.22 16.30 16.58 6 5 14.5 0.724 0.473 0.378 0.23 0.56 -0.33

CNP 18.63 17.70 17.08 17.80 14.68 14.75 16.88 15.44 18.82 19.08 18.46 18.91 17.32 16.97 18.26 15 9 41.3 0.060 0.038 0.469 -2.37 0.46 -2.82

CNTN1 18.91 18.45 18.82 18.73 18.46 18.10 18.58 18.38 17.00 19.25 18.89 18.74 18.23 18.46 18.43 14 14 16 0.161 0.895 0.425 -0.35 -0.3 -0.05

CNTN2 16.03 14.65 14.07 14.92 13.93 14.72 15.06 14.57 16.55 16.09 15.95 16.36 16.43 16.06 16.24 3 3 4.2 0.640 0.030 0.148 -0.35 1.32 -1.67

CNTNAP1 17.71 17.34 16.86 17.30 16.62 17.17 17.05 16.95 16.85 17.53 16.49 16.94 16.35 16.85 16.83 11 11 10 0.306 0.655 0.192 -0.36 -0.47 0.11

COX4I1 15.92 14.98 14.68 15.19 14.35 15.38 17.41 15.71 18.00 15.87 17.60 18.29 17.40 17.58 17.46 2 2 12.4 0.635 0.181 0.006 0.52 2.26 -1.74

COX5A 16.29 16.95 18.36 17.20 14.73 15.40 17.39 15.84 17.18 15.58 17.02 17.17 16.87 17.71 16.92 4 4 22 0.251 0.308 0.705 -1.36 -0.28 -1.08

COX5B 15.69 15.31 17.41 16.14 14.97 14.86 17.36 15.73 17.54 15.88 17.53 18.35 17.83 17.67 17.47 4 4 30.2 0.717 0.153 0.161 -0.41 1.33 -1.74

CRYAB 19.29 20.81 20.28 20.12 19.34 15.56 19.69 18.20 14.80 19.18 19.00 18.66 17.51 18.19 17.89 13 13 73.1 0.279 0.849 0.027 -1.93 -2.23 0.31

CRYM 17.56 17.56 17.86 17.66 18.13 14.46 17.80 16.80 17.10 17.73 17.87 17.55 16.72 17.94 17.48 5 5 18.8 0.540 0.619 0.459 -0.86 -0.17 -0.69

CS 15.92 15.72 16.58 16.07 14.36 14.62 15.28 14.75 14.80 16.02 16.82 16.83 15.89 17.27 16.27 5 5 11.6 0.025 0.013 0.671 -1.32 0.2 -1.52

CTSD 15.83 16.49 17.23 16.52 15.22 14.35 16.07 15.21 16.12 16.37 16.46 16.29 15.12 16.66 16.17 4 4 15.5 0.115 0.183 0.502 -1.31 -0.35 -0.96

CYCS 15.39 14.84 16.42 15.55 14.84 15.63 15.22 15.23 15.98 15.70 16.27 17.49 16.31 17.44 16.53 3 3 25.7 0.588 0.012 0.154 -0.31 0.98 -1.3

DBI 19.32 17.52 18.95 18.60 18.78 18.14 18.84 18.59 19.37 19.14 19.95 19.57 19.84 19.54 19.57 3 3 41.4 0.985 0.026 0.216 -0.01 0.97 -0.98

DDAH1 20.60 19.67 19.87 20.05 19.74 19.72 20.33 19.93 20.14 20.21 20.45 20.24 20.46 20.03 20.26 6 6 34 0.757 0.242 0.539 -0.11 0.21 -0.32

DLST 16.93 16.60 16.93 16.82 17.22 17.61 16.72 17.18 17.48 16.81 16.51 17.22 17.12 17.13 17.04 3 3 7.7 0.291 0.662 0.242 0.36 0.22 0.14

DNM1 15.95 17.44 16.12 16.50 16.97 15.87 16.93 16.59 16.91 16.76 16.56 16.45 18.09 15.47 16.71 11 11 13 0.889 0.825 0.743 0.09 0.2 -0.12
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P r ot e i n Na me s HM1 HM4 HM10 Mean HM11 HM6 HM7 Mean HM12 HM2 HM3 HM5 HM8 HM9 Mean AD vs C
AD vs 

rTBI
rTBI vs C

DPYSL2 21.48 20.60 20.16 20.75 20.06 19.38 20.84 20.09 20.55 21.67 21.25 21.03 21.27 20.84 21.10 24 21 53.3 0.319 0.126 0.467 -0.65 0.35 -1.01

DPYSL3 15.83 14.72 14.24 14.93 14.32 14.26 15.54 14.71 15.42 17.60 17.63 14.87 16.77 14.51 16.13 10 7 24 0.738 0.082 0.148 -0.23 1.2 -1.43

DYNC1H1 15.86 15.76 15.23 15.61 15.38 14.99 15.97 15.45 16.52 16.22 16.01 15.73 16.75 14.11 15.89 6 6 1.9 0.657 0.389 0.546 -0.17 0.27 -0.44

DYNLRB1 17.59 18.44 18.41 18.15 19.73 19.16 18.54 19.14 17.46 17.20 17.72 17.59 17.35 17.33 17.44 2 2 21.9 0.090 0.034 0.117 1 -0.7 1.7

ECH1 15.98 15.07 14.12 15.06 14.86 14.69 14.55 14.70 15.62 16.60 16.21 15.18 16.66 16.74 16.17 3 3 9.5 0.580 0.002 0.159 -0.35 1.11 -1.46

ECHS1 15.14 14.66 15.81 15.20 15.61 16.01 15.10 15.57 15.96 15.82 15.19 15.87 15.65 16.03 15.75 2 2 11.4 0.437 0.571 0.233 0.37 0.55 -0.19

EEF1A1 17.79 18.14 13.89 16.61 18.54 19.58 18.51 18.88 18.38 17.88 18.33 18.83 18.40 17.46 18.21 2 2 5.4 0.233 0.190 0.359 2.27 1.61 0.66

