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Abstract 
Traumatic brain injury (TBI) patients may deteriorate months and years after 
injury, developing unforeseen consequences such as dementia. However, the 
mechanisms relating acute injury to later neurodegeneration are unclear. The 
positron emission tomography (PET) ligand [11C]-Pittsburgh compound B 
([11C]PIB) detects Aβ plaques, a hallmark of Alzheimer’s disease. I found 
[11C]PIB binding in long-term survivors of moderate-severe TBI was increased 
in posterior cingulate cortex (PCC) and cerebellum. PCC binding increased with 
damage in white matter (WM) tracts connected to the region, measured using 
diffusion MRI. These findings suggest a link between TBI and development of 
dementia. Previously, using [11C]PK11195 PET, which binds the translocator 
protein (TSPO) up-regulated by activated microglia, we observed increased 
thalamic binding years after TBI. I found [11C]PK11195 binding in the thalamus 
was correlated with damage in thalamo-cortical WM tracts, supporting a link 
between axonal damage and microglial activation. In fifteen patients at least six 
months after injury, I found binding of [11C]PBR28, a second-generation TSPO 
ligand, was increased in WM. WM damage was higher in areas of increased 
[11C]PBR28 binding. The antibiotic minocycline is neuroprotective in models of 
acute TBI, through microglial inhibition. Patients received either minocycline 
100mg twice daily or no drug for 12 weeks, followed by repeat PET. 
[11C]PBR28 binding post-minocycline was reduced (WM VT=-23.3%) 
compared to no drug. Neurofilament light chain (NFL) is a neuronal protein, 
elevated in the CSF acutely after TBI. I found plasma NFL was increased in 
patients, negatively correlated with time since injury, and positively correlated 
with [11C]PBR28 WM binding. These findings suggest NFL has promise as a 
marker of progressive damage in chronic TBI. However, minocycline increased 
NFL levels and reduced corpus callosal WM integrity. Together, these findings 
suggest minocycline inhibits chronic microglial activation, which is greater in 
areas of WM damage, but may impede recovery after brain trauma.
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Chapter 1 

1. Introduction 
In this chapter, I describe the aim, objectives and hypotheses of the 
thesis, and outline the remaining the chapters. I describe the 
socioeconomic, clinical, and pathological consequences of traumatic 
brain injury (TBI). I outline the pathophysiology of TBI. I discuss 
neuroinflammation and neurodegeneration after TBI, and how these can 
be studied in vivo. I introduce minocycline as a neuroprotective agent, 
and describe experimental TBI studies and clinical trials in other 
neurological disorders. 

1.1. Aim and objectives  

The aim of the thesis is to explore chronic microglial activation and 
neurodegeneration following TBI. A combination of TSPO and amyloid PET, 
structural and diffusion MRI, cognitive assessment, serum biomarker 
measurement, and drug intervention are used. 

The objectives of the thesis are: 

• To image Aβ plaque burden in long-term survivors of TBI, test whether 
TAI and Aβ are correlated, and compare the spatial distribution of Aβ 
to AD; 

• To test whether chronic thalamic microglial activation after TBI is 
correlated with thalamo-cortical tract TAI; 

• To assess chronic microglial activation after TBI, its relation to MRI 
measures of injury, and to test the effect of minocycline on microglial 
activation as well explore the effect of minocycline on measures of 
injury; 
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• To test whether plasma NFL and tau are elevated after TBI, and how 
levels relate to cognitive impairment, brain atrophy, chronic microglial 
activation and minocycline. 

1.2. Hypotheses 

The main hypotheses of the thesis are: 

• Aβ plaque pathology is present in long-term non-demented survivors 
of TB, and Aβ pathology after TBI is related to the amount and 
distribution of TAI; 

• Chronic thalamic microglial activation after TBI is correlated with  
thalamo-cortical TAI; 

• Chronic microglial activation is present in patients after TBI, and  higher 
in areas of WM damage that show progressive atrophy; minocycline 
reduces chronic microglial activation after TBI; 

• Plasma NFL and tau levels are persistently elevated after TBI, and 
correlated with chronic microglial activation; longitudinal WM atrophy is 
predicted by NFL and tau levels at baseline. 

1.3. Chapter summary 

In Chapter 2, I investigate the relationship between Aβ plaque burden and TAI 
after TBI using a [11C]PIB PET and diffusion MRI, and compare the spatial 
distribution of Aβ to AD.  

In Chapter 3, I investigate the relationship between chronic thalamic microglial 
activation after TBI, measured using [11C]PK11195 PET, and thalamo-cortical 
TAI, measured using diffusion MRI.  

In Chapter 4, I investigate chronic microglial activation after TBI using [11C]PBR 
PET, and its relation to MRI and other measures of brain injury including plasma 
NFL. I also investigate the effect of minocycline on chronic microglial activation. 
The findings are developed further in Chapter 5. 
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In Chapter 5, I develop the findings of the Chapter 4 by investigating the effect 
of minocycline on other measures of brain injury and recovery. To conclude, I 
discuss the findings from both chapters. 

In Chapter 6, I summarise and interpret the main findings of the thesis, and 
discuss how they contribute to our understanding of TBI. To conclude, I discuss 
directions for possible research in the future. 

1.4. Traumatic brain injury (TBI)  

Definition of TBI 

Traumatic brain injury (TBI) has been defined as “an alteration in brain function 
or other evidence of brain pathology, caused by an external force” (Menon et 

al., 2010). It is commonly caused by road traffic accidents, falls, and violence 
(Bruns  Jr. and Hauser, 2003). In military personnel, TBI may occur following 
blast injury, which has become the signature injury from the recent conflicts in 
Iraq and Afghanistan (Okie, 2005). 

Public health and socioeconomic consequences of TBI 

TBI constitutes a major public health and economic problem that afflicts all 
societies (Maas, Stocchetti and Bullock, 2008). Worldwide, TBI is a leading 
cause of mortality and disability in young adults (Fleminger and Ponsford, 
2005). In the United States (US) alone, an estimated 1.7 million people sustain 
a TBI each year, with 1.4 million of these individuals treated in emergency 
departments, and 52,000 fatalities (Roozenbeek, Maas and Menon, 2013). 

Whilst advances in acute care have improved early outcomes after TBI (Bigler, 
2013), survivors are often left with cognitive, neuropsychiatric and behavioural 
disorders (Bazarian et al., 2009; McMillan, Teasdale and Stewart, 2012). The 
disability caused by TBI poses significant socioeconomic challenges. In the US, 
approximately 5.3 million people are living with a long-term TBI related disability 
(Corrigan et al., 2010), and the cost of TBI, including medical costs and lost 
productivity, has been estimated at $60 billion per year (Langlois, Rutland-
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Brown and Wald, 2006). The cost of TBI to the United Kingdom (UK) economy 
in 2010 was estimated as €5.7 billion (Gustavsson et al., 2011). 

The need for drug treatments in TBI 

There is currently no drug treatment that would be considered a targeted 
therapy for the majority of TBI patients (Lowenstein, 2009). Although pre-
clinical studies have suggested many promising treatments for the acute 
management of TBI, more than 30 phase III clinical trials have failed to show 
significance for their primary endpoint (Maas, Roozenbeek and Manley, 2010). 
A Cochrane review in 2011 concluded: “In the absence of clear evidence of 
benefit from [acute] neuroprotective drug use, there is an urgent need to explore 
other potential modulators of late outcome from TBI.” (Forsyth et al., 2011) 

The Mayo classification of TBI severity 

TBI is a heterogeneous disease with a wide variety of clinical consequences. 
These range from death or coma, to momentary unconsciousness and 
amnesia, to long-term physical and mental disability. The classification of TBI 
according to severity is important clinically to help guide acute management 
and indicate long-term outcome (Malec et al., 2007; Andriessen et al., 2011). A 
reliable system of injury classification is also important for the selection of 
patients into clinical research studies (Saatman et al., 2008). 

Several TBI classification systems have been proposed, and typically use a 
combination of measures to grade severity, including the duration of any loss 
of consciousness (LOC), the duration of any post-traumatic amnesia (PTA), 
and the lowest recorded Glasgow coma scale (GCS). The Mayo TBI 
classification system uses these clinical estimates and incorporates 
neuroimaging measures of injury severity (Malec et al., 2007). It provides a 
validated way of retrospectively assessing TBI severity without the need to rely 
heavily on medical records, which are often incomplete. The Mayo system (  
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Table 1) defines three levels of increasing injury severity: symptomatic 

(possible), mild (probable), and moderate-severe TBI.  
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Table 1. The Mayo TBI classification system (Malec et al., 2007) 

A. Classify as Moderate-Severe (Definite) TBI if one or more of the   
following criteria apply:  
 Death due to this TBI 
 Loss of consciousness of 30 min or more 
 Post-traumatic anterograde amnesia of 24 h or more 
 Worst Glasgow Coma Scale full score in first 24 h <13 (unless 
 invalidated upon review e.g., attributable to intoxication, 
 sedation, systemic shock)  
 One or more of the following present:  

• Intracerebral haematoma 
• Subdural haematoma 
• Epidural haematoma 
• Cerebral contusion 
• Haemorrhagic contusion 
• Penetrating TBI (dura penetrated) 
• Subarachnoid haemorrhage 
• Brainstem injury 

B. If none of Criteria A apply, classify as Mild (Probable) TBI if one 
or more of the following criteria apply:  
 Loss of consciousness momentarily to less than 30 min 
 Post-traumatic anterograde amnesia momentarily to less than 
 24 h 
 Depressed, basilar or linear skull fracture (dura intact) 
C. If none of Criteria A or B apply, classify as Symptomatic (Possible) 
TBI if one or more of the following symptoms are present:  
 Blurred vision 
 Confusion (mental state changes) 
 Daze 
 Dizziness 
 Focal neurological symptoms 
 Headache 
 Nausea 

As expected, research has demonstrated that the minority of head injury 
patients who suffer a moderate-severe TBI have the highest mortality and 
poorest likelihood of good recovery (Thornhill et al., 2000; McMillan and 
Teasdale, 2007).  

Use of the Mayo classification in this thesis 

The Mayo classification is used in this thesis for several reasons. Firstly, as 
described, it provides a way to classify injury severity without relying on a single 
measure (such as lowest GCS), which may be missing from the medical 
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records. Secondly, as a research group, we have used this measure in our 
previous work and have found it to be a useful and practicable system. Thirdly, 
we use this measure in our clinical work to classify patients’ brain injuries, and 
this also helps to stratify patients for possible selection into research studies.  

1.5. Long-term consequences of TBI 

Clinical consequences of TBI 

In the UK, of the patients presenting to an emergency department with a head 
injury, only 0.2% will die as a result of this injury, and only 1-3% of the patients 
admitted to hospital will require neurosurgical intervention (NICE, 2007). 
Nevertheless, the long-term outcome for many TBI survivors is poor (Fleminger 
and Ponsford, 2005). Approximately half of all patients, regardless of injury 
severity, have some residual disability affecting their lifestyle at one year 
(Thornhill et al., 2000). Long-term post-traumatic problems include cognitive 
impairment, depression, anxiety, behavioural disorders, headache, seizures, 
sleep disturbance, dizziness, fatigue and pituitary dysfunction (Masel and 
DeWitt, 2010; Sharp and Jenkins, 2015).  

Cognitive impairment after TBI 

The presence of cognitive impairment is an important determinant of long-term 
disability after TBI. Patients often show a characteristic pattern of impairment, 
with prominent deficits in information processing speed, sustained attention, 
executive function and memory (Kinnunen et al., 2011).  This “subcortical” 
pattern of cognitive impairment (Cummings and Benson, 1984) appears 
consistently across injury severities (Draper and Ponsford, 2008).  Impaired 
performance on cognitive tests after TBI is predictive of disability (Goldstein et 

al., 2012) as well as the likelihood of long-term unemployment (Wood and 
Rutterford, 2006). 

Long-term clinical deterioration after TBI 

Survivors of TBI face an uncertain future (Fleminger, 2006), because long-term 
clinical outcomes are highly variable (Whitnall et al., 2006). Although historically 
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TBI was thought to involve a static insult from a single event, new clinical 
effects, seemingly linked to the original injury, can emerge many years later. 
For example, patients may improve or deteriorate long after the injury, or 
develop unforeseen complications such as post-traumatic epilepsy (Annegers 
et al., 1998) and late cognitive decline (Guo et al., 2000). 

A large longitudinal observational study in Glasgow, Scotland has followed a 
cohort of TBI patients of varying injury severities for 14 years post injury 
(Whitnall et al., 2006; McMillan, Teasdale and Stewart, 2012). Participants were 
periodically assessed using measures of global outcome, cognitive impairment, 
psychological wellbeing and health status.  Of the survivors followed up at 5-7 

years (n=320), the frequency of disability was 53%, similar to that found at one 

year (57%) (Whitnall et al., 2006). Over the first seven years, 29% of patients 

had improved in terms of global outcome, but over the same time period, 25% 

had deteriorated. A similar pattern was seen in patients between 7-14 years, 

with 23% improving in terms of disability and 32% deteriorating (McMillan, 

Teasdale and Stewart, 2012). Another longitudinal TBI study (n=210), which 
extended to 30 years of follow up, also found that a proportion of TBI patients 
deteriorated long after the injury (Himanen et al., 2006). Together, these clinical 
observations suggest that TBI can initiate long-term dynamic processes that, in 
some patients, may be harmful.   

The risk of dementia after TBI 

Epidemiological evidence indicates that a moderate-severe TBI is associated 
with an increased risk of dementia (Smith, Johnson and Stewart, 2013). TBI 
has been implicated as a risk factor in a variety of chronic neurodegenerative 
diseases,  including Alzheimer’s disease (AD) (Johnson, Stewart and Smith, 
2010; Smith, Johnson and Stewart, 2013), Parkinson’s disease (PD) (Gardner 
et al., 2015), and amyotrophic lateral sclerosis (ALS) (Chen et al., 2007). Some 
data support not only a link between TBI and neurodegeneration, but 
additionally a “dose-response” relationship. For example, the risk of dementia 
has been shown to be higher in severe compared to moderate TBI survivors 
(Plassman et al., 2000), and higher in those patients with LOC after injury 
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compared to those without (Guo et al., 2000). Other studies suggest that TBI 
can accelerate the age of onset of dementia (Gedye et al., 1989; Nemetz et al., 
1999). (PK et al., 2016) 

There has recently been increasing awareness that TBI can lead to chronic 
traumatic encephalopathy (CTE), a progressive neurodegenerative disorder 
most commonly linked to repetitive mild TBI (McKee et al., 2013). This condition 
has been long recognized in professional boxers, and was termed “dementia 
pugilistica” (Millspaugh, 1937). However, more recent evidence suggests CTE 
can occur after other causes of repeated head injury, implying that any repeated 
blows to the head, such as those that may occur during contact sports, have 
the potential to cause dementia (Turner et al., 2013). Given the popularity of 
sports such as American football and rugby, the possible link between even 
mild head injury and the development of dementia is a growing public health 
concern. 

The evidence linking a head injury to the development of dementia is not 
unequivocal, however. For example, a recent study which pooled clinical and 
neuropathological data from three prospective cohort studies found that TBI 
with loss of consciousness is associated with increased risk for Lewy body 
accumulation and Parkinsonism, but not dementia or neurofibrillary tangle 
(NFT) pathology (PK et al., 2016). 

Whilst much of the epidemiological evidence suggests TBI predisposes to the 
development of AD, it is uncertain whether the dementia that may follow a 
history of single TBI is the same clinicopathological entity as AD or CTE (Smith, 
Johnson and Stewart, 2013). Whilst neuropathological criteria for CTE have 
been proposed (McKee et al., 2013), little consensus exists on the specific 
features of post-TBI dementia syndromes that might allow their confident 
diagnosis. Furthermore, the pathological processes which link TBI to the 
development of dementia are poorly understood (Johnson, Stewart and Smith, 
2010; Smith, Johnson and Stewart, 2013). 
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Long-term brain atrophy after TBI 

Animal models of TBI and human neuroimaging studies support clinical and 
epidemiological observations that suggest an association between TBI and 
long-term neurodegeneration. In experimental TBI studies, progressive brain 
atrophy has been shown to continue for up to a year after injury (Saatman et 

al., 1997; Acosta et al., 2013; Loane et al., 2014). In humans, magnetic 
resonance imaging (MRI) is sensitive to the changes in brain structure that 
follow TBI, and atrophy has been consistently observed for months and years 
after injury (Ross, 2011). Furthermore, longitudinal imaging studies have shown 
progressive atrophy in white matter (WM) and grey matter (GM), using T1-
weighted volumetric MRI (Bendlin et al., 2008; Sidaros et al., 2009), as well as 
progressive changes in the integrity of WM tracts, using diffusion tensor 
imaging (DTI) (Bendlin et al., 2008; Sidaros et al., 2008; Farbota et al., 2012).  

Long-term mortality after TBI 

In addition to the clinical, epidemiological and radiological evidence for long-
term deterioration after TBI, emerging data suggests TBI survivors are at 
persistently greater risk of death for years after injury (Baguley et al., 2000; 
McMillan and Teasdale, 2007; Baguley, Nott and Slewa-Younan, 2008; 
McMillan et al., 2011). A large (n=757) study of TBI patients in Glasgow showed 
an increased all-cause mortality that continued to deviate from socio-
economically matched uninjured controls at 13 years (40.3% vs. 19.0%) 
(McMillan et al., 2011) (Figure 1). 
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Figure 1. Long-term mortality after TBI  

Kaplan–Meier curves with confidence intervals for cumulative deaths over 13 years in TBI patients, 
non-head injured patient controls and non-injured community controls (n=757 per group). 
Reproduced from (McMillan et al., 2011). 

Whilst the risk of death post-TBI was predictably highest in the first year, death 
after 12 years was still 2.8 times more likely after a TBI than for uninjured 
controls. The increased long-term mortality was not only isolated to the patients 
with the most severe injuries. Mortality in TBI patients was also higher than in 
a second control group of patients with comparably severe physical injuries but 
without TBI (40.3% vs. 28.2%). The causes of death in the TBI group were 
similar to those found in the general population, and were mainly due to 
cardiovascular disease, respiratory disease and cancer. 

TBI was classically considered a static insult. However, TBI survivors may 
deteriorate long the after injury, show progressive brain atrophy, and have an 
increased risk of dementia and neurodegenerative disease, even death. 
Together, these observations suggest a dynamic and persistent element to the 
pathophysiology of TBI (Masel and DeWitt, 2010; Bigler, 2013).  

It should be noted that the timeframe of follow-up for many of the longitudinal 
studies cited above is far longer than for the new work undertaken in this thesis.  
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Within the timeframe of the project (three years), it would have been challenging 
to design and execute even a small longitudinal study with follow-up intervals 
of greater than six months or one year. A possible alternative would have been 
to bring back patients who were involved in our previous completed research 
studies for further assessment. However, loss of up-to-date contact details and 
the potential for exposure to multiple doses of radiation across studies may well 
have hindered this approach.  

1.6. Pathophysiology of TBI 

Primary and second injury  

TBI is a complex disease process causing structural damage and functional 
deficits due to both primary and secondary injury mechanisms (Werner and 
Engelhard, 2007). 

Primary injury is the result of mechanical damage that occurs at the time of 
trauma, principally as a result of direct physical contact or acceleration–
deceleration. Primary injury includes haemorrhage, axonal tearing and 
shearing, and necrotic cell death. These effects can be focal or diffuse. Focal 
injuries may result from an object directly striking the head, or the brain striking 
the inside of the skull, producing haematomas or contusions (Graham et al., 
2000).  Subdural and extradural haematomas are frequently seen after TBI, as 
well as haematomas within the parenchyma, and subarachnoid haemorrhage. 
Focal injuries have a characteristic distribution in the orbitofrontal, anterior 
temporal and occipital regions (Gurdjian, 1975). However, the presence and 
spatial distribution of focal injuries often correlates poorly with clinical outcomes 
(Bigler, 2007).  

Secondary injury, initiated by the primary event, is thought to evolve over 
minutes to months, and is the result of cascades of interacting neurochemical, 
metabolic and cellular processes, ultimately leading to cell damage and death 
(Kunz, Dirnagl and Mergenthaler, 2010). A variety of mechanisms responsible 
for secondary injury have been identified, which include widespread neuronal 
depolarization, glutamate excitotoxicity, disturbance of calcium homeostasis, 
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mitochondrial dysfunction, free radical formation, apoptosis and 
neuroinflammation. Treatment of secondary injury processes may prevent 
further tissue damage and improve clinical outcome (Werner and Engelhard, 
2007; Kumar and Loane, 2012).  

Traumatic axonal injury (TAI) 

Diffuse or multifocal injuries in TBI often occur after rapid acceleration–
deceleration, which imparts shear, tensile and compressive forces. Axons in 
WM are highly susceptible to injury from such biomechanical forces, hence 
traumatic axonal injury (TAI, also called diffuse axonal injury) is one of the most 
common pathologies of TBI (Adams et al., 1989; Geddes et al., 1997; Johnson, 
Stewart and Smith, 2013). TAI is documented in all severities of injury (Adams 
et al., 1989; Johnson, Stewart and Smith, 2013) and shows a characteristic 
distribution across the brain, involving midline and parasagittal WM tracts such 
as the corpus callosum, internal capsule and brainstem (Johnson, Stewart and 
Smith, 2013). Pathologically, TAI encompasses a spectrum of abnormalities 
from primary mechanical breaking of the axonal cytoskeleton, to axonal 
transport interruption, swelling and proteolysis, through secondary 
physiological changes (Johnson, Stewart and Smith, 2013).  

TAI and cognitive impairment 

Unlike for focal injuries such as haematomas, the presence of TAI is closely 
related to clinical outcome, and an important factor in determining persistent 
cognitive impairments (Sidaros et al., 2008; Kinnunen et al., 2011; Bonnelle et 

al., 2012). As a consequence, TBI is the archetypal example of a brain network 
disorder, in which traumatic damage to the large-scale WM connections 
important for cognitive functions, such as attention and memory, underlies 
cognitive impairment (Sharp, Scott and Leech, 2014).  

TAI and long-term WM degeneration 

TAI is described as progressive pathology, from initial disruption in axonal 
transport, to axonal swelling and secondary disconnection, which finally results 
in Wallerian degeneration (Johnson, Stewart and Smith, 2013). This process 
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was previously thought to be limited to the acute and sub-acute phases post-
injury. However, recent experimental and human autopsy evidence has 
demonstrated axonal degeneration continuing for months and years after injury 
(Pierce et al., 1998; Chen et al., 2004, 2009; Johnson et al., 2013). These 
neuropathological findings are consistent with longitudinal neuroimaging 
studies in TBI patients which demonstrate chronic WM degeneration (Trivedi et 

al., 2007; Sidaros et al., 2008).  

The pathophysiological mechanisms underlying the chronic progressive 
degeneration of WM remain unknown. Notably, recent evidence suggests 
damaged axons may serve an important role in the development of AD-like 
pathologies long after injury (Chen et al., 2004, 2009; Johnson, Stewart and 
Smith, 2010; Tran et al., 2011). Other evidence suggests chronic 
neuroinflammation, triggered by the injury, occurs alongside ongoing WM 
degeneration for many years (Johnson et al., 2013). 

1.7. Microglial activation after TBI 

Neuroinflammation after TBI 

Neuroinflammation is one of the most important secondary events to evolve 
after TBI (Finnie, 2013). Primary brain injury induces a complex array of 
neuroinflammatory processes, characterised by glial cell activation, infiltration 
of peripheral leucocytes from the systemic circulation, and up-regulation of 
inflammatory mediators (Cederberg and Siesjo, 2010; Hellewell and Morganti-
Kossmann, 2012; Finnie, 2013). 

Neuroinflammation after TBI is known to bring short-term beneficial effects for 
injured tissue and neuronal survival, but also harmful effects that contribute to 
secondary injury and neuronal loss (Morganti-Kossmann et al., 2007; Hellewell 
and Morganti-Kossmann, 2012). The mechanisms underlying the paradoxical 
amelioration and aggravation of brain injury after TBI are complex and not well 
understood, with no single factor, molecule or cell seen as purely harmful or 
beneficial (Morganti-Kossmann et al., 2007).  
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The role of microglia in response to brain injury  

Microglia are integral to the neuroinflammatory response after brain injury 
(Kettenmann et al., 2011). Microglia are of mononuclear phagocyte lineage and 
comprise about 10% of cells in the mature brain (Mittelbronn et al., 2001). 
Microglia typically exist in a “resting” state, characterized by a ramified 
morphology, and constantly monitor their microenvironment (Nimmerjahn, 
Kirchhoff and Helmchen, 2005). In response to brain injury, however, microglia 
undergo dramatic changes in cell morphology, gene expression and behaviour, 
summarily defined as “activation” (Kettenmann et al., 2011). Microglia undergo 
rapid transformation from their quiescent ramified state into an amoeboid 
morphology and present a variety of upregulated surface molecules, including 
major histocompatibility complex (MHC) molecules (Block, Zecca and Hong, 
2007).  

Activated microglia are the prime mediators of the neuroinflammatory response 
to injury, acting as antigen presenting cells and releasing pro-inflammatory 
cytokines and chemokines (Hernandez-Ontiveros et al., 2013). In their 
activated state, microglia can serve a variety of neuroprotective functions, 
including clearing toxic debris by phagocytosis and releasing anti-inflammatory 
and trophic factors (Block, Zecca and Hong, 2007; Loane and Byrnes, 2010). 
Microglia react to signals released by damaged cells (Liu et al., 2009) with a 
migratory response towards the site of injury (Figure 2), and act as a barrier 
between injured and healthy tissue (Davalos et al., 2005). Microglia also 
facilitate repair through the guided migration of stem cells to the site of injury 
(Aarum et al., 2003). In addition, microglia have an active role in synaptic 
pruning and rewiring of neuronal circuits following injury (Tremblay et al., 2011; 
Wake et al., 2013). However, microglia can induce detrimental effects by the 
excessive production of pro-inflammatory cytokines, such as interleukin (IL)-1β 
and tumour necrosis factor (TNF)-α, as well neurotoxic molecules like 
superoxide free radicals, which are essential for host defence but cause 
secondary injury to healthy tissue (Block, Zecca and Hong, 2007). 
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Figure 2. Microglial processes after laser-induced injury 

In vivo two-photon microscopy of fluorescently labelled mouse microglia shows microglial 
processes move rapidly towards the site of injury induced by a two-photon laser localized ablation 
(15µm in diameter) (a) Pre-ablation (b-f) Nearby microglial processes respond with bulbous termini 
(b) and extend towards the ablation until they form a spherical containment around it (c–f). 
Simultaneously, the same cells retract processes lying in directions opposite to the site of injury 
(arrows in d and e). Scale bar = 10µm. Reproduced and cropped from (Davalos et al., 2005). 

Microglial activation phenotypes 

Microglia mediate both harmful and beneficial effects through their ability to 
adopt diverse activation states, or phenotypes (Kettenmann et al., 2011; Boche, 
Perry and Nicoll, 2013). Microglia, like macrophages, under experimental 
conditions are capable of polarising into two major phenotypes (David and 
Kroner, 2011; Kettenmann et al., 2011). Briefly, the “classically activated” (M1) 
phenotype is pro-inflammatory and destructive, marked by production of high 
levels of TNF-a, interferon (IFN)-g, IL-1b, IL-12, and low levels of IL-10, as well 
as expression of the cell surface markers CD68 and CD86. Conversely, the 
“alternatively activated” (M2) phenotype suppresses destructive processes and 
promotes tissue remodelling and angiogenesis. M2 microglia produce different 
molecules, such as IL-4, transforming growth factor (TGF)-b, and IL-10, and 
express different antigens, which include Arg1, Ym1, Fizz1 and CD206. In 
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experimental studies, lipopolysaccharide (LPS) and IFN-g promote M1 
microglial polarisation, whereas IL-4 or IL-13 promote M2 polarisation (David 
and Kroner, 2011). 

It is increasingly recognised, however, that the M1/M2 dichotomy of microglial 
differentiation is an oversimplification, with M1 and M2 better seen as extremes 
of the spectrum of microglial phenotypes which occur in vivo (David and Kroner, 
2011; Boche, Perry and Nicoll, 2013). 

Factors influencing microglial activation phenotype 

Whether microglia differentiate into an M1-like phenotype that exacerbates 
brain injury, or into an M2-like phenotype that promotes brain repair depends 
on a variety of factors (Boche, Perry and Nicoll, 2013; Chhor et al., 2013; 
Norden and Godbout, 2013). A major influence on microglial differentiation is 
the stimuli in the microglial microenvironment (Nimmerjahn, Kirchhoff and 
Helmchen, 2005). The microenvironment is affected by primary injury but also 
the signals released from other resident cells and infiltrating leucocytes 
(Hanisch and Kettenmann, 2007; David and Kroner, 2011; Luo and Chen, 
2012). Neurotransmitter signalling may also modulate microglial phenotype 
after injury (Domercq, Vazquez-Villoldo and Matute, 2013). In addition, GM and 
WM may harbour phenotypically different microglial populations, with cellular 
expression of pro-inflammatory factors higher in WM than cortical GM (Olah et 

al., 2011). 

Some influences on microglial differentiation may originate from outside the 
CNS. Peripheral stress and systemic inflammation produce stimuli which 
“prime” microglia to produce an exaggerated pro-inflammatory phenotype 
(Perry, Cunningham and Holmes, 2007). The normal ageing process has been 
shown to induce microglial priming, leading to excessive and prolonged 
neuroinflammation after brain injury (Norden and Godbout, 2013). 

The pro-inflammatory aggravation of microglial activation with increasing age 
is likely to be a factor in the poorer outcomes from TBI seen in elderly patients 
(Loane and Byrnes, 2010; Kumar et al., 2013). A recent study in a mouse model 
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of TBI showed that aged animals had a chronically altered shift of microglial 
activation towards an M1-like phenotype and developed larger lesions (Kumar 
et al., 2013). 

Early time course of and phenotype of microglial activation after TBI 

After TBI, microglia become activated within minutes, resembling infiltrating 
macrophages (Koshinaga et al., 2000; Tambuyzer, Ponsaerts and Nouwen, 
2009). In humans, microglial activation can clearly be demonstrated by 72 
hours post injury (Engel et al., 2000), and by 3–5 days there is lymphocyte and 
monocyte infiltration, alongside microglial as well as astrocytic activation 
(Holmin et al., 1998). 

The spatial distribution of early microglial activation is concentrated in and 
around sites of focal injury such as contusions (Holmin et al., 1998; Chen, 
Pickard and Harris, 2003). However the microglial response is not limited to the 
local environment of macroscopic lesions (Figure 3) (Chen, Pickard and Harris, 
2003; Gentleman et al., 2004). For example, microglial activation may be seen 
in adjacent WM or in subcortical nuclei anatomically connected to lesioned 
areas, such as the thalamus (Chen, Pickard and Harris, 2003; Maxwell et al., 
2006; Onyszchuk et al., 2009).  

Recently, experimental studies have examined the dynamics of microglial 
activation phenotype early after injury. Following controlled cortical impact 
(CCI) in mice (Kumar et al., 2015), microglia and infiltrating macrophages 
initially express both M1- and M2-like phenotypic markers, but up-regulation of 
the anti-inflammatory M2-like phenotype is gradually replaced by an M1- 
predominant or “mixed transitional” phenotype, by seven days post-injury. The  
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Figure 3. Early time course of microglial activation after TBI 

OX42 immunoreactivity (a marker of microglial and macrophage activation) in a rat model of TBI 
(CCI). (A) Low magnification views of the ipsilateral hemisphere of a sham-control rat (Control) 
and rats at different time points after CCI show the accumulation of microglial/macrophages in peri-
contusional cortex by 4 days. A more gradual accumulation is seen in the dorsolateral thalamus. 
(B) High magnification views of the peri-contusional cortex showing reactive microglia with stellate 
morphologies (arrow) and macrophage-like round cells (arrow head). (C) Time course of OX42 in 
different regions of interest, measured by optical density (O.D). and normalized to a remote 
unaffected region. Markers indicate sham-injured (○), injured (•), and control rats (�). OX42 
immunoreactivity peaked at 4 days after CCI in cortex, corpus callosum, and hippocampus but 
was persistently elevated in the thalamus. *** (p < 0.001), ** (p < 0.01), and * (p < 0.05) indicate a 
significant difference compared to the sham-control group. Scale bar is 50 μm. Reproduced from 
(Chen, Pickard and Harris, 2003). 

M1- predominant phenotype is associated with high expression of NOX2, a 
super-oxide generating enzyme. In a follow up experiment, delayed 
administration of a selective NOX2 inhibitor, gp91ds-tat, altered the M1-/M2-
like balance in favour of the M2-like phenotype, and this was associated with 
reduced oxidative damage in neurons at seven days (Kumar et al., 2015). In 
another murine CCI study, the number of M1-like microglia/macrophages 
increased in cortex, striatum and corpus callosum during the first seven days 
and remained elevated until at least 14 days after injury (Wang et al., 2013). In 
contrast, the numbers of M2-like microglia/macrophages peaked at five days 
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and then decreased rapidly. Notably, the degree of WM damage was strongly 
correlated with the number of M1-like cells. 

Currently, the in vivo conditions that determine whether microglial activation is 
detrimental or beneficial to neuronal survival are poorly understood. A 
predominance of M1-like microglial may exacerbate damage after injury (Wang 
et al., 2013). A greater understanding of the mechanisms that differentiate 
microglia towards a more neuroprotective and regenerative, M2-like, phenotype 
may yield opportunities for therapeutic intervention (Kumar and Loane, 2012; 
Kumar et al., 2015). 

Post-acute and chronic microglial activation after experimental TBI  

Recent animal and human studies suggest that microglial activation after TBI 
can persist well beyond the acute phase, for weeks, months and even years 
(Smith, 2013; Faden and Loane, 2015). Growing evidence implicates microglia 
as a key causative factor in the chronic neuroinflammation underlying a range 
of neurodegenerative diseases, including AD (Block, Zecca and Hong, 2007; 
Gentleman, 2013; Faden and Loane, 2015). Together, these observations 
suggest that chronic microglial activation, triggered by TBI, may play a role in 
the development of neurodegeneration long after injury. 

Most animal studies in TBI have focused on short-term survival times, in the 
range of hours to days, and have rarely extended beyond one month after injury 
to what could be considered the chronic phase (Xiong, Mahmood and Chopp, 
2013). Nevertheless, those experimental studies which have assessed 
prolonged survival periods show persistent microglial activation for up to a year 
post TBI, often at locations far removed from sites of focal lesions.  

In a repetitive closed-skull mouse model of TBI, with animals euthanised at up 
to 49 days survival, increases in Iba1-positive microglia (a marker of activation) 
were first detectible at two days, with a peak of the microglial response seen at 
seven days in the cortex and 28 days in the thalamus, with microglial activation 
persisting as late as 49 days in the corpus callosum (Shitaka et al., 2011) 
(Figure 4). Additionally, silver staining for WM damage revealed transient 
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abnormalities in the ipsilateral cortex, ipsilateral thalamus and contralateral 
hippocampus, with persistently increased staining in the corpus callosum 
through to 49 days. 