EFHD2 15.90 15.83 15.96 15.90 14.17 16.09 15.69 15.31 13.87 16.05 16.32 15.82 15.26 15.90 15.54 5 4 22.5 0.425 0.764 0.369 -0.58 -0.36 -0.22

EIF4A2 15.52 16.13 16.08 15.91 16.46 15.26 16.57 16.10 16.43 15.50 15.45 16.35 16.61 14.99 15.89 4 4 13.5 0.715 0.704 0.959 0.19 -0.02 0.21

EIF4H 14.80 17.10 16.56 16.15 17.79 14.67 17.12 16.53 15.51 14.72 15.81 15.85 16.38 15.18 15.58 2 2 9.7 0.766 0.422 0.499 0.38 -0.58 0.95

ENO1 19.16 18.40 18.64 18.73 18.01 16.23 17.88 17.37 18.10 19.40 19.40 18.61 18.55 19.48 18.92 23 21 64.1 0.128 0.097 0.585 -1.36 0.19 -1.55

ENO2 21.21 20.73 20.99 20.98 20.98 20.31 20.67 20.65 20.52 21.22 20.89 20.91 20.36 21.19 20.85 21 19 57.6 0.258 0.462 0.550 -0.32 -0.13 -0.19

ENPP6 16.38 16.87 17.16 16.80 13.74 14.77 15.31 14.61 14.82 17.04 17.77 15.84 15.77 17.33 16.43 6 6 20.5 0.025 0.033 0.488 -2.2 -0.38 -1.82

EPB41L3 16.60 17.04 16.98 16.87 16.94 16.47 16.52 16.65 16.37 17.16 16.18 16.78 15.87 16.07 16.41 6 6 8 0.330 0.364 0.095 -0.23 -0.47 0.24

ETFA 14.77 14.87 15.78 15.14 15.23 14.73 14.77 14.91 15.29 15.14 15.40 15.28 14.84 15.84 15.30 4 4 18.3 0.577 0.125 0.679 -0.22 0.16 -0.38

FABP3 16.78 17.43 17.51 17.24 17.81 14.75 17.83 16.80 15.95 14.13 14.06 17.03 17.35 16.77 15.88 2 2 16.5 0.710 0.490 0.076 -0.44 -1.36 0.91

FTH1 19.71 20.16 19.23 19.70 18.98 14.46 18.81 17.41 18.06 19.93 19.97 19.55 19.31 19.54 19.39 11 11 59.6 0.261 0.312 0.461 -2.28 -0.31 -1.98

FTL 19.52 19.70 19.75 19.66 18.71 18.79 19.08 18.86 18.19 19.72 20.34 20.29 19.63 20.13 19.72 6 6 34.3 0.007 0.048 0.862 -0.8 0.06 -0.86

GAPDH 19.73 19.08 19.55 19.45 19.05 18.42 19.10 18.86 19.00 20.16 20.23 19.66 20.09 19.87 19.83 25 25 71.9 0.112 0.019 0.212 -0.6 0.38 -0.98

GDI1 19.33 19.09 18.36 18.93 18.14 18.04 18.50 18.22 18.83 19.46 19.57 19.15 19.03 19.51 19.26 12 6 33.3 0.120 0.003 0.378 -0.71 0.33 -1.04

GDI2 16.28 15.20 15.14 15.54 15.09 14.64 14.77 14.83 14.75 16.53 16.14 16.22 15.93 15.75 15.89 10 4 27 0.188 0.008 0.480 -0.7 0.35 -1.05

GFAP 22.07 21.16 19.75 20.99 20.04 19.51 21.23 20.26 20.79 22.09 21.61 20.94 21.85 21.25 21.42 44 42 67.1 0.437 0.134 0.598 -0.73 0.43 -1.16

GLIPR2 16.39 16.49 16.86 16.58 14.95 14.75 16.17 15.29 17.04 16.07 16.21 15.88 16.75 15.74 16.28 2 2 16.9 0.088 0.137 0.278 -1.29 -0.3 -0.99

GLUD1 18.59 17.28 18.30 18.06 17.24 15.68 16.66 16.53 14.93 19.00 18.34 17.92 17.20 18.52 17.65 15 15 32.6 0.065 0.180 0.587 -1.53 -0.41 -1.12

GNAI1 17.17 15.28 16.10 16.19 14.20 14.45 15.28 14.64 14.98 16.85 16.15 16.67 16.31 16.25 16.20 4 1 11.3 0.087 0.015 0.979 -1.54 0.02 -1.56

GNAO1 20.13 18.54 19.13 19.27 17.34 16.44 17.97 17.25 19.47 20.19 19.31 19.48 19.89 19.57 19.65 14 11 40.7 0.035 0.024 0.498 -2.01 0.39 -2.4

GNB1 18.82 17.86 18.31 18.33 18.53 17.96 17.92 18.14 17.42 19.19 17.37 17.43 17.62 17.58 17.77 6 6 18.5 0.613 0.322 0.211 -0.19 -0.56 0.37

GNB2 18.87 17.77 17.62 18.09 18.49 18.14 18.36 18.33 17.11 19.02 17.87 17.78 18.40 17.57 17.96 3 3 8.8 0.609 0.249 0.799 0.24 -0.13 0.37

GOT1 19.21 19.30 19.90 19.47 19.54 18.80 19.49 19.28 19.61 19.51 19.35 19.30 19.41 19.43 19.44 17 17 40.7 0.581 0.573 0.896 -0.19 -0.03 -0.16

GOT2 17.30 18.05 18.39 17.91 17.60 17.16 17.35 17.37 17.19 17.57 16.34 18.04 16.36 17.80 17.22 6 6 20.7 0.230 0.653 0.171 -0.54 -0.69 0.15

GPI 18.43 17.83 17.42 17.89 17.40 16.10 17.97 17.16 17.72 18.85 17.90 17.38 18.18 17.38 17.90 7 7 17.6 0.321 0.309 0.987 -0.74 0.01 -0.74