 

Figure 4. Post-acute time course of microglial activation after TBI  

Plots of Iba1-immunoreactive activated microglial cell numbers (right column) and of silver staining 
intensity (a marker of WM damage, left column). Separate groups of mice (n=5-8) were killed at 
each time point following repetitive TBI (TBI-TBI). Dashed lines show levels in control (Sham-
Sham) mice. (A, B) Ipsilateral cortex. (C, D) Ipsilateral thalamus. (E, F) Corpus callosum. * (p < 
0.05), **(p < 0.005), and *** (p < 0.0005) indicate a significant difference compared to Sham-Sham 
levels (Dunnett's post-hoc test). Reproduced and cropped from (Shitaka et al., 2011). 
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In Sprague-Dawley rats sixty days after a CCI, antibodies against the activated 
microglial marker OX6 (MHC class II) showed significant increases in the 
striatum, thalamus, and cerebral peduncle (Acosta et al., 2013). In addition, 
there was an increase of OX6-positive microglial cell volume in WM regions 
contralateral as well as ipsilateral to the injury. Notably, the highest up-
regulation of activated microglia was seen in the thalamus, despite its distal 
subcortical location.  

Another study in aged mice (21-24 months old) found Iba-1 staining was 
increased in the ipsilateral thalamus and internal capsule two months after CCI 
to the sensorimotor cortex (Onyszchuk et al., 2009). 

Sprague-Dawley rats subjected to a focal TBI were examined at a survival time 
of three months (Holmin and Mathiesen, 1999). ED1-positive (a marker for rat 
microglia/macrophage activation) microglia/macrophages were detected at this 
interval, and these cells were associated with IL-1 and TNF-a synthesis. 
Notably, while the highest number ED1-positive cells were detected around the 
focal lesion, they were also found in the ipsilateral corpus callosum, and large 
numbers of cells were scattered over the entire ipsilateral hemisphere.  

A recent study using a CCI model in adult mice followed animals for up to one 
year after TBI (Loane et al., 2014). Chronic microglial activation was observed 
in the lesioned cortex and peri-lesional cortex through to one year post-injury 
(Figure 5). 

Studies in non-human primates have also shown microglia remain active both 
at the site of injury and at sites of WM abnormality for at least one year 
(Nagamoto-Combs et al., 2007, 2010). After a combined lesion to the primary 
motor cortex and lateral premotor cortex, CD68 (a classical activation 
microglial/macrophage marker) immunoreactivity was increased in the lesion 
area and the contralateral corticospinal tract in the spinal cord at one, six and 
12 months (Nagamoto-Combs et al., 2007). Notably, activated microglia, 
including a subpopulation of CD68-immunoreactive cells, were observed to 
release brain derived neurotrophic factor (BDNF) around the lesion site and in 
the spinal cord at six months. In contrast, expression of TNF-α and IL-1-β was 
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less prominent at one, six, and 12 months, suggesting the immediate 
inflammatory response had subsided. In a further study, following a unilateral 
lesion to the motor cortex, activated microglia were observed up to 12 months 
later in the lateral corticospinal tract of the cervical spinal cord (Nagamoto-
Combs et al., 2010). In addition, microglia co-localised with extracellular signal-
regulated kinases (ERK1/2) (kinases which mediate BDNF signalling and 
support cell survival) for up to 12 months after injury. These studies suggest 
that chronically activated remote microglial may have a long-term trophic role.  

 

Figure 5. Chronic time-course of microglial activation after TBI 

(A) Measurement of microglial activation phenotypes in the cortex at 1, 5, 12 and 52 weeks post-
injury, compared to phenotypes in sham controls. (A) Computer reconstructions of ramified and 
activated (hypertrophic and bushy morphologies) microglia. TBI produced a significant reduction 
in the number of resting microglia (ramified) at 1-week (*p < 0.05), 5-week (*p < 0.05), 12-week 
(**p < 0.01) and 52-week (**p < 0.01) versus sham (1 week) group, and in the 52-week (++p < 
0.01) TBI group versus sham (52 week) group. TBI also resulted in a significant increase the 
number of activated microglia (hypertrophic and bushy) at 1-week (***p < 0.001), 5-week (***p < 
0.001), 12-week (***p < 0.001) and 52-week (**p < 0.01) versus the sham (1 week) group, and in 
the 52-week (++p < 0.01) TBI group versus the sham (52 week) group. There was a significant 
difference in activated microglia numbers in the 5-week (ˆˆp < 0.01), 12-week (ˆˆp < 0.001), and 
52-week (ˆˆˆp < 0.001) TBI groups versus the 1 week TBI group. One-way analysis of variance 
(ANOVA), Student Newman-Keuls post-hoc test. Values plotted are mean ± SEM, n = 6/group. 
Reproduced and cropped from (Loane et al., 2014). 

Chronic microglial activation after TBI in humans 

A small number of human neuropathological studies in TBI provide evidence 
for chronic neuroinflammation, and also suggest a link between microglial 
activation and axonal pathology.  In an early series of TBI patients with survival 
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times of up to 22 years, there was an increase in CD68 immunoreactivity 
compared to age-matched controls in parasagittal and hippocampal WM up to 
four years after injury (Gentleman et al., 2004). CR3/43 (MHC-II) 
immunoreactivity (another marker of microglial activation) was observed in WM 
up to 16 years post-injury. 

A more recent neuropathological study examined TBI cases (n=99) with 
survival up to 47 years (Smith et al., 2012). The regions of interest (ROIs) were 
the hippocampus, the inferior temporal gyrus, the corpus callosum and 
cingulate gyrus. CD68 and CR3/43 levels rose to a maximum around three 
months after injury, but then gradually fell again to control levels within several 
years (Figure 6). These findings were not related to focal pathologies such as 
contusions. In cases with a pathological diagnosis of TAI, there was a higher 
immunoload in all regions (Figure 7), but particularly in the corpus callosum.  

 

Figure 6. Chronic microglial activation after TBI in humans 

Box and whisker plots are shown for overall CR3/43 (a) and CD68 (b) immunoload for patients 
examined at differing survival intervals. The large solid dot indicates median immunoload. 
Reproduced from (Smith et al., 2012). 
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Figure 7. TAI and microglial activation after TBI in humans 

Box and whisker plots are shown for overall CR3/43 (a) and CD68 (b) immunoload in those TBI 
cases who survived less than one year, divided into cases with and without evidence of TAI. 
Reproduced from (Smith et al., 2012). 

Another recent study also supports a link between chronic microglial activation 
and WM damage (Johnson et al., 2013). Sections of the corpus callosum and 
adjacent cortex were examined in 52 cases of TBI with survivals ranging from 
10 hours to 47 years. With survival of more than three months, TBI cases 
frequently displayed extensive reactive microglia (CD68 and/or CR3/43 
positive), findings not seen in controls or acutely-injured cases. Notably, 
activated microglia were present in seven of the 25 cases (28%) with survival 
of more than one year, and up to 18 years post-TBI. Morphological analysis of 
microglia showed amoeboid cells were typically immunoreactive for both CD68 
and CR3/43 and distributed throughout the corpus callosum. In cases 
displaying long-term inflammatory pathology, evidence of ongoing WM 
degradation was observed (for example, Figure 8).  

Notably, confocal microscopy of adjacent sections double labelled for CR3/43 
and myelin basic protein (MBP) showed MBP immunoreactive fragments within 
CR3/43 positive cells. These findings suggest chronically activated microglia 
are involved in phagocytosis of myelin fragments.  
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Figure 8. Microglial activation and WM degeneration after TBI 

(a) Extensive microglial activation (immunostained with CR3/43 antibody) in the hippocampus and 
adjacent sulci of a 65-year-old man with CTE. Scale bar = 1 mm. (b) Extensive CR3/43-reactive 
cells with amoeboid morphology, suggesting activated microglia, in the atrophic corpus callosum 
of a 37-year-old male four years after a severe TBI. Scale bar = 1 mm for main image (left) and 
100 μm for high-power image (right). (c) Adjacent section to b, stained with Luxol fast blue, 
indicating chronic WM damage and loss of myelin. Scale bars as for (b). Reproduced from (Smith, 
Johnson and Stewart, 2013). 

1.8. In vivo imaging of chronic microglial activation  

TSPO positron emission tomography (PET) 

Measurement of neuroinflammation in vivo has become possible using positron 
emission tomography (PET) because of the development of PET radioligands 
that bind the 18-kDa translocator protein (TSPO, previously called the 
peripheral benzodiazepine receptor, PBR). The TSPO is a mitochondrial outer 
membrane protein found within monocyte-derived cells, expressed at low levels 
on resting microglia as well as astrocytes (Rupprecht et al., 2010). Increased 
levels of TSPO in the CNS was originally considered to be specific for activated 
microglia as well as infiltrating macrophages, representing a neuroinflammatory 
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biomarker, although it has since been established that TSPO expression is also 
increased in reactive astrocytes [22]. TSPO PET has been extensively used as 
a means of quantifying microglial activation in vivo in a variety of central 
nervous system (CNS) disorders (Owen and Matthews, 2011), including stroke 
(Thiel et al., 2010), multiple sclerosis (MS) (Rissanen et al., 2014), and AD 
(Edison et al., 2008). As well as providing a means to monitor disease 
progression, TSPO imaging has the potential to be used to assess the action 
of therapies which target neuroinflammatory processes. 

TSPO imaging of chronic microglial activation after TBI  

In our laboratory, a previous study used the TSPO radioligand [11C]PK11195 to 
image chronic microglial activation in TBI patients (Ramlackhansingh et al., 
2011). Ten patients, 11 months to 17 years after moderate-severe TBI, 
underwent [11C]PK11195 PET and structural MRI scans. Microglial activation, 
quantified by [11C]PK11195 binding in a range of ROIs, was significantly 
increased in the thalami, putamen, occipital cortices and posterior limb of the 
internal capsule, compared to a group of seven aged-matched controls. Images 
in many individual patients also showed increased [11C]PK11195  binding in 
WM (Figure 9). Furthermore, high [11C]PK11195 binding in the thalamic region 
of interest (ROI) was associated with more severe cognitive impairment.  

 

Figure 9. Imaging of chronic microglial activation after TBI 

Images of [11C]PK11195 PET images are shown superimposed on the T1 MRI scan at the level of 
the thalamus for 10 TBI patients, 11 months to 17 years after injury, and a representative control 
participant. Numbers indicate time since injury (months). R = right. Reproduced from 
(Ramlackhansingh et al., 2011). 
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The finding of increased [11C]PK11195 binding in several brain regions, far from 
focal damage, is consistent with remote chronic microglial activation. However, 
in the corpus callosum, where high [11C]PK11195 binding might be expected 
based on the neuropathological evidence, the binding was the lowest of all 
regions assessed. 

A subsequent [11C]PK11195  PET study in eight TBI patients six months after 
injury also found increases in [11C]PK11195  binding in several ROIs compared 
to age-matched controls, including the thalamus, putamen, pons, 
hippocampus, and frontal lobes (Folkersma et al., 2011). The highest regional 
binding was found in the thalamus in six of the patients. Analysis of the corpus 
callosum was not reported. 

These preliminary molecular imaging studies provide in vivo evidence for 
microglial activation persisting for months to years after TBI, including at 
locations far from sites of focal lesions. While these findings are broadly 
consistent with the neuropathological studies, the absence of increased 
[11C]PK11195  binding in the corpus callosum (Ramlackhansingh et al., 2011) 
is discrepant with the neuropathological evidence for persistent microglial 
activation in this region (Johnson et al., 2013). Differences in the patient groups 
or the nature of injuries may explain this disparity. It is possible that TSPO 
imaging and CD68 and CR3/43 immunohistochemistry detect distinct 
populations of activated microglia. Alternatively, the sensitivity and resolution 
of PET may be insufficient to detect activated microglia specifically in the corpus 
callosum, an area which could be prone to partial volume effects, because of, 
for example, its proximity to the ventricular system. 

Recently, second-generation TSPO radioligands have been developed which 
have a better signal-to-noise ratio than [11C]PK11195, promising more accurate 
measurement of neuroinflammation. However, there is no evidence that TSPO 
PET radioligand binding can distinguish between activated microglial 
polarisation phenotypes (i.e. M1 or M2), which confounds interpretation of 
TSPO PET studies. Similarly, binding of TSPO radioligands to infiltrating blood-
derived macrophages in the CNS may also complicate interpretation of 
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increased signal, particularly if these peripherally-originating cells have different 
effects to resident microglia (Schwartz et al., 2013)  

1.9. Neurodegenerative pathologies after TBI 

The link between TBI and the development of dementia is supported by the 
detection of AD-like pathologies in the brains of TBI patients (Smith, Johnson 
and Stewart, 2013). AD is characterized by extracellular deposition of amyloid-
beta (Aβ) protein as plaques, and intracellular aggregation of 
hyperphosphorylated tau, as NFTs (Swerdlow, 2007).  Recently, Aβ plaque and 
NFT pathologies have been observed in the acute and chronic phases following 
a single moderate-severe TBI (Johnson, Stewart and Smith, 2012), and after 
repetitive mild TBI (McKee et al., 2009; Smith, Johnson and Stewart, 2013). 

Aβ pathology after TBI 

Aβ plaques have been found in the brains of up to 30% of patients who died in 
the acute phase after a single moderate-severe TBI and in surgically excised 
tissue (Roberts et al., 1994; Ikonomovic et al., 2004) (Figure 10). Aβ plaques 
were detected in all age groups, even children, and were widely distributed, 
with no correlation with the presence of contusions, haematomas, TAI or 
ischaemic damage. The Aβ plaques observed post-TBI largely appear in GM, 
but they have been identified in WM (Johnson, Stewart and Smith, 2010). For 
example, in a study of 12 patients who died within nine days of injury, in the 
eight patients with Aβ plaque formations observed in cortical GM, some Aβ 
plaque like profiles were also found in the white matter close to Aβ-
immunoreactive axons (Douglas H. Smith et al., 2003). These findings are 
supported by an experimental swine model of TBI, whereby plaques were found 
predominantly in WM as well as cortical GM, and appeared to relate to the 
degree of axonal injury (Smith et al., 1999). 

The plaques found in TBI patients can appear within hours of injury yet are 
strikingly similar to those observed in the early stages of AD. Furthermore, most 
of the Aβ peptide in the plaques formed after TBI, and in the soluble Aβ found 
in the brains of TBI patients, is Aβ42, the AD-associated form of Aβ that is prone 
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to aggregation and believed to be pathogenic (Johnson, Stewart and Smith, 
2010). 

A recent study has examined the time course of Aβ plaques in material from 39 
long-term survivors of a single moderate-severe TBI, 1-47 years post-injury 
(mean 8.2 years) (Johnson, Stewart and Smith, 2012). Aβ plaques were 
present in up to one third of patients. Plaques were observed in greater density 
and wider distribution in TBI survivors than age-matched non-head injured 
controls. Whereas the plaques observed in the acute phase were typically 
diffuse, like those observed in early AD, those observed in long-term survivors 
of TBI were the denser, neuritic plaques characteristic of advanced AD. 
Typically, following TBI cases were more likely to have widespread plaques 
across the entire cortical region examined. This was particularly true extending 
from the cingulate gyrus through the superior frontal gyrus, which frequently 
displayed extensive pathology. 
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Figure 10. Aβ pathology after TBI 

(A) Aβ plaques (brown ring-like areas) seen acutely following a single TBI, caused by a fall in an 
18-year-old male. The survival time was 10 hours. Plaques were identified using an antibody 
specific for Aβ. (B) Immunohistochemistry showing APP (Ba), β-site-APP-cleaving enzyme (Bb) 
and presenilin-1 (Bc) co-accumulating (Bd) in the disconnected terminal of an axon (an axon bulb). 
(C) Example of axonal pathology identified using APP immunohistochemistry. APP (brown) 
accumulates within the tortuous varicosities along the length of damaged axons. (D) Increased 
neprilysin immunoreactivity (brown) is also observed in damaged axons after TBI. Reproduced 
from (Johnson, Stewart and Smith, 2010). 

Mechanisms of acute and chronic Aβ plaque genesis after TBI 

Axonal pathology after TBI provides a potential means for the genesis of Aβ 
plaques. A key feature of TAI is the interruption of axonal transport due to 
cytoskeletal disruption. This causes an accumulation of proteins in the axon, 
including amyloid precursor protein (APP). Accumulations of APP occur in 
varicosities along the length of the axon or at the disconnected axon terminals 
(axon bulbs). (As a consequence, immunostaining for APP is a standard 
method for identifying TAI in tissue sections.) It has been postulated that 
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abundant APP in injured axons might be aberrantly cleaved to form Aβ 
(Johnson, Stewart and Smith, 2010). Interestingly, the enzymes necessary for 
Aβ cleavage from APP, including presenilin-1 and B-site APP cleaving enzyme 
have been observed accumulating in damaged axons along with Aβ itself in a 
pig model of TAI (Smith et al., 1999) and subsequently in humans (Chen et al., 
2009). TBI appears to create “a unique situation whereby all the necessary 
substrates for Aβ formation are forced to coexist in the same place at the same 
time” (Johnson, Stewart and Smith, 2010). It has been proposed that eventual 
breakdown of damaged axons allows expulsion of Aβ into the parenchyma, 
where it aggregates and causes formation of plaques (Johnson et al., 2010).  

Traditionally regarded as an event limited to the acute phase, recent studies 
suggest axonal degeneration may persist for years and even decades after TBI, 
in a proportion of patients (Johnson et al., 2013). The continued presence of 
axonal damage therefore provides a potential mechanism by which Aβ is 
chronically generated. Intra-axonal Aβ plaque accumulation has been identified 
alongside long-term progressive axonal damage following human TBI, 
persisting for years after injury (Chen et al., 2009). 

Whilst there is good evidence that damaged axons are a potential source of 
post-traumatic Aβ, it is likely that this is only one of several mechanisms 
contributing to Aβ plaque genesis in the aftermath of TBI. Furthermore, many 
questions remain about the possible link between TAI and Aβ plaque pathology 
(Johnson et al., 2010). For example, it is not clear why plaque formation is more 
prevalent in the GM after TBI, if WM damage is a source of Aβ. In addition, the 
variability in Aβ plaque burden in humans and experimental models of TBI 
suggests differences in activity of Aβ degrading mechanisms. Neprilysin, a 
membrane zinc metalloendopeptidase, is a major Aβ degrading enzyme which 
has increasingly been implicated in the pathogenesis of AD. In TBI, extensive 
neprilysin immunoreactivity was found in the neuronal soma and axonal bulbs 
of long term survivors of TBI, cases comprising a group that had a visual 
absence of Aβ plaques (Chen et al., 2009). These findings suggest some TBI 
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patients may have long-term upregulation of neprilysin that continuously clears 
Aβ, promoting plaque regression. 

Microglia and Aβ plaque pathology after TBI 

Microglia may have a role in both Aβ accumulation and clearance after TBI 
(Mannix and Whalen, 2012).  Microglia are a source of several proteins 
upregulated both in AD and after TBI, including APP and pro-inflammatory 
cytokines, including IL-1β and TNF-a (Smith, 2013). Aβ itself is a pro-
inflammatory microglial activator, resulting in increased production of reactive 
oxygen species, which are neurotoxic. However, microglia containing Aβ have 
been found associated with plaques after TBI, suggesting they may play a role 
in phagocytic clearance of plaques (Mannix and Whalen, 2012). 

NFT pathology after TBI 

The presence of NFTs, formed by hyperphosphorylation of tau protein, is one 
of the most consistent pathologies reported in patients with dementia 
associated with repetitive mild TBI, or CTE (McKee et al., 2013). There are 
fewer reports of tau pathology following a single moderate-severe TBI. 
However, in the study of (Johnson, Stewart and Smith, 2012) (above), NFTs 
were seen at greater density and in wider distribution in up to 30% of TBI cases 
compared with age-matched controls. The tau pathology after TBI was 
described as involving predominantly superficial cortical layers, accumulating 
in the depths of sulci, and in a perivascular distribution. Clusters were also seen 
extending through the cingulate and superior frontal gyri. However, the 
distribution of NFT pathology was not similar to that of activated microglia, 
suggesting an indirect link, if any, between microglial activation and the 
presence of NFT pathology.  

In vivo imaging of Aβ and NFT pathology  

Imaging of Aβ plaques and NFT pathology in vivo has become possible through 
development of PET ligands which target these pathologies. The amyloid tracer 
[11C]-Pittsburgh compound-B ([11C]PIB) shows robust retention in brains of AD 
patients in a pattern that corresponds with neuropathological studies of Aβ 
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plaque distribution (Klunk et al., 2004). The more recently developed tau ligand 
[18F]-T807 has been shown to exhibit high cortical binding in patients with mild 
cognitive impairment (MCI) and AD, compared to health controls, particularly in 
the inferior temporal gyrus, where prominent NFT pathology would be expected 
(Johnson et al., 2016). Such studies suggest that Aβ and tau PET imaging in 
the chronic phase after TBI may inform our understanding of 
neurodegeneration in long-term survivors of TBI. 

Fluid biomarkers of TBI and neurodegeneration 

There is a great interest in developing clinically available fluid biomarkers of 
TBI, to support the diagnosis and prognostication of patients. A range of 
possible blood and CSF biomarkers of acute brain damage have been identified 
in TBI (DeKosky et al., 2013; Zetterberg, Smith and Blennow, 2013). 
Neurofilament light chain (NFL) and tau protein levels are particularly promising 
markers (DeKosky et al., 2013). Neurofilaments are major structural proteins of 
neurons (Liu et al., 2004), and NFL is especially abundant in large-calibre 
myelinated axons in the CNS (Friede and Samorajski, 1970). Tau is a 
microtubule-associated protein predominantly expressed in neurons, and 
preferentially localized in axons (AVILA et al., 2004). Elevated CSF levels of 
NFL and tau have been observed in acute severe TBI, with higher levels seen 
in more severe injuries (Zetterberg, Smith and Blennow, 2013). Increases in 
NFL and tau have also been reported in repetitive mild TBI (Zetterberg, Smith 
and Blennow, 2013). NFL levels in the peripheral blood have been shown to be 
highly correlated with levels in the CSF (Gaiottino et al., 2013), and in severe 
TBI, elevated plasma levels are predictive of early outcome (Zetterberg, Smith 
and Blennow, 2013).  

Persistent elevations in both NFL and tau have been reported in a variety of 
neurodegenerative diseases, including AD (Schraen-Maschke et al., 2008; 
Gaiottino et al., 2013). These observations suggest that NFL and tau may 
provide a biomarker for neurodegeneration and dementia risk in the chronic 
phase after TBI. However, it is currently unclear whether CSF or plasma 
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biomarkers of axonal injury remain elevated in the chronic phase after TBI, or 
whether levels relate to progressive long-term neurodegeneration. 

1.10. Translational prospects of minocycline after TBI 

Chronic neuroinflammation as a therapeutic target after TBI 

There is currently no drug treatment that would be considered targeted therapy 
for the majority of TBI patients (Lowenstein, 2009). A drug treatment that 
improves brain recovery and prevents the development of late complications 
after TBI would have a major effect on patients’ quality of life and dramatically 
reduce the cost of their long-term care. 

While a rapid microglial response soon after injury may be beneficial, prolonged 
microglial activation triggered by TBI may be deleterious, and so inhibiting 
chronic microglial activation after TBI may improve brain recovery and prevent 
the late complications from developing (Kumar and Loane, 2012; Finnie, 2013; 
Smith, 2013).  

Minocycline  

Minocycline (7-dimethylamino-6-dimethyl-6-deoxytetracycline) is a second-
generation semi-synthetic tetracycline which has been used as an antibiotic for 
forty years (Yong et al., 2004). Minocycline shows a better pharmacokinetic 
profile than the first-generation tetracyclines, being almost completely 
absorbed, with a longer half-life, almost complete bioavailability and superior 
CNS penetration (Garrido-Mesa, Zarzuelo and Gálvez, 2013a). 

Independent of their anti-bacterial activity, tetracyclines have increasingly been 
recognised as a family of drugs with pleiotropic effects, including anti-
inflammatory, immunomodulatory and anti-apoptotic actions (Sapadin and 
Fleischmajer, 2006; Griffin et al., 2010). Recognition of the anti-inflammatory 
activities of tetracyclines has prompted their use in the treatment of a range of 
diseases with an inflammatory basis, such as acne vulgaris, sarcoidosis and 
rheumatoid arthritis (Garrido-Mesa, Zarzuelo and Gálvez, 2013b). 
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Minocycline has been shown to be neuroprotective in animal models of a variety 
of CNS disorders including TBI. The neuroprotective effect of tetracyclines was 
first demonstrated in a study which showed that doxycycline, another second-
generation tetracycline, improved recovery in a rabbit model of focal brain 
ischaemia (Clark et al., 1994). A further study in a rat model of global ischaemia 
found that doxycycline and minocycline were neuroprotective (Yrjänheikki et 

al., 1998). Then followed several hundred reports of the neuroprotective effects 
of tetracyclines in a range of in vitro studies and animal models of neurological 
disease, including stroke, MS, TBI, spinal cord injury (SCI), Huntington's 
disease, PD and ALS (Plane et al., 2010; Kumar and Loane, 2012; Garrido-
Mesa, Zarzuelo and Gálvez, 2013a). Minocycline has emerged as the most 
effective neuroprotective tetracycline (Garrido-Mesa, Zarzuelo and Gálvez, 
2013a). 

Mechanisms of minocycline neuroprotection  

A variety of mechanisms are thought to account for the neuroprotective effects 
of minocycline. These mechanisms can broadly be categorized into anti-
inflammatory, anti-apoptotic, and anti-oxidant actions (Table 2) (Elewa et al., 
2006; Plane et al., 2010; Garrido-Mesa, Zarzuelo and Gálvez, 2013b).  

Table 2. Neuroprotective actions of minocycline 

Anti-inflammatory actions Anti-apoptotic actions Anti-oxidant / other actions 

âmicroglial activation 
ârelease of cytokines (e.g. 
IL-1β, TNF-α) and 
chemokines (e.g. MIP-1α) 
ârelease and activity of 
MMPs 

Caspase-dependent actions 
ârelease of cytochrome C 
(pro-apoptotic) from 
mitochondria  
âexpression of caspase-1 
and -3 (pro-apoptotic) 

Suppression of free radical 
production 
âactivity of COX2 
âactivity of NOS  

â T-cell transmigration and  
    activity 

Caspase-independent 
actions 
áBcl-2 (anti-apoptotic) 
ârelease of apoptosis-
inducing  
   factor (AIF) from       
   mitochondria 

âPARP-1 
âmitochondrial 
[11C]PBR/TSPO 

âp38 mitogen-activated 
protein  kinase (MAPK) 
signalling 

âglutamate excitotoxicity 
Calcium sequestration 

Abbreviations: â = decrease, inhibition or suppression. á = increase. IL-1β = interleukins (IL) 1-
beta; COX-2 = cyclooxygenase 2; NOS = nitric oxide synthase.  PARP-1 = poly (ADP [adenosine 
diphosphate]–ribose) polymerase-1 (PARP-1) (involved in excitotoxicity, oxidative stress and 
inflammation); [11C]PBR/TSPO = mitochondrial peripheral benzodiazepine receptor. TNF-α = 
tumour necrosis factor-alpha. Reproduced from (Garrido-Mesa, Zarzuelo and Gálvez, 2013b). 
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Experimental studies of minocycline administered in acute TBI 

In experimental TBI, minocycline has been shown to improve neurological 
recovery in a variety of animal models (Table 3). An important mechanism 
underlying the beneficial effect of minocycline appears to be the inhibition of 
microglial activation (Sanchez Mejia et al., 2001; Bye et al., 2007; Homsi et al., 
2010; Ng et al., 2012). Levels of microglial activation are frequently assessed 
pathologically using immunohistochemical methods to detect cell surface 
markers expressed by activated microglia, such as CD11b (Homsi et al., 2010). 
In one study, minocycline treatment was able to reduce the post-TBI increase 
of CD11b immunolabelled cells by 59%, and this was associated with 
significantly improved functional outcome (Homsi et al., 2010). 

Table 3. Experimental studies of minocycline in TBI 

Model and 
species 

Dose Dose 
intervals 

Outcomes with minocycline  Ref. 

WD Ms 45 mg/kg 
IP 

30 minutes, 
12 hourly for 
2 weeks 

Reduced microglial activation at 1 
week; improved neurological 
recovery sustained over 6 weeks 

(Ng et al., 
2012) 

MB Rat 50 mg/kg 
IP  
 

4 hours, 
daily  

Same performance in behavioural 
tasks versus sham at 45 days; 
normalized levels of majority of 
inflammatory, vascular, neuronal and 
glial markers 

(Kovesdi 
et al., 
2012) 

WD Ms 90 mg/kg 
IP; 
45 mg/kg 
IP 

5 minutes;  
3 hours, 9 
hours  

Attenuation of recognition memory 
impairment at 13 weeks; sAPPα 
decrease significantly attenuated, 
corpus callosum and striatal atrophy, 
ventriculomegaly, astrogliosis, and 
microglial activation significantly 
reduced at 3 months 

(Siopi et 
al., 2011, 
2012) 

CCI Rat 45 mg/kg 
IP  
± NAC 

1 hour, 1 day, 
2 days 

Improved performance on 2 hour 
memory task at 1 week; impairment 
on 24 hour memory task; improved 
spatial learning (with NAC); reduced 
myelin loss at 2 weeks (with NAC)  

 (Abdel 
Baki et al., 
2010) 

WD Ms 90 mg/kg 
IP; 
45 mg/kg 
IP 

5 minutes; 
3 hours, 9 
hours 

Attenuated microglial activation by 
59%; reduced brain lesion volume by 
58%; significantly decreased TBI-
induced locomotor hyperactivity at 
48 hours to 8 weeks  

(Homsi et 
al., 2010)  

WD Ms 45 or 90 
mg/kg (1st 
dose); 

5 min or 
5 min + 3 
hours or 

Reduced increase of IL1b and 
MMP9 at 6 hours, reduced cerebral 
oedema at 6 hours (2x doses) and 

(Homsi et 
al., 2009)  
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Model and 
species 

Dose Dose 
intervals 

Outcomes with minocycline  Ref. 

45mg/kg 
(subseque
nt) 

5 min + 3 
hours + 9 
hours 

24 h ours (3x doses), improved 
neurological recovery (3x doses) 

WD Ms 45 mg/kg 
IP 

30 min, 
12 hourly for 
3 days 
 

Decrease lesion volume and 
improved neurological recovery at 1 
day not maintained at 4 days; 
microglial activation and IL1b 
expression reduced, neutrophil 
infiltration and expression of multiple 
cytokines not affected; density of 
apoptotic cells not affected 

 (Bye et 
al., 2007) 

CCI Ms 90mg/kg 
IP; 
45mg/kg 
IP 
 

12 hours pre-
; 
30min post, 
12 hourly  

Improved functional outcome; 
decrease in lesion size; reduced 
caspase-1 activity  

(Sanchez 
Mejia et 
al., 2001)  

Studies are listed in descending order of publication date. Abbreviations: CCI = controlled cortical 
impact; MB = mild blast TBI; Ms = mouse; IL1β = interleukin 1 beta; IP = intraperitoneal MMP9 = 
matrix metalloproteinase 9; sAPPα = soluble form α of APP (thought to be neuroprotective after 
TBI); WD = weight drop 

While all of the studies summarised have investigated short-term treatments of 
minocycline administered within minutes to hours after injury, five studies 
examined neurological recovery of animals to beyond one month post injury. In 
four of these studies, neurological improvement was sustained for up to three 
months survival in animals treated with minocycline (Homsi et al., 2010; 
Kovesdi et al., 2012; Ng et al., 2012; Siopi et al., 2012), although in one study 
there was only a transient improvement in recovery compared to vehicle-
treated animals (Bye et al., 2007).  

No experimental studies in TBI have investigated the effect of minocycline first 
administered during what could be considered the chronic stage after injury. 
Experimental studies of minocycline administered in this delayed phase will be 
important in supporting any case for its use as a modulator of chronic 
neuroinflammation after TBI.  

Experimental studies of minocycline in neurodegenerative disease 

Studies of minocycline in chronic neurodegenerative diseases, including AD, 
may be seen as increasingly relevant to TBI as the pathophysiological links 
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between TBI and subsequent long-term neurodegeneration become clearer 
(Johnson et al., 2013; Smith, 2013; Smith, Johnson and Stewart, 2013).  

Minocycline has been shown to inhibit microglial-mediated inflammation in a 
variety of neurodegenerative disease models (Kim and Suh, 2009). For 
example, in vivo and in vitro studies of minocycline in models of AD have 
showed reduced microglial activation, attenuated neuronal cell death and 
improved behavioural performance (Kim and Suh, 2009). 

Clinical trials of minocycline in CNS disorders 

The promise shown by minocycline in experimental studies, its established use 
as an antibiotic, as well as its excellent CNS penetration, fuelled interest in the 
drug as a possible treatment of neurological disease (Blum et al., 2004; 
Domercq and Matute, 2004; Chen et al., 2011). This prompted human 
minocycline studies in a variety of CNS disorders (Table 4). There are no 
published clinical studies of minocycline treatment in TBI. 

Table 4. Clinical studies of minocycline 

Dx Des N/tot Age  Dose and duration  Outcomes with 
minocycline 

Ref. 

HIV RCT 36/73 20-
60 

100mg BD 24w No improvement in HIV-
associated cognitive 
impairment  

(Nakasu
jja et al., 
2013) 
 

HIV RCT 52/107 50±7 100mg PO 
BD 

6m No improvement in HIV-
associated cognitive 
impairment  

(Sacktor 
et al., 
2011) 

SCI RCT 27/52 41 800 mg IV 
à 400mg 
BD IV 

7d Improvement in motor 
score in subgroup of 
patients with cervical 
injury   

(Casha 
et al., 
2012)  

MSA-P RCT 32/63 63±7 200mg PO 
OD 

12m No difference in clinical 
motor function  

(Dodel 
et al., 
2010) 

Acute 
stroke 

RCT 47/95 68±1
1 

100mg IV 
BD 
12h 

5d Minocycline safe but not 
efficacious 

(Kohler 
et al., 
2013) 

Acute 
stroke 

NRDE  60/89 65±1
3 

3-10mg/kg 
BD IV  

3d Minocycline well 
tolerated; reduced IL-6 

(Fagan, 
Cronic 
and 
Hess, 
2011) 
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Dx Des N/tot Age  Dose and duration  Outcomes with 
minocycline 

Ref. 