GPX1 15.14 16.40 14.92 15.49 16.96 16.75 16.51 16.74 15.19 15.29 14.18 14.67 15.12 14.51 14.83 2 2 11.8 0.103 0.000 0.285 1.25 -0.66 1.91
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P r ot e i n Na me s HM1 HM4 HM10 Mean HM11 HM6 HM7 Mean HM12 HM2 HM3 HM5 HM8 HM9 Mean AD vs C
AD vs 

rTBI
rTBI vs C

GSTP1 16.51 15.77 14.32 15.53 14.61 14.48 14.92 14.67 14.82 16.32 17.02 15.69 15.25 16.05 15.86 6 6 37.1 0.310 0.013 0.682 -0.86 0.32 -1.18

H1.4 18.74 18.70 18.55 18.66 18.18 15.23 18.34 17.25 17.66 19.10 18.25 19.40 18.09 19.53 18.67 10 3 30.1 0.296 0.291 0.980 -1.42 0.01 -1.42

H2AC18 16.50 17.57 17.96 17.34 18.38 14.60 17.46 16.81 14.90 16.99 16.05 16.94 15.25 16.90 16.17 6 2 35.4 0.697 0.638 0.099 -0.53 -1.17 0.64

H2BC15 21.73 21.79 21.84 21.78 22.96 20.99 22.61 22.19 21.19 21.34 21.81 21.90 21.10 21.44 21.47 7 1 53.6 0.574 0.356 0.062 0.4 -0.32 0.72

H3-7 18.40 19.94 19.89 19.41 21.43 14.98 20.42 18.94 18.24 18.15 18.04 19.25 17.70 18.66 18.34 4 4 22.1 0.839 0.794 0.155 -0.47 -1.07 0.6

HADHA 14.45 15.61 14.69 14.92 14.70 15.58 15.66 15.31 15.54 15.02 15.24 14.08 15.31 15.09 15.05 2 2 4.7 0.445 0.516 0.765 0.4 0.13 0.26

HADHB 15.94 14.22 15.12 15.09 15.06 15.98 14.87 15.30 14.59 15.64 16.31 15.31 15.83 15.60 15.55 3 3 8 0.746 0.592 0.472 0.21 0.45 -0.24

HAGH 15.93 16.18 14.63 15.58 14.51 15.39 16.44 15.45 15.19 16.05 16.48 16.50 16.80 16.15 16.20 2 2 5.8 0.866 0.313 0.334 -0.13 0.62 -0.75

HAPLN2 18.64 19.66 20.06 19.45 18.75 18.90 18.30 18.65 14.18 18.33 17.23 17.99 13.76 19.23 16.79 10 10 28.8 0.190 0.102 0.037 -0.8 -2.66 1.86

HBA1;HBA2 21.65 20.69 20.74 21.03 16.82 15.35 18.85 17.01 19.83 21.83 23.29 22.07 22.04 23.63 22.12 10 6 69.7 0.048 0.018 0.128 -4.02 1.09 -5.11

HBB 23.36 23.01 22.77 23.05 22.51 23.06 22.70 22.76 22.32 23.40 23.92 23.44 23.54 25.10 23.62 13 7 85.7 0.283 0.071 0.203 -0.29 0.57 -0.86

HBD 18.41 17.93 17.89 18.07 18.19 17.86 18.20 18.08 17.98 18.70 19.34 18.79 18.89 20.75 19.07 8 2 55.1 0.963 0.048 0.050 0.01 1 -0.99

HINT1 17.29 17.61 17.53 17.47 17.43 15.45 17.34 16.74 14.48 17.83 18.13 17.61 17.31 17.62 17.17 2 2 32.5 0.375 0.639 0.601 -0.73 -0.31 -0.42

HIST1H2AC 21.30 22.63 22.21 22.05 23.23 21.27 22.81 22.44 20.80 21.36 20.52 21.79 20.41 21.47 21.06 6 2 35.4 0.617 0.133 0.108 0.39 -0.99 1.38

HIST1H4A 18.10 19.52 19.72 19.11 19.71 17.84 18.37 18.64 17.57 18.24 18.19 18.60 17.80 18.80 18.20 8 8 64.1 0.565 0.519 0.208 -0.47 -0.91 0.44

HK1 17.05 15.85 14.85 15.92 16.22 17.51 15.94 16.56 17.41 17.58 16.78 17.81 17.64 17.94 17.53 11 11 11.8 0.470 0.171 0.118 0.64 1.61 -0.97

HPRT1 16.53 17.04 17.49 17.02 16.68 15.50 17.05 16.41 15.39 17.40 16.88 16.81 15.79 17.12 16.57 4 4 17 0.338 0.798 0.323 -0.61 -0.46 -0.16

HSP90AA1 18.04 16.93 16.13 17.03 16.67 15.64 17.04 16.45 16.91 18.26 17.94 16.86 17.34 15.30 17.10 12 8 14.8 0.455 0.320 0.925 -0.58 0.07 -0.65

HSPA1A 18.11 16.70 14.94 16.58 15.80 14.63 16.60 15.68 14.52 18.26 17.42 16.49 17.60 17.83 17.02 14 7 24.5 0.458 0.146 0.705 -0.9 0.44 -1.34

HSPA5 16.04 14.23 16.40 15.56 13.98 14.96 14.07 14.34 15.52 15.90 15.46 15.87 16.62 16.42 15.96 7 6 13.3 0.204 0.015 0.612 -1.22 0.41 -1.63

HSPA6 17.24 17.79 17.77 17.60 18.58 18.11 18.26 18.32 17.97 14.57 14.27 17.39 16.92 13.84 15.83 6 1 12.6 0.037 0.019 0.061 0.72 -1.77 2.49

HSPA8 19.89 19.63 19.57 19.70 18.01 18.23 19.38 18.54 19.36 20.29 20.35 20.05 20.21 20.24 20.08 25 17 37.8 0.106 0.055 0.071 -1.15 0.39 -1.54