Acute 
stroke 

RCT 
 

23/50 53±1
5 

200mg PO 
OD 
12h  

5d Improvement in NIHSS, 
mRS, BI scores 
significant at days 30 
and 90  

(Padma 
Srivasta
va et al., 
2012)  

Acute 
stroke 

RCT 74/152 67±1
1 

200mg PO 
OD 
6-24h 

5d Improvement in NIHSS, 
mRS, BI at days 7, 30, 
and 90  

(Lampl 
et al., 
2007) 

MS RCT 
 

44  100mg PO 
BD 

9m Reduced MRI lesions 
and relapse risk 

(Metz et 
al., 
2009)  

MS Pilot  10 42±4 100mg PO 
BD 

6m –  
3y  

Minocycline safe and 
well tolerated. Reduced 
relapse rate during 
treatment, stable mean 
T2 lesion volume  

 (Zhang 
et al., 
2008) 

ALS RCT 206/412 59±1
2 

400mg 
PO/day 
(up to) 

9m Decline in ALSFRS-R, 
tendencies towards 
faster decline in other 
measures and mortality 

(Gordon 
et al., 
2007) 

ALS RCT  10/19 54±1
2 

200mg PO 
OD 

6m Decline in ALSFRS-R (Gordon 
et al., 
2004) 
 

ALS Pilot 
 

23/23 57±1
1 

400mg PO 
OD (up to) 

8m  Trend toward more 
gastrointestinal AE, 
blood urea nitrogen and 
liver enzymes elevated  

(Gordon 
et al., 
2004) 
 

PD RCT  
 

66/200 65±1
1 

200mg PO 
OD 

12m Futility study; 
minocycline did not 
adversely influence the 
response to 
symptomatic therapy nor 
increase AE 

 (NET-
PD, 
2006) 
 

HD RCT 
 

87/114  200mg PO 
OD 

 Futility study; no safety 
abnormalities. Further 
study of minocycline 200 
mg/day not warranted.  

(HSG, 
2010) 

HD Pilot 30/30 21-
66 

100mg PO 
BD 

6m Minocycline well 
tolerated 

(Thoma
s, 
Ashizaw
a and 
Jankovi
c, 2004) 

HD Pilot  14/14 20-
65 

100mg PO 
BD 

24 m+ Minocycline well 
tolerated. Amelioration 
of psychiatric symptoms. 
MMSE, TMS, TFCS, 
stabilized after 3 years 
of treatment.  

(Bonelli 
et al., 
2004) 
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Dx Des N/tot Age  Dose and duration  Outcomes with 
minocycline 

Ref. 

HD RCT 60/60 46±9 100mg PO 
BD or 
100mg PO 
BD 

8w Minocycline safe and 
well tolerated.   

 (HSG, 
2004) 

Age is stated in years. Abbreviations: AE = adverse events; AIMS = abnormal involuntary 
movement score; ALSFRS-R = ALS functional rating scale; BD = twice daily; BI = Barthel Index; 
Dx = disorder; GA = glatiramer acetate; HIV = human immunovirus; IL-6 = interleukin-6; IV = 
intravenous; MMSE = mini mental state examination; mRSS = modified Rankin Scale; MSA-P = 
multiple system atrophy Parkinson type; NIHSS = National Institutes of Health Stroke Scale; N/tot 
= N (minocycline)/total; NRDE = non-randomised dose escalation study; OD = once daily; PO = 
oral; RCT = randomised controlled trial or study (minocycline vs placebo/other control); TFCS = 
total functional capacity scale; TMS = total motor score; TPA = tissue plasminogen activator; 
UHDRS = unified Huntington’s disease rating scale; Times: d = day; w = week; m = month; y = 
year 

A number of clinical trials reported beneficial effects of minocycline treatment 
without increased incidence of severe adverse events, and the success of 
some studies generated optimism that minocycline may be translated into 
neurological practice (Plane et al., 2010). However, other studies showed no 
benefit, and some have raised serious concerns. The most relevant studies are 
discussed in more detail.  

In multiple system atrophy-Parkinson type (MSA-P), a RCT in 63 patients found 
no significant difference in clinical disease progression between minocycline 
(200mg/day) and placebo groups after one year of treatment (Dodel et al., 
2010). Notably, this study used TSPO PET to measure the effects of 
minocycline on microglial activation in a small subgroup of patients. Eight 
participants (minocycline n = 3, placebo n = 5) underwent PET scanning using 
[11C]PK11195 at baseline and after 24 weeks. At baseline, increased 
[11C]PK11195 binding was evident in regions including the putamen, thalamus 
and frontal cortex. At 24 weeks, the three patients in the minocycline group had 
an attenuated mean increase in microglial activation as compared to the 
placebo group (p=0.07), with two of them individually showing decreased 
[11C]PK11195 binding.  

In a study of patients with ALS, following successful animal work and two 
feasibility studies (Gordon et al., 2004), a multi-centre randomised placebo-
controlled phase III trial of minocycline versus placebo found minocycline to 
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have detrimental effects (Gordon et al., 2007). 412 patients received 
minocycline at doses up to 400 mg/day or placebo for 9 months. Outcome 
measures included the revised ALS functional rating scale (ALSFRS-R), forced 
vital capacity (FVC), manual muscle testing scores, quality of life, survival, and 
drug safety. Patients treated with minocycline showed faster deterioration than 
the placebo group in ALSFRS-R scores and there was a trend towards faster 
decline in FVC and manual muscle testing. The mean rate of decline in 
ALSFRS-R was not affected by minocycline dose. Despite the unfavourable 
effects of minocycline treatment on disease progression and adverse events, 
there was no significant difference in quality of life scores compared to the 
placebo group.  

In patients with acute SCI, a double-blind RCT investigated a dosing regime of 
minocycline administered for seven days at doses including those higher than 
previously reported in humans (Casha et al., 2012). Adverse events did not 
vary significantly among the placebo, low-dose or high-dose minocycline 
groups. Overall, there was not a significant improvement in motor recovery at 
one year in minocycline treated patients versus placebo, but an improvement 
in motor score that approached significance was observed in patients with 
cervical injury (p = 0.05).  

In acute stroke, an RCT of oral administration of 200 mg daily of minocycline 
versus placebo for five days, started six to 24 hours after acute stroke, found 
minocycline was associated with significantly improved functional outcome 
scores up to 90 days of follow-up (Lampl et al., 2007). Similar positive outcomes 
were seen in a later RCT of a similar design (Padma Srivastava et al., 2012). 
Recently, in another RCT in acute stroke (Kohler et al., 2013), minocycline 
100mg was administered intravenously within 24 hours of onset of stroke and 
continued 12 hourly for a total of five doses. Minocycline was found to be safe 
but not efficacious. An accompanying meta-analysis of the three human trials 
suggested minocycline may increase the odds of handicap-free survival by 
three-fold but found substantial heterogeneity among the trials. 
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Pharmacology of minocycline 

Tetracyclines were discovered in the 1940s as natural fermentation products of 
soil bacterium, Streptomyces aureosaciens (Nelson and Levy, 2011). 
Minocycline is a second-generation semi-synthetic tetracycline analogue, with 
the same basic ring structure as tetracycline but with a substitution of a 
dimethylamino group at C7 and lacking a functional group at C6, making it more 
lipophilic (Kim and Suh, 2009).  

Absorption 

Minocycline shows a more favourable pharmacokinetic profile than the first-
generation tetracyclines (Garrido-Mesa, Zarzuelo and Gálvez, 2013a). 
Minocycline is rapidly and almost completely absorbed (95-100%) from the 
stomach and small bowel (Saivin and Houin, 1988). Unlike first-generation 
tetracyclines, absorption of minocycline is not affected by food, however 
absorption is reduced by iron and antacids containing magnesium and calcium 
(BNF, 2012). 

The maximum serum concentration (Cmax) of minocycline is attained within 
about 2-3 hours after oral administration (Saivin and Houin, 1988). The Cmax 
increases with increasing dose, being  2.2mg/l after 150mg, 3-3.6mg/L after 
200mg and about 4mg/l after a 300mg dose (Saivin and Houin, 1988; Agwuh 
and MacGowan, 2006). After intravenous (IV) administration, the Cmax 
concentrations are 3–8.75 mg/l after a 200 mg dose (Saivin and Houin, 1988). 
After long term administration of minocycline 100mg 12-hourly, the steady state 
concentration is between 2.3 and 3.5mg/l (Saivin and Houin, 1988).  

Distribution and CNS penetration 

Minocycline plasma protein binding is between 70-80% and the volume of 
distribution ranges from 80-115L, or 1.17 L/kg (Agwuh and MacGowan, 2006). 
Minocycline is a small (495 kDa), highly lipophilic molecule with excellent 
distribution in all the tissues (Saivin and Houin, 1988). It can easily pass through 
the BBB into the CSF (Yong et al., 2004). In humans, minocycline penetrates 
the CSF better than doxycycline and other tetracyclines (Macdonald et al., 
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1973; Cunha, 2000). The CSF concentration after extended dosing is 
approximately 0.5 mg/L (Saivin and Houin, 1988). The ratio of CSF:plasma 
concentrations reported is about 11-56% (Cunha, 2000; Elewa et al., 2006). 

Metabolism and excretion 

Minocycline is subject to biotransformation in the liver (Saivin and Houin, 1988). 
Up to six metabolites have been found in urine and faeces (Agwuh and 
MacGowan, 2006). Elimination of unaltered minocycline in the urine represents 
8-12% of the administered dose, faecal elimination of the compound is 20 to 
35% of the dose, and the rest is eliminated as metabolites in urine or faeces 
(Saivin and Houin, 1988). Renal clearance is about 2.2–1.2 mL/min (Agwuh 
and MacGowan, 2006).The elimination half-life of minocycline is about 16 hours 
(Saivin and Houin, 1988). 

Safety and tolerability of minocycline 

A good safety record for long-term clinical use of minocycline has been 
established (Garrido-Mesa, Zarzuelo and Gálvez, 2013a). Chronic treatment 
with dosages of up to 200 mg/day is generally well-tolerated (BNF, 2012). 
According to registry records in the UK, over six million individuals have been 
treated for acne with minocycline for an average of nine months (Yong et al., 
2004). 

Safety and tolerance in long-term treatment with minocycline doses of 200 
mg/day has been demonstrated by tolerability tests and clinical trials in a variety 
of CNS and other diseases  (Garrido-Mesa, Zarzuelo and Gálvez, 2013a), 
although doses beyond this level may be less well tolerated. For example, in 
an early phase placebo-controlled trial of minocycline in ALS, there were no 
significant differences in adverse events at doses of 200 mg/day for six months 
(Gordon et al., 2004). However, in a subsequent trial, 23 subjects received up 
to 400 mg/day for an eight month period. Nineteen patients tolerated the target 
dose of minocycline, and the mean tolerated dose was 387 mg/day. There was 
a trend towards more gastrointestinal side effects compared to placebo 
(p=0.057) and liver and renal function measures were elevated at the higher 
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doses (Gordon et al., 2004). In the phase III trial in ALS (above), the number of 
serious adverse events during the nine month study period did not differ 
significantly between groups but patients in the minocycline group were more 
likely to have non-serious gastrointestinal or neurological adverse events than 
those in the placebo group (Gordon et al., 2007). The most common non-
serious gastrointestinal adverse events were nausea, diarrhoea, and 
constipation. The most frequent non-serious neurological events were 
dizziness and fatigue.  

Rare side effects of minocycline include hearing loss, hyperaesthesia, acute 
renal failure, skin photosensitivity and hyperpigmentation, which may be 
irreversible (BNF, 2012). Serious cases of liver toxicity, serum sickness, and 
systemic lupus erythematosus have been reported but the frequency of these 
adverse events is of the order of one in a million individuals treated (Yong et 

al., 2004). 
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Chapter 2 

2. Amyloid pathology and 
axonal injury after brain 
trauma 

In this chapter, I investigate the relationship between Aβ plaque burden 
and traumatic axonal injury after TBI using [11C]PIB PET and diffusion 
MRI, and compare the spatial distribution of Aβ to AD. 

2.1. Abstract 

Objective 

To image Aβ plaque burden in long-term survivors of TBI, to test whether 
traumatic axonal injury and Aβ are correlated, and compare the spatial 
distribution of Aβ to AD. 

Methods 

Patients 11 months to 17 years after moderate-severe TBI had [11C]PIB PET, 
structural and diffusion MRI and neuropsychological examination. Healthy aged 
controls and AD patients had PET and structural MRI. Binding potential (BP) 
images of [11C]PIB, which index Aβ plaque density, were computed using an 
automatic reference region extraction procedure. Voxelwise and regional 
differences in BP were assessed. In TBI, a measure of WM integrity, FA, was 
estimated and correlated with [11C]PIB BP. 

Results 

28 participants (9 TBI, 9 controls, 10 AD) were assessed. Increased [11C]PIB 
BP was found in TBI versus controls in the PCC and cerebellum. Binding in the 
PCC increased with decreasing FA of associated WM tracts, and increased 
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with time since injury. Compared to AD, binding after TBI was lower in 
neocortical regions, but increased in the cerebellum.  

Conclusions 

Increased Aβ burden was observed in TBI. The distribution overlaps with, but 
is distinct from, that of AD. This suggests a mechanistic link between TBI and 
the development of neuropathological features of dementia, which may relate 
to axonal damage produced by the injury. 

2.2. Introduction 

TBI is a leading cause of disability in young adults  (Fleminger and Ponsford, 
2005). Survivors may deteriorate clinically many years after injury, and TBI is 
thought to be a major risk factor for dementia (Smith, Johnson and Stewart, 
2013). However, the mechanisms relating acute injury to later 
neurodegeneration are unclear, and the prevalence of distinct types of post-TBI 
dementia such as AD and CTE is uncertain (Smith, Johnson and Stewart, 
2013).   

A mechanistic link between moderate-severe TBI and AD is suggested by the 
observation that Aβ aggregates are found in brains of up to a third of patients 
who die acutely after TBI (Smith, Johnson and Stewart, 2013), and in a similar 
proportion who survive for a year or more (Johnson, Stewart and Smith, 2012). 
TAI, a pathology consistently observed after TBI (Johnson, Stewart and Smith, 
2013), offers a potential mechanism for Aβ genesis (Johnson, Stewart and 
Smith, 2010). It is postulated that APP, which accumulates in damaged axons, 
is aberrantly cleaved to form Aβ, which subsequently aggregates as Aβ 
plaques (Johnson, Stewart and Smith, 2010). Immunohistochemical evidence 
also shows that the enzymes necessary for Aβ cleavage accumulate at sites of 
TAI (Johnson, Stewart and Smith, 2010). 

Localization of fibrillar Aβ pathology in vivo is possible using PET. The amyloid 
tracer [11C]PIB shows robust retention in brains of AD patients (Quigley, Colloby 
and O’Brien, 2011) in a pattern that corresponds with neuropathological studies 
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of Aβ plaque distribution, with increases initially in the precuneus/ PCC, frontal 
cortex, and caudate nuclei, then lateral temporal and parietal cortex (Rowe et 

al., 2007). Recently, a pilot [11C]PIB PET study in moderate-severe TBI patients 
less than one year after injury found increased uptake in cortical GM and 
striatum (Hong et al., 2014). These findings suggest Aβ imaging in the chronic 
phase after TBI may inform our understanding of neurodegeneration in long-
term survivors of TBI.  

DTI can be used to estimate in vivo the degree of axonal injury following TBI 
(Mac Donald et al., 2007; Sharp et al., 2011; Sharp, Scott and Leech, 2014; 
Magnoni et al., 2015). Here, we combine [11C]PIB PET and DTI to test the 
hypotheses: (1) Aβ pathology is present in long-term non-demented survivors 
of TBI; (2) Aβ pathology after moderate-severe TBI is related to the amount and 
distribution of TAI. 

2.3. Methods 

Study design and participants 

In this cross-sectional study, nine TBI patients with a history of a single 
moderate-severe TBI based on Mayo criteria (Malec et al., 2007) were 
assessed with [11C]PIB PET, structural T1 MRI, DTI and neuropsychological 
examination. Patients were recruited at least 11 months after their injury from 
specialist TBI clinics. Eligible patients had a history of a single moderate-severe 
TBI based on Mayo criteria, without pre-existing psychiatric or neurological 
illness, a history of other significant TBI, current or previous drug or alcohol 
abuse, pregnancy or breast feeding, or contraindications to MRI. 

For comparison of [11C]PIB binding, a group of patients with a diagnosis of 
clinically probable idiopathic AD based on NINDS-ADRDA criteria (McKhann et 

al., 1984) had [11C]PIB PET and structural MRI. AD patients were recruited from 
specialist dementia clinics at the Hammersmith Hospitals Trust and the 
National Hospital for Neurology and Neurosurgery, London, UK. 
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Data were collected between 2006 and 2010. Controls were recruited by local 
advertisement and from spouses of patients. We derived the study sample size 
on the basis of earlier PET studies that had explored PIB binding in AD patients 
and control subjects (e.g. (Klunk et al., 2004)). 

We used three healthy controls groups. (a) For comparison of [11C]PIB binding, 
a group of healthy aged controls had [11C]PIB PET and structural MRI. (b) For 
comparison of neuropsychological performance, a second group of healthy 
controls, age-matched to the TBI patients, underwent neuropsychological 
assessment. (c) For comparison of WM integrity, a third group of healthy aged-
matched controls underwent structural MRI and DTI.  

The project was approved by Hammersmith and Queen Charlotte’s and 
Chelsea Research Ethics Committee. All participants gave written informed 
consent. 