HSPA9 17.07 14.62 15.35 15.68 14.95 15.99 16.73 15.89 17.05 17.51 15.88 17.66 17.85 17.11 17.18 10 10 17.7 0.827 0.109 0.162 0.21 1.5 -1.29

HSPB1 15.93 17.54 15.91 16.46 17.24 16.14 17.44 16.94 14.93 17.61 17.69 17.40 16.30 16.65 16.76 5 5 29.8 0.518 0.773 0.681 0.48 0.3 0.18

HSPD1 17.85 14.88 14.71 15.81 14.41 14.93 14.36 14.57 18.20 18.06 18.39 18.21 18.21 18.55 18.27 13 13 25.7 0.345 0.001 0.137 -1.25 2.45 -3.7

HSPE1 15.20 16.48 19.32 17.00 18.36 13.87 18.15 16.79 17.48 15.94 18.14 18.08 18.16 18.52 17.72 10 10 85.3 0.919 0.596 0.622 -0.21 0.72 -0.92

IGHA1 15.96 15.94 13.99 15.30 14.76 15.79 15.42 15.32 17.28 15.90 16.89 17.57 16.68 17.36 16.95 4 4 16.1 0.970 0.010 0.113 0.03 1.65 -1.62

IGHG1 15.85 17.45 17.42 16.91 14.68 15.31 15.06 15.02 14.69 16.19 16.14 18.34 16.62 16.89 16.48 2 2 9.4 0.057 0.029 0.573 -1.89 -0.43 -1.46

IGKC 14.74 17.73 17.86 16.77 15.11 14.93 17.28 15.78 17.22 16.46 16.29 17.93 14.96 17.39 16.71 2 2 32.7 0.478 0.353 0.957 -1 -0.07 -0.93

IGLC3 14.62 15.98 15.80 15.47 14.84 14.74 15.28 14.95 15.48 14.60 15.24 16.26 14.10 15.75 15.24 2 2 30.2 0.356 0.456 0.691 -0.51 -0.23 -0.28

IGSF8 17.42 17.82 18.08 17.77 18.71 17.80 18.20 18.23 17.65 17.54 17.50 17.32 17.66 18.08 17.62 10 10 18.9 0.238 0.133 0.545 0.46 -0.15 0.61

IMPA1 16.37 15.66 16.49 16.17 15.97 15.13 15.86 15.66 14.95 16.18 15.72 16.02 15.99 16.18 15.84 3 3 13.7 0.236 0.600 0.359 -0.52 -0.33 -0.18
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P r ot e i n Na me s HM1 HM4 HM10 Mean HM11 HM6 HM7 Mean HM12 HM2 HM3 HM5 HM8 HM9 Mean AD vs C
AD vs 

rTBI
rTBI vs C

INA 17.76 18.58 17.54 17.96 17.09 16.40 18.88 17.45 19.05 17.99 17.91 18.63 19.66 17.91 18.52 20 17 35.7 0.579 0.282 0.244 -0.5 0.56 -1.07

L1CAM 17.31 14.41 16.79 16.17 16.98 14.68 17.19 16.28 16.92 17.28 16.70 17.00 17.24 16.44 16.93 3 3 3.2 0.928 0.509 0.485 0.12 0.76 -0.65

LDHA 17.65 14.82 14.76 15.74 16.21 15.49 15.35 15.68 17.57 17.25 17.41 17.08 16.75 17.53 17.26 5 4 20.5 0.957 0.013 0.249 -0.06 1.53 -1.58

LDHB 19.75 18.34 19.13 19.07 18.23 16.16 19.17 17.85 20.05 19.81 19.10 19.51 19.45 19.62 19.59 11 10 34.1 0.307 0.187 0.330 -1.22 0.52 -1.73

LGALS1 16.50 14.82 15.14 15.48 14.79 14.83 15.55 15.05 15.17 16.55 16.75 14.30 16.17 15.98 15.82 4 4 35.6 0.508 0.133 0.625 -0.43 0.34 -0.77

LGALS3BP 16.01 16.51 16.22 16.25 15.68 14.68 14.57 14.98 14.99 15.69 13.86 13.50 15.00 14.69 14.62 3 3 6.7 0.053 0.493 0.003 -1.27 -1.62 0.35

MAG 18.21 17.06 18.13 17.80 17.06 16.59 16.01 16.55 18.32 17.33 16.27 17.38 17.85 17.84 17.50 6 6 10.2 0.063 0.068 0.553 -1.25 -0.3 -0.95

MAP1A 15.73 16.20 15.13 15.69 15.00 15.91 15.30 15.40 15.45 16.85 15.83 15.20 15.52 15.34 15.70 7 6 3.1 0.523 0.447 0.977 -0.28 0.01 -0.3

MAP1B 17.86 17.36 16.48 17.24 16.54 16.49 17.58 16.87 17.28 17.93 17.00 16.48 17.79 16.51 17.17 11 10 5.3 0.533 0.535 0.889 -0.37 -0.07 -0.29

MAP1LC3B 17.28 17.94 17.38 17.53 18.08 14.52 17.71 16.77 15.08 16.29 17.48 16.52 17.45 16.65 16.58 3 2 20.8 0.573 0.881 0.055 -0.76 -0.96 0.2

MAP2 16.01 16.27 16.58 16.29 14.08 14.23 16.62 14.97 16.07 15.40 15.88 16.08 14.30 15.29 15.50 4 4 2.4 0.249 0.593 0.046 -1.31 -0.78 -0.53

MAP6 17.76 18.05 17.87 17.89 17.69 14.33 18.24 16.76 17.51 17.59 17.49 18.06 17.10 17.34 17.52 4 4 9.2 0.450 0.598 0.045 -1.14 -0.38 -0.76

MAPK1 18.63 18.26 17.83 18.24 18.48 18.26 18.73 18.49 18.77 18.60 18.36 13.94 18.95 13.83 17.07 4 4 14.7 0.406 0.222 0.308 0.25 -1.16 1.42