Procedures 

A neuropsychological test battery was performed on TBI patients and age-
matched controls. The test battery was designed to assess domains of 
cognitive function often observed to be impaired following TBI. The Verbal 
Fluency/Letter Fluency (F + A + S) and Color-Word Interference subtests from 
the Delis-Kaplan Executive Function System (D-KEFS) (Delis, Kaplan and 
Kramer, 2001) were administered to assess word generation fluency, complex 
information processing speed, inhibition and cognitive flexibility. The Trail 
Making Test (TMT) (Reitan, 1958) was used to assess basic perceptual and 
complex processing speed, attentional capacity, set maintenance and set 
shifting. A computerised two-choice left/right (<<< or >>>) button-press CRT 
was used as a simple measure of processing speed (median reaction time on 
correct trials). The TMT Part A, as well as the two baseline conditions of the D-
KEFS Color-Word Interference test, Color Naming and Word Reading also 
measured simple processing speed. The Digit Span subtest of the Wechsler 
Memory Scale – Third Edition (WMS-III) (Wechsler, 1997) assessed initial and 
working memory. The Logical Memory I and II subtests of the WMS-III were 
used as a measure of immediate and delayed verbal recall. The People Test 
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(PT) from the Doors and People Test battery (Baddeley, Emslie and Nimmo-
Smith, 1994) was used as a measure of associative learning and recall 
(immediate recall). In addition, the Wechsler Test of Adult Reading (WTAR) 
(Wechsler, 2001) was used to provide an estimate of pre-morbid intellectual 
functioning. Current verbal and nonverbal reasoning ability were assessed via 
the Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 1999) 
Similarities and Matrix Reasoning subtests. 15 age-matched controls (12 
males, mean age 37.3±11.3 years, range 19-60 years) underwent 
neuropsychological assessment.   Following exploratory data analysis, control 
subjects identified as extreme outliers (≥ 3 x interquartile range) were excluded 
from subsequent analyses. Group differences in neuropsychological measures 
were examined using independent sample t-tests, using Levene’s test for 
equality of variances. We repeated the analyses using Mann-Whitney U tests. 
All tests were performed using SPSS Version 21. The number of patient and 
control subjects used for each test as well as Cohen’s d values (Cohen, 2013) 
are shown in   
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Table 6.   

Patients with AD and healthy aged controls underwent the MMSE. 

An overview of the imaging methods is shown in Figure 11. All patients and 
healthy aged controls had [11C]PIB PET using a Siemens ECAT EXACT HR+ 
scanner (Siemens Medical Systems, Erlangen, Germany). [11C]PIB was 
manufactured and supplied by Hammersmith Imanet (London, UK). All 
participants had an intravenous bolus injection of [11C]PIB, mean dose 370 
MBq, and dynamic PET emission scans were acquired over 90 minutes. 

Procedure for automatic reference region extraction 

To generate non-displaceable binding potential (BP) images of [11C]PIB, a 
supervised clustering procedure for automatic reference region extraction was 
used. [11C]PIB binding in AD and healthy aging studies is usually quantified 
using the cerebellum as a reference region, where it is assumed that Aβ plaque 
density (and hence minimal specific binding) is minimal. Under this assumption, 
the ratio of cortical to cerebellar binding provides an accurate measure of 
cortical Aβ burden (Rowe and Villemagne, 2011). If there is significant Aβ 
plaque pathology in the cerebellum, however, then this assumption is invalid. 
For example, cerebellar binding is observed in certain types of familial AD 
(Knight et al., 2011). 
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Figure 11. Overview of [11C]PIB imaging analysis 

 (A) Binding potential (BP) images of [11C]PIB, proportional to amyloid-β plaque density, were 
estimated from dynamic [11C]PIB PET data with an automatic reference region extraction 
procedure, using GM and WM segmentations from T1 MRI to define tissue classes. (B) GM and 
WM segmentations were warped to a group template image using a diffeomorphic non-linear 
image registration procedure (DARTEL). The same normalisation was applied to [11C]PIB BP 
images. Voxelwise differences in BP between groups were assessed using non-parametric 
permutation tests. (C) Native space anatomical regions of interest (ROIs) for sampling BP were 
generated using the MAPER (multi-atlas propagation with enhanced registration) procedure. In 
TBI patients, fractional anisotropy (FA), a measure of WM integrity, was sampled from the 
skeletonized WM tracts defined by the Johns Hopkins University WM tractography atlas, and 
related to regional [11C]PIB binding. 

It was unclear whether cerebellar Aβ plaque pathology is present in the chronic 
phase, and our initial analyses using the cerebellum as a reference region 
suggested increased cerebellar binding (i.e. values <1 for the cortical/cerebellar 
ratio). For these reasons, we used a supervised clustering method (Ikoma et 

al., 2013). This analysis approach models each gray matter voxel as the linear 
combination of three predefined kinetic classes (normal grey matter, lesion grey 
matter, and blood pool), and extracts reference voxels in which the contribution 
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of the normal gray matter class is high. This approach has been validated in 
idiopathic AD and shown to be effective in familial AD, where increased 
cerebellar uptake has been demonstrated. The automated reference region 
extraction procedure and pixel estimation were carried out as described in 
(Ikoma et al., 2013) to produce individual [11C]PIB BP images in native space. 
A qualitative assessment of the automatically selected reference voxels found 
they were not located in the same areas as those showing statistically 
significant increases in binding in TBI patients.  

PET and T1 processing  

PET and T1 MRI data were processed in SPM8. T1 images were automatically 
segmented into GM and WM (Ashburner and Friston, 2005). The tissue 
segmentations were warped to a group template image, representing the 
average of all participants (TBI, AD, healthy aged controls), with a 
diffeomorphic non-linear image registration procedure (DARTEL), and the 
group template image registered to Montreal Neurological Institute (MNI) space 
using affine registration. This procedure is a standard feature of the DARTEL 
implementation of SPM8, whereby the complete transformation from each 
individual’s native T1 to MNI is achieved by applying the individual flow-fields 
to the T1 followed by the affine transformation from template to MNI space. 
Each individual’s [11C]PIB BP image was registered to the T1 image using affine 
registration. The DARTEL transformation to MNI space was then used to warp 
the T1 space BP image to MNI space. 

For voxelwise statistical analysis, the normalized PET images obtained were 
masked so as to include only GM voxels of interest, and to prevent any overlap 
between voxels included in analyses with GM and those with WM. The GM 
mask was obtained by thresholding the GM customized template to >0.3. This 
approach has the benefit of reducing possible edge effects around the border 
between GM, WM and CSF (Chetelat et al., 2008; Villain et al., 2008; Oh et al., 
2013). The same binary mask was applied twice, before and after smoothing, 
to avoid contamination of misclassified voxels by smoothing in the first case, 
and large edge effects in the second case (Chetelat et al., 2008). For 
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smoothing, we used a Gaussian kernel of 8mm full-width at half-maximum 
(FWHM). 

Region of interest analysis 

[11C]PIB binding potentials were also sampled from anatomically defined ROIs. 
The selection of ROIs was independent of the voxelwise results and similar to 
our previous work (Ramlackhansingh et al., 2011). The MAPER (multi-atlas 
propagation with enhanced registration) procedure was used to generate ROIs 
in native space (Heckemann et al., 2006, 2010). This approach minimises the 
potential sampling error associated with misregistration and brain atrophy. The 
procedure has previously been shown to yield accurate and robust 
segmentations in normal subjects and patients with dementia. 

The following regions were chosen to provide a representative sampling of 
cortical and sub-cortical structures and to include a number of regions likely to 
be affected by TBI: the anterior and posterior cingulate cortices, inferior and 
superior frontal gyri, occipital lobes, hippocampi, cerebellum, caudate, 
putamen, and thalamus. Bilateral masks were combined into a single ROI.  

To improve sampling accuracy, ROI masks were intersected with thresholded 
tissue probability maps determined from MRI. As in (Ikoma et al., 2013), a 90% 
threshold (i.e. >0.9) was applied to the GM and WM probability maps to create 
tissue-specific masks. The cortical and cerebellar ROIs were then intersected 
with the GM tissue mask, and subcortical regions with the union of GM and WM 
masks.  

To confirm that the hippocampal ROI results were not an effect of mislabeling 
due to atrophy, sampling was repeated on hippocampal masks that were 
manually segmented using a harmonized protocol (Frisoni and Jack, 2011). 

Manual segmentation and sampling of lesions  

In TBI patients with focal injuries, lesions apparent on T1 imaging were 
manually segmented. Voxels corresponding to lesions were excluded from ROI 
and voxelwise analyses. In the ROI analysis, voxels which occurred within a 
lesion mask were excluded from calculation of the mean regional binding of 
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ROIs. In the voxelwise analyses, the statistical contrasts incorporated a tool 
which uses voxelwise regressors to exclude individual (inconsistently located) 
lesions from the analysis 
(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/UserGuide#Lesion_Masking).   
A group lesion map was also created by summing the co-registered lesion 
masks. 

We also investigated [11C]PIB binding within lesions, the lesion penumbra, and 
normal-appearing gray matter in the same hemisphere. We defined spherical 
ROIs with a 4 mm radius around the most prominent lesion and in the gray 
matter of the superior temporal gyrus on the same side, as this region was not 
seen to be affected by lesions in any patients. 

Diffusion tensor image acquisition 

TBI patients and a group of healthy aged-matched controls had DTI. For DTI in 
TBI patients, diffusion-weighted volumes with gradients applied in 16 non-
collinear directions were collected in each of the four DTI runs, resulting in a 
total of 64 directions. The following parameters were used: 73 contiguous 
slices, slice thickness = 2 mm, field of view (FOV) 224 mm, matrix 128 × 128 
(voxel size = 1.75 × 1.75 × 2 mm3), b value = 1000, and four images with no 
diffusion weighting (b = 0 s/mm2).  

Diffusion tensor imaging analysis 

The images were registered to the B0 image by affine transformation.  For brain 
extraction, BET (Smith, 2002) from the FSL was used (Smith et al., 2004). FA 
maps were generated using the FSL Diffusion Toolbox (Behrens et al., 2003). 
Voxelwise analysis of the FA was carried out using TBSS in FSL (Smith et al., 
2006). The FA maps were skeletonized, leaving the central section of tracts, 
reducing the impact of partial volume effects at the edge of tracts.  Image 
analysis using TBSS involved the following steps: A) nonlinear alignment of 
each individual’s FA image into common FMRIB58_FA template space; B) 
affine transformation of the aligned images into standard MNI152 space; C) 
averaging of the aligned FA images to create a 4D mean FA image; D) thinning 
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of the mean FA image to create a mean FA skeleton representing the centre of 
all WM tracts, and in this way reducing partial-volume confounds; and E) 
thresholding of the FA skeleton at FA≥0.2 to suppress areas of extremely low 
mean FA and exclude those with considerable inter-individual variability.  

In each individual we then calculated the mean FA sampled from a number of 
WM tracts defined by the Johns Hopkins University WM tractography atlas 
(Mori et al., 2000; Wakana et al., 2004; Hua et al., 2008). The probabilistic tracts 
were thresholded at 95%, and voxels within the FA skeleton were sampled from 
each tract. We used the left and right cingulum-cingulate tracts (which project 
from posterior to anterior cingulate cortex) and the left and right cingulum-
hippocampus tracts (which project from the posterior cingulate to the 
hippocampi). These tracts were chosen because they were connected to GM 
regions which had shown an increased [11C]PIB BP. As a control, we also 
sampled the left and right corticospinal tract, since this was not directly 
connected to these regions.  We also calculated the mean FA of the entire WM 
skeleton. 

Statistical analysis 

Group differences in neuropsychological measures were examined using 
independent sample t-tests and Mann-Whitney U tests in SPSS Version 21. 
Voxelwise differences in BP between groups were assessed using non-
parametric permutation tests in FSL with 10,000 permutations. Results were 
cluster corrected using threshold-free cluster enhancement and a family-wise 
error rate of <0.05. For presentation, images were thresholded at p<0.001 
uncorrected. For ROI analysis, regional BP was compared using repeated 
measures analysis of variance (ANOVA) with planned post-hoc comparisons 
performed between the three groups using independent sample t-tests, in 
SPSS. 

Mean FA values of WM tracts were compared between TBI patients and 
controls using unpaired two-sample t-tests. Regional [11C]PIB was correlated 
with mean FA values, age, time since injury and neuropsychological test 
scores. Mean FA values were correlated with age and time since injury. To 
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correct for multiple comparisons, a false discovery rate threshold was 
calculated using q=0.05. 

2.4. Results 

Nine TBI patients (mean age 44.1±4.9 years, range 38-54) were recruited 11 
months to 17 years after injury (Table 5).  

Table 5. Demographics and clinical data of TBI patients 

Age Sex Education 
level 

Aetiology Lowest 
GCS  

PTA 
(hours) 

Medication Time since 
trauma 
(months) 

Focal 
lesion/
s 

45 M PG Unknown 4 24 Gabapentin 
Modafinil 
Amitriptyline 

76 
 

Yes 

55 M PG Fall 
 

4 UK Nil 28 Yes 

42 M School to 
18 years 

RTA 
 

4 432 Nil 72 No 

42 M School to 
16 years 

RTA 
 

4 UK Tropium 
chloride 
Folic acid  

198 Yes 

40 M Graduate  RTA 
 

4 1008 Nil 125 Yes 

42 F PG RTA 
 

3 144 Codeine 
Paracetamol  

76 Yes 

45 M School to 
16 
 

Assault 4 5040 Thiamine 11 No 

49 M School to 
18 

Probable 
assault 
 

4 2 Nil 11 No 

38 M Graduate RTA 
 

6 UK Citalopram 
Modafanil 
Omeprazole 

106 No 

UK = known; PG = postgraduate; RTA = road traffic accident 

Ten AD patients (mean age 67.3±4.5, range 58-76) and nine healthy aged 
controls (62.3±4.3, 55-66) were also assessed. In addition, a group of 15 age-
matched controls (37.3±11.3, 19-60) underwent neuropsychological 
assessment and a separate group of 11 age-matched controls (40.9±5.4, 35-
51) underwent MRI and DTI. None of the patients had a clinical diagnosis of 
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post-traumatic stress disorder or anxiety disorder. One patient had a diagnosis 
of depression following the TBI.  

Structural T1 scans were reviewed by a senior neuroradiologist. Four TBI 
patients had no abnormalities. The remaining five had focal lesions, with 
damage in the frontal (n=3) or temporal (n=3) lobes (Figure 12). One patient 
had undergone a parieto-temporal lobectomy following TBI.  

 

Figure 12. Lesion map in TBI patients 

Lesion map in TBI patients. Colored regions indicate regions affected by lesions in one or more 
patients. Maps were formed by summation of the co-registered lesion masks of individual patients. 
Voxels corresponding to lesions were removed from subsequent analyses (see main text).  

Neuropsychological impairment after TBI 

The TBI patients showed impairments in neuropsychological performance 
compared to age-matched healthy controls. Significantly poorer responses 
were seen across a range of tasks, including tests of attention, information 
processing speed, and cognitive flexibility (  
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Table 6). In other tests the patients were well matched with controls. As 
expected, the AD group had a lower MMSE (mean 21.1/30±4.1) than healthy 
aged controls (all 30/30,t=-6.54,df=9,p<0.001). 
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Table 6. Neuropsychological test results 

Cognitive 
Domain Cognitive Variable TBI 

Mean±SD  
Control 
Mean±SD  

TBI vs.  
Control  

Cohen’
s d 

Information processing speed  

Visual search TMT Trail A (s) 32.9±15.4 
(N=9) 

19.7±4.5‡ 
(N=14) t = 2.50 *† 1.30 

Complex TMT Trails B (s) 60.4±28.5 
(N=9) 

43.0±12.6‡ 
(N=14) t = 1.73 ns 0.86 

Naming Stroop Colour 
Naming (s) 

38.6±12.6 
(N=8) 

23.3±9.9 
(N=14) 

t = 3.18 
**† 1.41 

Reading Stroop Word 
Reading (s) 

26.8±6.6 
(N=8) 

28.9±6.3 
(N=15) 

t = −0.78 
ns -0.34 

Complex  Stroop Inhibition (s) 73.1±30.9 
(N=8) 

23.3±4.4‡ 
(N=15) 

t = 4.53 
**†† 2.74 

Choice reaction 
time 

CRT median RT 
(ms) 

459±66 
(N=8) 

408±51 
(N=15) t = 2.05 ns 0.91 

Executive function  

Inhibition Inhibition – naming 
(s) 

34.5±22.3 
(N=8) 

28.7±17.6  
(N=15) t = 0.69 ns 0.30 

Cognitive flexibility 
Inhibition/switching – 
naming + reading ÷ 
2 (s) 

50.1±27.8 
(N=8) 

32.2±10.5 
(N=14) t = 2.18 *†  0.97 

Word generation 
fluency                             

Letter Fluency 
F+A+S total 

40.4±8.1 
(N=8) 

46.0±12.0 
(N=15) 

t = -1.19 
ns  -0.52 

 Set-shifting 
Alternating-switch 
cost 
TMT Trails B minus 
A (s) 

27.7±17.7 
(N=9) 

23.3±9.8 
(N=14) t= 0.74 ns 0.32 

Memory  

Immediate/Workin
g Digit Span forward 10.4±1.6 

(N=9) 
11.5±2.2 
(N=15) 

t = − 1.27 
ns -0.54 

                                                                             Digit Span backward 6.8±1.1 
(N=9) 

7.5±2.0‡ 
(N=15)  

t = − 0.94 
ns -0.34 

Logical                           WMS-III LM I first 
recall total 

28.6±4.0 
(N=8) 

26.4±9.0‡ 
(N=15)  t = 0.82 ns 0.29 

 WMS-III LM I total 47.3±5.7 
(N=8) 

42.7±13.7‡ 
(N=15) t = 1.12 ns 0.39 

 WMS-III LM II 
delayed  

31.6±5.4 
(N=8) 

25.6±9.2 
(N=15) t = 1.69 ns 0.74 

Associative                              PT immediate recall 
total 

25.5±5.9 
(N=9) 

26.9±7.1 
(N=15) 

t = −0.49 
ns -0.20 

Intellectual ability  

Reading  WTAR age-scaled 
score 

107±10.8 
(N=8) 

112±9.8 
(N=15) 

t = − 1.11 
ns -0.49 
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Cognitive 
Domain Cognitive Variable TBI 

Mean±SD  
Control 
Mean±SD  

TBI vs.  
Control  

Cohen’
s d 

Verbal WASI Similarities 39.3±3.9 
(N=8) 

34.5±6.3‡ 
(N=15) t = 2.25 * 0.85 

Non-verbal WASI Matrix 
Reasoning 

27.9±3.7 
(N=9) 

26.8±5.0 
(N=15) t = 0.56 ns 0.24 

Neuropsychological results for TBI patient and age-matched control group. Differences in 
variances between patient and control group (Levene’s test for equality of variances P < 0.05) 
shown by ‡. Significant group differences shown by * t-test P ≤ 0.05 and **t-test P ≤ 0.01; † Mann-
Whitney U P ≤ 0.05 and †† Mann-Whitney P ≤ 0.01; ns indicates a non-significant result on t-test 
and Mann-Whitney U test. TMT = Trail Making Test; Colour Naming, Word Reading, Inhibition, 
Inhibition/switching, and Letter Fluency are subtests of the Delis-Kaplan Executive Function 
System; CRT = Choice-Reaction Task; WMS-III = Wechsler Memory Scale-Third Edition; PT = 
People Test; WTAR = Wechsler Test of Adult Reading; WASI = Wechsler Abbreviated Scale of 
Intelligence. One patient could not be assessed fully because of an upper limb disability and 
difficulty communicating verbally. 