MAPT 18.53 17.60 18.34 18.16 16.48 15.57 17.79 16.61 18.21 18.54 18.39 18.72 18.04 18.22 18.35 6 6 9.9 0.124 0.110 0.566 -1.54 0.2 -1.74

MBP 21.45 20.65 22.95 21.68 20.98 21.13 21.24 21.12 22.59 21.20 23.21 22.27 21.89 21.90 22.18 21 1 52.5 0.491 0.012 0.550 -0.56 0.5 -1.06

MBP 20.47 21.34 21.93 21.25 18.98 18.34 18.45 18.59 20.55 20.24 22.10 21.73 20.08 19.99 20.78 22 2 41.8 0.013 0.001 0.445 -2.66 -0.46 -2.19

MDH1 16.65 14.54 17.07 16.09 15.28 15.57 14.37 15.07 14.25 16.93 17.29 17.36 17.48 17.26 16.76 5 5 21 0.329 0.031 0.510 -1.01 0.68 -1.69

MDH2 18.86 18.29 19.30 18.82 18.01 16.34 18.47 17.61 19.05 19.06 19.08 19.46 19.01 19.46 19.19 18 18 59.8 0.195 0.133 0.336 -1.21 0.37 -1.58

MIF 18.35 18.32 17.56 18.07 17.67 17.08 18.25 17.67 17.94 17.62 17.64 17.99 17.87 17.05 17.68 2 2 17.4 0.393 0.967 0.267 -0.41 -0.39 -0.02

MOG 19.00 19.76 20.02 19.60 19.64 20.70 19.70 20.01 18.27 19.31 19.28 19.63 18.85 19.28 19.10 8 8 30.4 0.417 0.095 0.249 0.42 -0.49 0.91

MT-CO2 17.59 19.69 17.00 18.09 19.26 19.75 19.16 19.39 19.71 17.45 17.99 18.50 18.38 18.38 18.40 2 2 7.5 0.250 0.028 0.749 1.3 0.31 0.99

MYL6 16.71 16.68 16.93 16.77 14.49 13.97 17.19 15.22 15.00 16.89 16.92 17.27 16.73 16.56 16.56 2 2 19.2 0.259 0.309 0.553 -1.56 -0.21 -1.34

NCAM1 17.93 16.57 17.45 17.31 17.16 15.61 17.22 16.66 14.34 17.96 17.31 17.15 17.39 17.73 16.98 5 5 6.9 0.384 0.690 0.635 -0.65 -0.33 -0.32

NCAM1 14.94 15.66 15.84 15.48 17.05 15.53 17.00 16.53 15.03 15.09 14.96 14.52 15.05 15.02 14.95 3 3 10.5 0.159 0.082 0.186 1.05 -0.53 1.58

NCAN 17.85 18.97 19.57 18.79 18.50 15.98 17.25 17.24 16.75 17.56 17.34 17.58 17.13 17.94 17.38 8 7 6.6 0.163 0.864 0.095 -1.55 -1.41 -0.14

NDRG2 16.17 16.96 16.63 16.58 14.37 15.34 16.59 15.43 16.14 16.37 16.39 16.18 15.58 15.31 16.00 3 3 16.2 0.208 0.476 0.106 -1.15 -0.59 -0.56

NDUFA13 15.46 14.69 16.93 15.69 16.38 16.87 16.33 16.53 14.06 16.07 16.54 16.95 16.24 16.63 16.08 3 3 22.9 0.330 0.363 0.646 0.84 0.39 0.45

NDUFB7 14.92 15.96 16.72 15.87 15.07 14.74 15.72 15.17 16.57 15.46 14.55 16.65 14.62 16.53 15.73 2 2 12.4 0.326 0.301 0.844 -0.69 -0.14 -0.55

NDUFS1 16.83 16.42 17.32 16.86 16.49 14.26 16.41 15.72 17.06 16.84 16.45 16.90 16.35 16.81 16.74 7 7 11.7 0.257 0.299 0.700 -1.13 -0.12 -1.01

NEFH 17.83 18.07 17.67 17.86 15.63 16.09 18.33 16.68 19.48 17.96 18.47 17.79 19.65 18.67 18.67 16 14 15.8 0.294 0.126 0.049 -1.18 0.81 -1.99

NEFL 19.05 19.47 18.77 19.10 15.61 14.63 19.17 16.47 19.54 18.96 19.83 19.17 20.48 20.23 19.70 31 29 48.4 0.195 0.140 0.100 -2.63 0.6 -3.23

NEFM 17.71 17.12 16.54 17.12 15.03 14.92 18.72 16.22 18.51 17.73 19.22 18.27 20.53 19.44 18.95 28 25 35.9 0.550 0.150 0.012 -0.9 1.83 -2.73
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P r ot e i n Na me s HM1 HM4 HM10 Mean HM11 HM6 HM7 Mean HM12 HM2 HM3 HM5 HM8 HM9 Mean AD vs C
AD vs 

rTBI
rTBI vs C

PSMB6 16.01 17.39 17.34 16.91 17.86 18.27 17.93 18.02 16.38 15.99 16.15 16.93 16.02 16.25 16.29 3 3 13.4 0.125 0.000 0.296 1.1 -0.63 1.73

PTGDS 17.17 18.00 17.67 17.61 17.36 15.40 15.48 16.08 15.31 16.98 17.62 16.30 16.04 17.77 16.67 2 2 17.4 0.127 0.481 0.080 -1.53 -0.94 -0.59

PTPRZ1 17.72 18.00 18.05 17.92 17.99 15.67 17.25 16.97 16.73 17.93 16.67 17.22 16.24 17.47 17.04 5 5 2.2 0.299 0.929 0.016 -0.95 -0.88 -0.07

PYGB 16.33 15.31 15.38 15.67 16.64 17.08 16.74 16.82 14.50 16.43 15.73 14.65 14.23 14.18 14.95 2 2 2.4 0.058 0.003 0.196 1.15 -0.72 1.87

QDPR 18.20 18.66 18.36 18.41 17.94 14.26 17.19 16.46 16.74 18.52 18.43 18.23 17.62 18.75 18.05 6 6 42.2 0.224 0.290 0.321 -1.95 -0.36 -1.59

RAB6A 14.59 17.10 16.73 16.14 17.40 15.04 16.67 16.37 15.05 16.00 15.87 15.79 16.01 15.85 15.76 5 3 32.7 0.839 0.475 0.675 0.23 -0.38 0.61

RAB7A 16.70 16.36 16.28 16.45 16.11 14.73 14.48 15.11 16.02 16.49 16.00 16.10 16.35 16.45 16.24 2 2 13 0.110 0.152 0.251 -1.34 -0.21 -1.13

RALA 15.64 14.80 16.29 15.58 14.33 14.42 15.31 14.69 15.12 16.11 15.46 15.63 15.33 16.09 15.63 4 4 25.7 0.177 0.071 0.923 -0.89 0.05 -0.94

RAP1B 15.37 14.40 14.67 14.82 14.32 14.34 14.69 14.45 15.33 15.73 15.57 15.26 15.00 15.36 15.38 3 3 13.6 0.337 0.002 0.181 -0.36 0.56 -0.92

RPL11 15.54 15.69 15.07 15.43 14.94 15.73 14.80 15.16 14.41 14.96 15.63 15.64 16.08 14.34 15.18 2 2 16.3 0.477 0.956 0.496 -0.27 -0.25 -0.02

RPS18 15.39 17.00 16.87 16.42 16.99 16.29 16.15 16.48 14.99 14.97 14.40 15.98 14.65 15.78 15.13 2 2 13.2 0.929 0.011 0.110 0.06 -1.29 1.35

RPSA 16.79 17.66 17.38 17.28 17.25 17.32 17.40 17.32 16.95 17.26 16.45 16.92 14.88 16.68 16.52 4 4 18.3 0.873 0.069 0.125 0.05 -0.75 0.8

RTN1 16.21 17.23 14.66 16.03 17.57 14.00 17.23 16.27 15.99 16.25 16.26 16.18 16.23 14.43 15.89 2 2 3.6 0.873 0.777 0.873 0.23 -0.14 0.38

S100B 19.00 19.45 19.02 19.16 16.49 14.78 16.50 15.92 16.66 19.04 19.49 18.07 17.37 19.54 18.36 2 2 21.3 0.024 0.023 0.169 -3.23 -0.8 -2.43

SEPTIN2 16.32 15.34 15.38 15.68 15.68 14.21 16.25 15.38 14.96 16.90 17.30 16.58 17.14 16.26 16.52 5 5 19.1 0.690 0.190 0.123 -0.3 0.84 -1.14

SEPTIN7 16.40 15.07 14.90 15.46 14.87 15.09 14.86 14.94 15.92 16.36 15.81 16.07 16.01 15.57 15.96 3 3 9.8 0.388 0.000 0.405 -0.52 0.5 -1.02

SEPT8 14.51 14.03 15.46 14.67 14.81 15.01 14.77 14.86 14.66 16.07 16.17 15.63 16.31 15.55 15.73 3 3 8.1 0.696 0.015 0.105 0.19 1.06 -0.87

SFXN1 15.93 15.60 17.37 16.30 16.28 15.88 16.90 16.35 17.59 15.81 16.64 17.35 17.09 17.26 16.96 4 4 14.9 0.936 0.186 0.356 0.05 0.66 -0.6

SH3GL2 17.24 16.10 16.29 16.55 14.78 15.36 15.78 15.30 17.23 17.23 17.53 17.12 17.58 17.27 17.33 4 4 16.8 0.055 0.015 0.153 -1.24 0.78 -2.02

SIRPA 19.06 19.15 19.79 19.33 20.03 19.61 19.75 19.80 19.76 19.18 18.61 19.52 19.74 18.68 19.25 9 9 23.2 0.171 0.059 0.797 0.46 -0.08 0.55

SIRT2 17.60 16.86 16.27 16.91 16.81 17.73 15.66 16.73 17.38 17.56 17.05 16.94 17.20 15.92 17.01 3 3 6.9 0.814 0.699 0.841 -0.18 0.1 -0.28

SLC25A12 14.74 15.55 15.67 15.32 14.92 14.99 16.29 15.40 14.55 15.76 16.60 16.94 16.84 17.04 16.29 4 4 8.1 0.887 0.196 0.091 0.08 0.97 -0.89

SLC9A3R1 16.92 16.85 17.02 16.93 16.82 14.25 14.63 15.24 14.84 16.83 16.19 16.18 15.99 16.30 16.06 3 3 15.6 0.168 0.416 0.022 -1.69 -0.87 -0.82

SNAP25 20.48 21.12 21.07 20.89 21.13 21.20 21.12 21.15 20.91 20.53 20.49 20.64 20.47 20.35 20.56 15 15 55.8 0.332 0.000 0.248 0.26 -0.33 0.59

SNCA 16.66 16.32 17.15 16.71 14.20 14.80 14.83 14.61 14.77 17.40 17.34 15.78 15.57 17.51 16.40 7 6 54.3 0.003 0.012 0.575 -2.1 -0.32 -1.78

SOD1 14.11 15.10 14.16 14.46 14.74 15.11 15.52 15.12 15.80 17.09 18.12 16.89 17.16 17.60 17.11 3 3 58.4 0.175 0.001 0.001 0.66 2.65 -1.99

SPTAN1 18.06 16.97 16.71 17.24 17.32 17.08 18.05 17.48 18.16 18.83 17.92 17.50 18.88 17.47 18.13 36 36 17.6 0.666 0.156 0.151 0.24 0.88 -0.64

SPTBN1 18.56 17.55 17.87 17.99 16.68 15.80 18.51 17.00 18.51 18.84 17.99 17.98 19.01 17.95 18.38 25 25 13.9 0.339 0.221 0.343 -1 0.39 -1.38

STMN1 19.18 18.50 18.80 18.83 18.24 15.29 18.26 17.26 17.81 19.08 18.73 18.13 18.05 18.42 18.37 6 6 38.3 0.251 0.379 0.148 -1.57 -0.46 -1.11