Amyloid pathology after TBI detected by [11C]PIB binding 

[11C]PIB BP images of the TBI group are shown for individual patients (Figure 
13). Slices from a representative AD patient and healthy aged control are 
shown. 

 

Figure 13. [11C]PIB binding following TBI  

Overlay images of axial T1 magnetic resonance imaging are superimposed with [11C]PIB BP maps 
for all TBI patients and a representative healthy aged control and AD participant. For TBI patients, 
the interval in months (mo) from the time of TBI to PET scanning and the age in years (y) of each 
participant at scanning is also shown. 

Direct comparison of TBI patients and healthy aged controls showed areas of 
increased [11C]PIB BP following TBI (Figure 14A).  
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Figure 14. Increased [11C]PIB binding in TBI and AD 

(A) Blue-light blue areas showed significantly increased [11C]PIB BP in TBI compared to healthy 
aged controls. (B) Red-yellow areas showed significantly increased binding in AD compared to 
controls. (C) Blue-light blue areas showed significantly increased [11C]PIB BP in TBI compared to 
AD. Red-yellow areas showed significantly increased binding in AD compared to TBI. Images are 
shown thresholded at p <0.001 uncorrected.  

Peaks of increased [11C]PIB BP corrected for multiple comparisons were 
observed in the precuneus/PCC and cerebellum. There were no areas of 
decreased binding in TBI compared to controls. 

We performed a confirmatory ROI analysis using anatomically defined regions 
(Figure 15). ANOVA of BP sampled from 10 ROIs in the TBI and healthy control 
groups showed a significant group-by-region interaction 
(F(3.127,50.036)=2.984,p=0.038, Greenhouse-Geisser correction applied). 
The Partial eta-squared effect size estimate was 0.157. The interaction was 
driven by increased binding in the putamen of TBI patients 
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(t=2.573,df=16,p=0.020) and a decrease in the superior frontal gyrus (t=-
2.312,df=16,p=0.034), but non-significant differences elsewhere.  

 
Figure 15. [11C]PIB binding ROI analysis 

Mean group [11C]PIB BP ± standard error of the mean is shown for TBI patients (blue), patients 
with AD (red) and healthy aged controls (grey). AC = anterior cingulate cortex; PC = posterior 
cingulate cortex; IFG = inferior frontal gyrus; SFG = superior frontal gyrus; OL = occipital lobe; Hipp 
= hippocampus; Cere = cerebellum; Thal = thalamus; Caud = caudate; Put = putamen.  

[11C]PIB binding is decreased around focal lesions  

Visual inspection of individual TBI BP images showed no binding in the vicinity 
of focal cortical lesions evident on structural MR imaging. To confirm this, we 
sampled binding in ROIs placed in and around the most prominent lesion each 
brain. As expected, there was no specific binding in the focal lesion. In addition, 
binding in the penumbra was reduced compared to normal-appearing GM in 
the same hemisphere (t=-11.54,df=4,p<0.001). 

 [11C]PIB binding after TBI is correlated with WM damage and time since injury  

We next examined whether Aβ plaque pathology in the PCC was associated 
with the degree of TAI in the TBI patients. We tested the hypothesis that 
regional GM [11C]PIB binding increases with lower FA (indicative of axonal 
injury) in the cingulum bundles that were directly connected to the PCC (Figure 
16A). Mean FA in all tracts examined was reduced as expected (Figure 16B). 
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PCC BP was negatively correlated with FA in both the left cingulum (R=-
0.733,p=0.031) and right cingulum (R=-0.750,p=0.025, Figure 16C), a 
relationship that survived correction for the age of the patient (R=-
0.758,p=0.029;R=-0.787,p=0.020). The mean FA of the WM skeleton also 
showed a correlation with PCC binding (R=-0.733,p=0.031), although this was 
only of borderline significance when correcting for age (R=-0.694,p=0.056). 
There was no significant correlation found with the corticospinal tract FA. 
[11C]PIB binding in the PCC also increased with time since injury duration 
(R=0.767,p=0.021), although this was not significant after correcting for age 
(R=0.625,p=0.097). Of the four FA measures, the mean FA of the left cingulum 
also correlated with time since injury (R=-0.717,p=0.037). There was no 
independent relationship between [11C]PIB binding and FA when after 
correction for time since injury.  There was also no correlation between patient 
age and [11C]PIB binding or FA. 

[11C]PIB binding is not correlated with cognitive impairment in TBI 

There were no significant correlations between PCC binding and behavioural 
performance in the TBI patients.  

Distinct distributions of [11C]PIB binding in TBI and AD 

The direct contrast of AD and controls showed increased [11C]PIB binding in 
AD association cortex and cingulate (Figure 14B). Conjunction analysis showed 
[11C]PIB binding was increased in a cluster within the precuneus/PCC in both 
AD and TBI compared to controls. In general, [11C]PIB binding was higher in 
AD than TBI across regions but the TBI cases had relatively increased binding 
in the cerebellum (Figure 2C). Interrogating ROI data with ANOVA confirmed 
the voxel level findings. All ROI results were similar when the analyses were 
repeated for manually drawn hippocampal segmentations. There was no 
correlation between patient age and regional [11C]PIB binding within any of the 
three participant groups.  

Increased [11C]PIB binding was seen in cortical association and cingulate 
regions in AD whereas increased cerebellar binding was seen in TBI.  
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Figure 16.  Relationship between WM damage and regional [11C]PIB BP in TBI patients 

(A) Selected WM tracts from the Johns Hopkins University tractography atlas and ROI from the 
MAPER (multi-atlas propagation with enhanced registration) segmentation are shown on an 
MNI152 standard image. The tracts in red are the left and right cingulum-cingulate bundle 
combined with left and right cingulum-hippocampus tract. The regional segmentation of the PCC 
is shown (blue), which receives connections from these tracts. The corticospinal tract (green) is 
not connected to the PCC. FA, a measure of white matter integrity, was sampled from the tracts in 
TBI patients using DTI and related to regional [11C]PIB BP sampled in the PCC. (B) The mean FA 
of all tracts tested was reduced in TBI compared to controls (** = p<0.01, *** = p<0.001). (C) 
[11C]PIB BP in the PCC increased with decreasing FA in the right cingulum. 

ANOVA of BP sampled from 10 ROIs in the AD and TBI groups showed a 
significant group-by-region interaction (F(2.227,37.851)=23.64, P<0.001, 
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Greenhouse-Geisser correction applied). The partial eta-squared effect size 
estimate was 0.582. 

Regional differences in AD versus TBI 

There was significantly increased binding in anterior cingulate cortex (ACC) 
(t=4.841, df=17, p<0.001), PCC (t=4.653, df=17, p<0.001), inferior frontal gyrus 
(IFG) (t=4.712, df=17, p<0.001), superior frontal gyrus (SFG) (t=5.792, df=17, 
p<0.001), occipital lobe (t=2.437, df=17, p=0.026), caudate (t=2.989, df=17, 
p=0.008) and putamen (t=3.339, df=13.030, p=0.005), no difference in the 
thalamus and decreased binding in hippocampus (t=-3.532, df=17, p=0.003) 
and cerebellum (t=-4.786, df=17, p<0.001). 

Regional differences in AD versus controls 

ANOVA in the AD and Control groups also showed a group-by-region 
interaction (F(1.996,33.934)=22.148, P<0.001,Greenhouse-Geisser correction 
applied). The partial eta-squared effect size estimate was 0.566. There was 
significantly increased binding in ACC (t=4.688, df=17, p<0.001), PCC 
(t=4.872, df=17, p<0.001), IFG (t=5.001, df=17, p<0.001), SFG (t=5.349, df=17, 
p<0.001), occipital lobe (t=3.479, df=17, p=0.003), caudate (t=3.202, df=17, 
p=0.005) and putamen (t=4.984 df=10.720, p<0.001), no difference in the 
thalamus and decreased binding in hippocampus (t=-2.611, df=17, p=0.018) 
and cerebellum (t=-5.433, df=12.640, p<0.001). 

Exploring regional PIB binding and time since injury 

The relationship between PIB binding and time since injury was explored for 
three regions, the cerebellum, PCC and putamen (which had all shown 
increases in either voxelwise or ROI analysis) (Figure 17). This appeared to 
show a distinct relationship with time for the cerebellum (which shows a 
decrease with time) compared to the other regions, which both showed 
increased binding over time.  
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Figure 17.  Relationship between [11C]PIB BP and time since injury in TBI patients 

[11C]PIB BP is plotted against time since injury for regions which had shown increases either in 
ROI analysis or voxelwise analysis: the cerebellum (top), posterior cingulate cortex (PCC) (middle) 
and putamen (bottom). Note the BP values are derived from ROI analysis in all cases. 
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2.5. Discussion 

TBI can predispose patients to various types of dementia, but there is no 
consensus about how post-TBI dementia syndromes should be classified or 
diagnosed. Patients often clinically deteriorate years after TBI (Whitnall et al., 
2006), but it is difficult to determine whether this is related to the prior head 
injury. Improved methods of characterising neurodegenerative processes 
triggered by TBI are needed. We investigated amyloid pathology using [11C]PIB 
PET. For the first time, we show in vivo that increases in [11C]PIB binding are 
present in long-term survivors of TBI in a distribution overlapping with AD but 
also involving the cerebellum (Thal et al., 2002). A mechanistic link between 
axonal injury and amyloid pathology is suggested by the relationship between 
cortical [11C]PIB binding and white matter damage in connected tracts.  

In AD, Aβ deposition usually begins in inferior frontal and cingulate association 
cortex, extending into other association cortical regions. Early deposition is 
seen in the PCC (Tosun et al., 2011), and we observed increased [11C]PIB 
uptake in both TBI and AD patients. While the ventromedial frontal cortex is 
affected early in AD, the hippocampus and cerebellum are not usually involved 
until much later in the disease (Thal et al., 2002). In keeping with this pattern 
we observed strong [11C]PIB binding in the prefrontal cortex in our AD patients, 
but relatively low levels in the hippocampus and cerebellum. However, a 
different pattern was observed in TBI patients, who had increased cerebellar 
[11C]PIB binding relative to both AD and controls. The distinct distribution of 
[11C]PIB binding in the two contexts suggests that amyloid pathology is 
triggered by a different mechanism after TBI, which is likely to relate to 
biomechanical forces underlying the distinctive pattern of Aβ plaque pathology 
seen in cases of CTE (Stein et al., 2015). TBI might also accelerate an ageing 
process (Cole et al., 2015) and our results may reflect this change in ageing 
trajectory, particularly considering that the increased [11C]PIB binding after TBI 
was observed in comparison to a much older aged control group. However, in 
keeping with studies of AD (Rowe et al., 2007), [11C]PIB binding did not 
correlate with cognitive impairment.  
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Axonal damage produced at the time of injury may act as an initial trigger for 
Aβ production and accumulation of amyloid pathology (Johnson, Stewart and 
Smith, 2010). In keeping with this possibility we observed an association 
between the extent of white matter damage and [11C]PIB binding in the PCC 
following TBI. The biomechanical effects of torsional and shear stress on white 
matter tracts produce TAI, and this is thought to be an important factor driving 
over-production of Aβ, leading to its aggregation in the acute phase (Smith, 
Johnson and Stewart, 2013). Axons and their surrounding myelin are damaged, 
and the pathological effects of injury remain visible for many years, particularly 
in long-distance white matter tracts (Johnson et al., 2013). Animal models and 
human autopsy studies provide evidence that Aβ is produced at the site of 
axonal injury shortly after TBI (Johnson, Stewart and Smith, 2010). 

The relationship between [11C]PIB binding and white matter damage was seen 
in the cingulum bundles, which connect to the PCC. The relationship was not 
observed in the corticospinal tract, which is not directly connected to the PCC, 
suggesting a more specific link between the two observations. Misfolded 
proteins, including Aβ, have the capacity to move from neuron to neuron via 
prion-like trans-synaptic spread (Polymenidou and Cleveland, 2012), and 
computational simulations show that a simple diffusion mechanism can 
produce the complex patterns of brain atrophy observed in AD if large-scale 
white matter structure is factored into the model (Raj, Kuceyeski and Weiner, 
2012).The implication for TBI is that the white matter may be both a source of 
Aβ and a conduit for Aβ diffusion. The correlation between measures of TAI 
and Aβ pathology in the PCC may reflect its role as a highly connected cortical 
hub (Crossley et al., 2014), which integrates damage that spreads from 
damaged white matter tracts. The time elapsed since a patient’s injury also 
correlated with [11C]PIB binding, suggesting there is a progressive 
neurodegenerative process. Our results suggest that [11C]PIB binding, white 
matter structure, age and time since injury are inter-related, and longitudinal 
studies with larger numbers will be need to clarify the causal relationships. 
Larger studies are also required to better understand the role of time in since 
injury on factors such as PIB binding and white matter damage, and in order 



 87 

better account for such factors as covariates in analysis without substantially 
affecting the degrees of freedom. that Such studies should also examine 
[11C]PIB binding in the context of host genotype, particularly apolipoprotein E 
(APOE) (Ponsford et al., 2011), which was not addressed here. 

Our findings are broadly consistent with a previous [11C]PIB study in TBI 
patients scanned less than one year after injury (median 11 days) (Hong et al., 
2014). Hong and colleagues showed increased cortical and striatal [11C]PIB 
binding early after TBI. Importantly, the validity of in vivo neuroimaging was 
supported by [3H]PIB autoradiography and Aβ immunohistochemistry (Hong et 

al., 2014). In contrast to our study, this earlier work used the cerebellum as a 
reference region for quantification of [11C]PIB binding, assuming that there was 
minimal Aβ plaque density in the cerebellum and that the ratio of 
cortical:cerebellar binding provided a measure of cortical Aβ burden (Rowe and 
Villemagne, 2011). Hong and colleagues provide evidence to support this 
assumption early after TBI. However, our results demonstrate that this is not 
the case in the chronic phase after TBI. Our initial analyses in TBI using the 
cerebellum as a reference region suggested decreased cortical [11C]PIB 
binding. Therefore, we used a procedure for automatic reference region 
extraction which has been validated in familial AD and does not require a single 
anatomically-defined reference region (Ikoma et al., 2013).  

Our study has a number of potential limitations. First, given the small sample 
size, our findings should be regarded as preliminary. In particular, the 
relationship between PCC PIB binding and white matter damage was not 
significant once time since injury had been included as a covariate. Second, 
the [11C]PIB healthy controls were age matched to the AD group, and so were 
older than the TBI group. Although two separate age-matched control groups 
would have been preferable, Aβ pathology increases with age (Rowe et al., 
2010) and so a comparison with older healthy controls is likely to have reduced 
our sensitivity to detect a relative increase in the younger TBI group. Therefore, 
the presences of abnormalities in a relatively young TBI group is even more 
striking. Third, it is possible that GM tissue differences such as atrophy, 
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associated with AD or aging, could have biased our group contrast results. A 
number of analysis steps were used to minimize this possibility: we used an 
advanced algorithm for optimised registration of brain images into standard 
space (DARTEL) (Klein et al., 2009); [11C]PIB binding was only assessed in 
regions where the GM probability was high; and ROI analyses, based on both 
automated segmentations, were used to provide confirmatory results. To 
control for the possible effects of focal injury after TBI, we also excluded 
lesioned areas from the analysis. It is possible that the extent of focal lesions 
was underestimated as we used T1 imaging to segment the lesions. However, 
since [11C]PIB binding was reduced in visible lesions, this possibility would have 
biased the analysis against detecting increases in [11C]PIB. The effect of 
missed lesions may explain why binding in the ACC and SFG ROIs appeared 
reduced in the TBI group compared to controls. 