STX1A 17.69 16.73 16.67 17.03 15.66 14.91 17.43 16.00 17.34 18.02 16.78 17.28 17.60 16.93 17.33 6 6 22.6 0.303 0.212 0.489 -1.03 0.3 -1.33

STX1B 17.39 17.36 17.13 17.29 17.10 16.04 17.75 16.96 17.69 17.72 17.34 17.21 18.05 17.82 17.64 8 8 30.2 0.574 0.305 0.055 -0.33 0.34 -0.68

STXBP1 19.10 18.48 17.84 18.47 18.51 18.04 19.25 18.60 19.84 19.38 19.26 19.21 19.96 18.33 19.33 12 12 23.7 0.818 0.162 0.125 0.13 0.86 -0.73
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P r ot e i n Na me s HM1 HM4 HM10 Mean HM11 HM6 HM7 Mean HM12 HM2 HM3 HM5 HM8 HM9 Mean AD vs C
AD vs 

rTBI
rTBI vs C

SYN1 18.57 17.97 18.13 18.22 17.92 14.99 17.92 16.94 18.28 18.93 18.41 18.85 19.16 17.61 18.54 12 11 27.7 0.318 0.239 0.314 -1.28 0.32 -1.6

SYN2 17.71 16.75 16.66 17.04 16.94 14.79 17.40 16.38 14.71 17.82 16.50 16.76 16.89 15.98 16.45 4 3 13.2 0.507 0.944 0.310 -0.66 -0.6 -0.07

TAGLN3 17.02 16.45 15.19 16.22 14.75 16.59 15.05 15.46 17.05 16.28 15.17 17.06 17.16 16.85 16.60 3 3 15.1 0.387 0.171 0.587 -0.76 0.37 -1.14

TALDO1 16.61 14.21 15.25 15.36 15.02 15.16 15.19 15.12 15.92 16.53 17.61 14.66 17.19 16.82 16.46 6 6 18.1 0.771 0.026 0.256 -0.23 1.1 -1.33

THY1 16.29 17.38 17.48 17.05 17.94 14.60 17.23 16.59 14.59 17.06 17.68 16.56 16.27 17.28 16.58 4 4 26.1 0.705 0.991 0.447 -0.46 -0.47 0.01

TKT 17.06 16.64 16.08 16.59 16.82 17.04 17.10 16.99 16.55 18.12 18.72 16.98 17.73 17.91 17.67 14 14 26.3 0.296 0.088 0.044 0.4 1.08 -0.68

TMSB10 17.59 17.32 17.25 17.39 18.86 16.50 18.11 17.82 13.86 16.74 17.83 14.11 17.43 14.95 15.82 3 3 68.2 0.595 0.092 0.078 0.44 -1.57 2.01

TNR 19.22 18.66 17.94 18.60 18.94 18.09 19.04 18.69 17.46 19.35 19.03 18.49 19.17 18.82 18.72 12 12 11.1 0.866 0.941 0.811 0.09 0.12 -0.03

TPI1 17.40 16.63 17.25 17.09 14.41 15.14 14.96 14.84 15.60 18.06 18.15 17.35 17.38 17.53 17.34 12 12 55.6 0.002 0.001 0.589 -2.25 0.25 -2.51

TPM1 18.15 15.88 17.17 17.07 17.37 17.13 18.34 17.61 18.54 18.90 18.35 18.12 18.73 18.12 18.46 9 6 36.7 0.519 0.137 0.163 0.55 1.39 -0.85

TPM3 17.39 17.25 14.97 16.54 17.98 15.07 18.18 17.08 18.39 17.79 17.92 17.51 18.85 17.46 17.98 8 4 33 0.695 0.464 0.201 0.54 1.45 -0.91

TPM4 16.31 14.61 14.94 15.29 15.04 14.89 16.53 15.49 17.10 16.04 15.68 16.34 17.25 16.13 16.42 5 1 24.6 0.796 0.205 0.143 0.2 1.14 -0.94

TPP1 16.65 16.54 16.86 16.68 15.07 15.20 16.92 15.73 14.88 16.67 17.26 16.50 16.71 16.14 16.36 3 3 7.5 0.249 0.417 0.387 -0.95 -0.32 -0.63

TPPP 17.98 14.56 14.72 15.75 15.36 14.61 14.14 14.71 15.17 18.77 18.89 17.86 18.70 17.91 17.88 6 6 32.4 0.451 0.002 0.184 -1.05 2.13 -3.18

TPPP3 17.71 16.66 16.46 16.94 14.87 16.22 15.68 15.59 17.75 17.30 17.10 16.35 17.29 16.65 17.07 2 2 15.9 0.070 0.041 0.787 -1.36 0.13 -1.48

TUBA1A 15.83 15.70 13.84 15.12 14.69 15.15 15.31 15.05 14.38 14.74 14.14 14.71 15.15 13.58 14.45 20 1 51.7 0.926 0.079 0.409 -0.07 -0.67 0.6

TUBA1B 22.49 22.23 21.26 21.99 20.73 20.72 21.21 20.88 22.16 22.44 22.27 22.18 22.20 21.74 22.16 21 0 54.5 0.080 0.004 0.698 -1.11 0.17 -1.28

TUBA4A 18.31 18.20 14.89 17.13 17.23 15.37 14.92 15.84 17.00 18.19 17.64 13.85 17.66 16.74 16.85 21 6 55.4 0.395 0.337 0.838 -1.29 -0.28 -1.01

TUBB 19.25 18.33 13.81 17.13 14.44 14.99 18.68 16.04 19.20 19.36 18.88 18.55 19.73 17.95 18.94 19 2 47.5 0.639 0.157 0.394 -1.09 1.81 -2.9

TUBB2A 22.43 22.53 21.31 22.09 21.25 21.22 21.83 21.43 21.61 22.59 22.33 21.93 22.15 21.63 22.04 23 2 58.4 0.234 0.065 0.917 -0.65 -0.05 -0.61

TUBB3 17.64 17.98 15.60 17.07 15.50 15.34 16.67 15.84 16.92 17.94 17.63 16.93 18.05 16.27 17.29 20 7 45.8 0.239 0.046 0.807 -1.24 0.22 -1.45

TUBB4A 19.68 18.30 18.77 18.92 19.06 15.19 18.93 17.73 20.51 19.47 19.78 18.66 18.92 18.96 19.38 20 4 48.4 0.452 0.320 0.395 -1.19 0.47 -1.66

TUBB4B 22.27 22.13 20.84 21.75 20.70 20.35 22.04 21.03 22.47 22.27 21.84 21.93 22.25 21.03 21.97 22 2 52.4 0.357 0.202 0.691 -0.71 0.22 -0.93

UBA1 16.70 16.66 16.48 16.61 16.61 15.02 16.57 16.07 16.16 17.53 16.37 15.68 16.29 14.36 16.06 6 6 7.9 0.407 0.996 0.251 -0.55 -0.55 0

UBC 19.58 20.73 20.57 20.29 21.61 20.49 21.04 21.04 20.75 19.31 18.93 19.79 19.97 19.70 19.74 9 9 72.3 0.196 0.029 0.276 0.75 -0.55 1.3

UBE2V2 19.03 15.18 16.62 16.95 16.22 14.32 17.65 16.06 18.52 16.90 18.29 17.78 18.42 17.56 17.91 2 2 17.9 0.585 0.189 0.484 -0.88 0.96 -1.85

UCHL1 18.52 17.43 17.43 17.79 16.98 14.72 18.12 16.60 17.71 18.89 18.02 17.62 18.80 17.44 18.08 9 9 42.2 0.359 0.275 0.552 -1.19 0.29 -1.47

UQCRC1 16.59 16.29 16.30 16.39 14.88 14.71 16.02 15.20 17.84 16.89 16.88 17.58 16.80 17.47 17.24 5 5 13.3 0.094 0.023 0.004 -1.19 0.85 -2.04

UQCRC2 16.87 16.13 17.68 16.89 15.63 15.30 17.48 16.14 18.17 16.88 17.91 18.26 18.25 18.28 17.96 7 7 21 0.412 0.103 0.121 -0.76 1.07 -1.83

UQCRFS1 18.76 18.80 18.69 18.75 19.38 19.99 19.04 19.47 18.35 17.37 17.53 18.61 18.25 17.64 17.96 2 2 8 0.120 0.010 0.012 0.72 -0.79 1.51

VAMP1 15.74 15.92 16.23 15.96 16.73 15.11 14.30 15.38 16.26 15.30 16.35 16.02 15.93 16.39 16.04 3 1 23.7 0.503 0.453 0.724 -0.58 0.08 -0.66

VAMP2 18.12 17.56 18.13 17.94 18.60 16.88 18.44 17.97 17.30 18.54 18.68 18.75 18.65 18.71 18.44 5 3 39.7 0.961 0.494 0.140 0.03 0.5 -0.47
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P r ot e i n Na me s HM1 HM4 HM10 Mean HM11 HM6 HM7 Mean HM12 HM2 HM3 HM5 HM8 HM9 Mean AD vs C
AD vs 

rTBI
rTBI vs C

VAPB 15.63 16.11 15.64 15.79 16.54 15.28 14.33 15.38 15.98 15.65 16.28 15.86 14.42 15.93 15.69 2 1 11.5 0.591 0.694 0.740 -0.41 -0.11 -0.3

VCAN 21.26 21.12 21.24 21.21 20.96 15.45 17.87 18.10 19.07 21.72 21.57 20.16 21.02 21.49 20.84 14 14 5.4 0.191 0.223 0.427 -3.11 -0.37 -2.74

VCP 17.11 16.17 16.28 16.52 17.22 14.47 17.24 16.31 16.81 17.28 17.31 17.18 17.52 17.35 17.24 11 11 15.5 0.848 0.419 0.123 -0.21 0.72 -0.93

VDAC1 16.33 16.51 17.32 16.72 14.18 14.98 14.75 14.64 15.23 16.25 15.90 16.71 14.67 16.72 15.91 4 4 19.8 0.007 0.018 0.125 -2.08 -0.81 -1.27

VDAC2 16.67 16.46 17.42 16.85 14.99 14.90 16.66 15.52 17.38 16.64 17.21 17.84 17.49 17.72 17.38 5 5 21.8 0.130 0.071 0.203 -1.33 0.53 -1.86

VIM 16.69 15.20 15.82 15.90 15.09 14.23 16.68 15.33 14.53 16.90 18.50 17.54 17.76 17.05 17.05 17 15 35.8 0.542 0.125 0.150 -0.57 1.14 -1.71

YWHAE 18.96 19.16 19.10 19.07 18.55 17.78 18.38 18.24 19.17 19.33 19.52 18.95 19.34 19.39 19.28 11 9 39.2 0.062 0.034 0.073 -0.84 0.21 -1.05

YWHAG 20.26 19.73 20.12 20.04 19.91 14.18 19.95 18.01 20.44 20.18 20.36 20.38 19.86 20.32 20.26 8 5 34.8 0.402 0.362 0.308 -2.02 0.22 -2.24

YWHAH 19.83 18.58 18.91 19.11 19.23 18.62 19.69 19.18 19.79 19.13 18.74 19.07 19.71 18.42 19.14 5 3 23.2 0.887 0.920 0.943 0.07 0.03 0.04

YWHAQ 17.11 15.33 16.09 16.18 15.25 14.94 17.15 15.78 18.45 16.20 14.62 16.90 18.37 16.86 16.90 5 3 17.6 0.672 0.272 0.388 -0.4 0.72 -1.12

YWHAZ 17.95 14.16 17.16 16.42 15.04 14.91 17.09 15.68 18.88 17.96 17.63 17.67 18.11 18.17 18.07 9 7 41.6 0.618 0.068 0.288 -0.74 1.65 -2.39
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