We provide [11C]PIB PET evidence for the presence of amyloid pathology many 
years after injury in non-demented TBI patients. The distribution of [11C]PIB 
binding partially overlapped with that seen in typical AD but also affected the 
cerebellum, unlike in AD. This suggests a different mechanism for amyloid 
plaque genesis.  Our findings support the hypothesis that amyloid plaque 
pathology is related to the presence of axonal damage produced subsequent 
to the TBI.  
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Chapter 3 

3. Thalamic inflammation after 
brain trauma is associated 
with thalamo-cortical white 
matter damage 

In this chapter, I investigate the relationship between chronic thalamic 
microglial activation after TBI, measured using [11C]PK11195 PET, and 
thalamo-cortical TAI, measured using diffusion MRI.  

3.1. Abstract 

Background 

TBI can trigger chronic neuroinflammation, which may predispose to 
neurodegeneration. Animal models and human pathological studies 
demonstrate persistent inflammation in the thalamus associated with axonal 
injury, but this relationship has never been shown in vivo. 

Findings 

Using [11C]PK11195 PET, which provides a marker of microglial activation, we 
previously demonstrated thalamic inflammation up to 17 years after TBI. Here, 
we use diffusion MRI to estimate axonal injury and show that thalamic 
inflammation is correlated with thalamo-cortical tract damage. 

Conclusions 

These findings support a link between axonal damage and persistent 
inflammation after brain injury. 
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3.2. Introduction 

TBI is a risk factor for dementia (Smith, Johnson and Stewart, 2013) and 
survivors may deteriorate years after their injury (Whitnall et al., 2006). 
However, the mechanisms relating TBI to neurodegeneration are unclear 
(Smith, Johnson and Stewart, 2013). An important factor is likely to be 
neuroinflammation in the form of glial activation triggered by the TBI and which 
can persist for many years (Ramlackhansingh et al., 2011). Chronic activation 
of microglia is implicated in many neurodegenerative disorders (Frank-Cannon 
et al., 2009). Previously, using [11C]PK11195 PET, a marker of the TSPO 
expressed by activated microglia, we observed inflammation in the thalamus 
up to 17 years after TBI (Ramlackhansingh et al., 2011). Why thalamic 
inflammation persists, remote from sites of focal injury, remains uncertain.  

The spatial pattern of microglial activation following brain injury may relate to 
the white matter architecture of the CNS (Cagnin et al., 2001; Banati, 2002). 
Experimental axotomy induces microglial activation remote from the primary 
lesion site (Banati, 2002). The thalamus is highly connected and shows chronic 
inflammation after central and peripheral nerve damage (Banati et al., 2001; 
Banati, 2002). After stroke, microglial activation is seen at the primary lesion 
but later emerges in projection areas including the thalamus (Pappata et al., 
2000; Thiel et al., 2010). Following TBI, axons in white matter are highly 
susceptible to damage, making TAI one of the most common pathologies of 
TBI (Johnson, Stewart and Smith, 2013). Together, these observations suggest 
thalamic inflammation following TBI may result from the high density of 
connectivity between the thalamus and damaged axons.  

DTI can map the structure of thalamo-cortical white matter tracts using 
probabilistic tractography (Mac Donald et al., 2007) but TBI patients with TAI 
pose challenges to these methods (Squarcina et al., 2012). Recently, we 
developed a template-based approach for more robust estimation of thalamo-
cortical tract integrity after TBI (Squarcina et al., 2012). 
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Here, we combine this approach with [11C]PK11195 PET to test the hypothesis 
that chronic thalamic inflammation after TBI can be explained by thalamo-
cortical white matter damage. 

3.3. Methods 

Ten patients with a history of moderate-severe TBI (Mayo classification) (mean 
age±SD 43±5.3 years, range 36–54; mean time since injury±SD 6.2±5.3 years, 
range 0.9-17) had [11C]PK11195 PET and structural MRI scans including DTI 
(see Chapter 2 for details). Two age-matched healthy control groups were 
used. Seven controls (mean age 46±4.0,range 42–50) had PET and structural 
MRI. Thirteen controls (41.8±6.6,35-56) of similar premorbid intellectual ability 
had MRI including DTI. The project was approved by Hammersmith and Queen 
Charlotte’s and Chelsea Research Ethics Committee. All participants gave 
informed consent. 

Standard MRI T1 and DTI protocols were used (see Chapter 2 for details). For 
DTI analysis, we used a method for assessing thalamo-cortical white matter 
connections that is robust to the presence of TAI (Squarcina et al., 2012). We 
combined ten thalamo-cortical tracts, previously defined in healthy controls 
using probabilistic tractography, into a single ROI (see Figure 18C for example 
of one tract, and (Squarcina et al., 2012)). A mask of cortico-cortical tracts 
through the body of the corpus callosum was used as a control (from (Hellyer 
et al., 2013)), since these tracts were not connected to the thalamus. Voxel-
wise maps of FA, a measure of directionality of water flow along white matter 
tracts and hence their integrity, were calculated, and FA maps were 
skeletonized (Smith et al., 2006), leaving the central section of tracts, to 
minimise partial volume effects (see (Squarcina et al., 2012)). We calculated 
the mean FA of voxels within the ROIs, and of all voxels in the skeleton. The 
B0 data for one patient contained an image artifact, so their DTI data were 
excluded. 

To test whether thalamic [11C]PK11195 binding is more strongly correlated to 
proximal than distal thalamo-cortical damage, FA was sampled from a series of 
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non-overlapping ring-shaped ROIs extending centripetally from the thalamus 
from 2-60mm diameter, and intersected with the thalamo-cortical tract mask. 
ROIs were created by repeatedly dilating a thalamic mask by two voxels (2mm). 
Ring-shaped ROIs were produced by subtracting the previous mask from each 
step.  

[11C]PK11195 PET acquisition and analysis are described in 
(Ramlackhansingh et al., 2011). To produce maps of [11C]PK11195 binding 
potential (BP), we used a supervised clustering procedure to identify reference 
clusters of voxels in grey matter having [11C]PK11195 time activity curves 
mirroring those of controls (Ramlackhansingh et al., 2011). [11C]PK11195 BP 
was sampled in the bilateral thalamus as well as the cortical grey matter regions 
that were used to define the thalamo-cortical tracts (Squarcina et al., 2012)). 

Regional [11C]PK11195 BP was compared between groups using independent 
sample t-tests. Mean FA values were similarly compared. Bonferroni multiple 
comparisons correction was used. In TBI, we tested for a relationship between 
regional [11C]PK11195 BP and thalamo-cortical FA using linear partial 
correlations, controlling for age and time since injury as both factors potentially 
influence DTI (Grieve et al., 2007) and [11C]PK11195 binding (Kumar et al., 
2012). 

3.4. Results 

A voxel-wise contrast showed increases in thalamic [11C]PK11195 BP in TBI 
patients versus controls (Figure 18A, reproduced from (Ramlackhansingh et 

al., 2011)). [11C]PK11195 binding in the thalamus ROI was significantly 
increased (t=4.64, df=15, p<0.001, Figure 18B). In contrast, there was no 
difference in cortical grey matter [11C]PK11195 binding between the groups. 



 93 

 
Figure 18. Increased thalamic microglial activation and WM damage in TBI 

(A) Statistical parametric maps (reproduced from [3]) rendered onto a standard T1 MRI image 
showing areas of significant increased [11C]PK11195 binding potentials (BP) in the TBI patients 
relative to controls. Bilateral increases in [11C]PK11195 binding are seen in thalami (highlighted 
using a blue surrounding box). T-values are shown. Voxels shown as significant surpass the voxel-
wise threshold (p<0.001) and the spatial extent threshold (10 voxels). Voxel-wise contrasts were 
performed on spatially normalised [11C]PK11195 BP images, smoothed with a 12mm FWHM 
Gaussian kernel, using SPM5 (see [3] for details). (B) PK BP in thalamus and cortical grey matter, 
defined using anatomical regions of interest, in TBI patients (red) and controls. Group mean +/- 
standard error of the mean (SEM) are shown. ***=p<0.001. (C) Illustration of the tract mask (blue) 
connecting the left thalamus (red) to the left anterior cingulate cortex (ACC) (green), produced 
using probabilistic tractography in healthy controls (see [12]). Fractional anisotropy (FA) was 
sampled using bilateral thalamo-cortical tract masks. (D) FA in thalamo-cortical (Thal-Ctx), body 
of the corpus callosum (CC) and across the white matter skeleton (Skel), in TBI patients (red) and 
controls. **=p<0.01. 

FA was decreased in TBI patients versus controls in thalamo-cortical 
projections (df=20, t=-3.68, p=0.0015), the corpus callosum (df=20, t=-3.264, 
p=0.004), and the white matter skeleton (df=20, t=-3.450, p=0.003) (Figure 1D).  

In TBI, we found a significant negative correlation between thalamic 
[11C]PK11195 BP and mean thalamo-cortical tract FA (r=-0.770, p=0.042). The 
strength of this correlation decreased with the distance at which FA was 
sampled from thalamo-cortical tracts (Figure 19A). Thalamic [11C]PK11195 
binding was most strongly correlated with FA of voxels within 10mm of the 
thalamus, maximally within 2mm distance (Figure 19B). There was no 
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correlation between thalamic [11C]PK11195 binding and FA of the corpus 
callosal tracts, nor between cortical [11C]PK11195 and thalamo-cortical FA, 
either when sampled as a whole or ROIs at different distances (Figure 19C). 
We also found no significant correlation between time since injury and either 
mean thalamo-cortical FA or thalamic [11C]PK11195. 

3.5. Discussion 

Axonal injury underlies many long-term problems after TBI (Meythaler et al., 
2001). Glia become activated at sites of injury (Banati, 2002; Maxwell et al., 
2006) but also at distant sites (Johnson et al., 2013), including subcortical nuclei 
like the thalamus (Maxwell et al., 2006). Our TBI patients showed both TAI and 
persistent thalamic microglial activation. For the first time in vivo, we show that 
the degree of thalamic microglial activation and thalamo-cortical white matter 
tract damage are closely related. 

Several mechanisms might underlie persistent thalamic inflammation after TBI 
(Figure 3). It may be a response to focal injury. However, there was no T1 MRI 
evidence of focal thalamic injury. (It is possible that thalamic injury may have 
been undetected on the T1-weighted imaging.)  Furthermore, there was no 
increase in [11C]PK11195 binding in focal lesions (Ramlackhansingh et al., 
2011), making a prolonged response to direct damage an unlikely explanation. 
Alternatively, thalamic inflammation may relate to a persistent effect of TAI. This 
is made more likely by the observation that activated microglia are seen at sites 
of TAI in acute and chronic phases (Johnson et al., 2013). The co-localization 
of myelin basic protein immunoreactivity within microglia at sites of TAI 
suggests myelin fragments may provide a persistent trigger for inflammation 
(Johnson et al., 2013). The strong correlation we observed between thalamic 
[11C]PK11195 binding and white matter close to the thalamus suggests a 
causative role for the persistent effects of TAI years after injury.  
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Figure 19. Correlation of thalamic microglial activation and WM damage in relation to 
distance from thalamus 

(A) Partial correlation of thalamic [11C]PK11195 (PK) BP and thalamo-cortical FA, sampled with 
increasing distance from the thalamus, in TBI patients. Distance of 0mm reflects sampling from 
tracts involving the thalamus proper. R (red) and p values are shown, with a threshold of p=0.05 
(dotted line). (B) Plot of residuals after for thalamo-cortical FA (x-axis), sampled from a ring-shaped 
mask 2mm from the outer border of the thalamus (where the relationship was strongest), versus 
thalamic [11C]PK11195 BP (y-axis). The residuals were produced by regressing out from the 
original values age and time since injury, as both factors potentially influence DTI (Grieve et al. 
2007) and [11C]PK11195 binding (Kumar et al. 2012). (C) Partial correlation of [11C]PK11195 BP 
in cortical grey matter and thalamo-cortical FA, sampled and plotted as in (A). 
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Figure 20. How chronic microglial activation and axonal injury may be linked after TBI 

Microglial activation (green cells) and traumatic axonal injury in thalamo-cortical white matter tracts 
(red areas) have been demonstrated after TBI. Sites of chronic microglial activation can co-localise 
with axonal abnormality (A) as well as along the entire axonal tract affected by injury. Remote from 
sites of primary axonal injury, microglia may be observed both in retrograde projection areas, 
towards the cell bodies of damaged neurons (B), or in anterograde areas (C, i.e. the thalamus, 
and D). The thalamus is a highly connected structure. Thalamic microglial activation may be 
observed after TBI because of the high density of connections to damaged axons. The number of 
cortico-thalamic projections far exceeds thalamo-cortical projections. If microglial activation 
preferentially favours anterograde involvement, then relatively increased activation would be 
expected in the thalamus (C) compared to corresponding cortical areas (B). 

Following experimental axotomy, microglial activation is seen in both 
anterograde and retrograde projection areas (Banati, 2002). Hence, an 
inflammatory response might be expected in cortical and subcortical projection 
areas following TAI.  Several factors may explain the lack of [11C]PK11195 
binding in cortex versus thalamus. Firstly, corticothalamic projections are ~10-
fold more numerous than thalamocortical projections (Jones, 2012). This 
asymmetry is especially relevant if there is also a difference in the magnitude 
of anterograde and retrograde microglial reactions to TAI, potentially a second 
factor. If both factors are important then high [11C]PK11195 binding in the 
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thalamus rather than cortex would suggest an anterograde, rather than 
retrograde, reaction predominates (Figure 3). However, a third factor is the high 
density of thalamocortical (and corticothalamic) neurons in thalamus versus 
cortex.  As Banati and colleagues observe, the high density of neurons 
converging in the thalamus might lead to a cumulative signal that represents a 
“regional amplification of … widespread but sub-threshold cortical pathology” 
(Cagnin, Gerhard and Banati, 2003). 

An anterograde evolution of microglial activation is seen in other conditions. 
After stroke, microglial activation spreads in an anterograde fashion along 
damaged tracts (Pappata et al., 2000; Thiel et al., 2010) and the degree of 
anterograde activity in the brainstem has been shown to be correlated with 
pyramidal tract damage.  Other diseases involving white matter damage, 
including multiple sclerosis and peripheral nerve injury (Banati, 2002), and 
another study of TBI (Folkersma et al., 2011), also show thalamic inflammation, 
suggesting the thalamus is a common “sink” of secondary inflammation in 
response to axonal damage, perhaps related to its dense white matter 
connectivity.  

Whether chronic thalamic inflammation is harmful or restorative is uncertain. 
This question is challenging partly because the relationship between activated 
microglial phenotype and TSPO expression is not clear (Liu et al., 2014). It may 
be that microglia’s role in synaptic plasticity may underlie much of what we have 
labelled “neuroinflammation” (Banati et al., 2001; Graeber, 2014). How TSPO 
expression and microglial activation are related has recently been addressed 
by Banati and colleagues, who showed using TSPO knockout mice that TSPO 
expression and activation of microglia following injury are not mutually 
dependent (Banati et al., 2014). 

An important limitation of the study is that it involved a small sample of patients, 
and with a history of a single moderate-severe TBI. There is a need to replicate 
these preliminary findings in larger cohorts, which might benefit from 
investigating a wider range of diffusion metrics. Studies from animal models of 
repetitive mild TBI show persistent inflammation both at sites of axonal injury 
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and locations remote from the site of focal lesions, suggesting a similar 
microglial response in cases of lower injury severity (Shitaka et al., 2011). 
Finally, whilst the TSPO PET binding and FA relationship was significant when 
the mean of the whole tract was used, it is possible that, since the relationship 
was strongest very close to the thalamus, that the data are driven by a 
“bystander injury” of the thalamus to the closest WM, rather than a true 
relationship between thalamic inflammation and thalamo-cortical WM injury.  

Our previous study using [11C]PK11195, a first-generation TSPO ligand, 
showed thalamic inflammation up to 17 years after injury, but no statistically 
significant increases in WM binding. This is somewhat at odds with the 
neuropathological studies in TBI (see Chapter 1), as well our own [11C]PBR28 
data (i.e. second-generation TSPO PET radioligand, see Chapters 4 and 5). 
That we found prominent WM [11C]PBR28 binding compared with 
[11C]PK11195 may reflect the greater sensitivity of this second-generation 
ligand. It would be interesting to explore the relationship with FA data described 
here using the [11C]PBR28 data.  

Evidence of persistent neuroinflammation suggests the window of opportunity 
for therapeutic intervention following TBI may be longer than is usually 
considered. Inflammatory PET imaging provides a biomarker to investigate this 
prolonged inflammatory reaction, and potentially the effects of interventions 
targeting glial activation. Our findings emphasise the need for large multi-modal 
longitudinal studies combining inflammatory PET with diffusion MRI to image 
axonal injury.  
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Chapter 4 

4. Chronic microglial activation 
and the effect of minocycline 
after brain trauma  

In this chapter, I investigate chronic microglial activation after TBI using 
[11C]PBR PET, and its relation to MRI and other measures of brain injury 
including plasma NFL. I also investigate the effect of minocycline on 
chronic microglial activation. The findings are developed further in 
Chapter 5. 

The Abstract and Methods presented here are for both chapters 
combined. The results of both chapters are discussed together in 
Chapter 5. 

4.1. Abstract 

TBI can trigger chronic microglial activation, but it is unclear whether this harms 
long-term recovery. The antibiotic minocycline inhibits microglial activation and 
is neuroprotective in animal models of acute TBI. The PET ligand [11C]PBR28 
binds the translocator protein up-regulated by activated microglia. We 
combined [11C]PBR28 PET with MRI, cognitive assessment, and plasma NFL 
and tau sampling (putative markers of axonal damage), to measure microglial 
activation and neurodegeneration after TBI and the effects of minocycline. 
Fifteen patients at least six months after a single moderate-to-severe TBI 
received either minocycline 100mg orally twice daily or no drug, for 12-weeks. 
As presented in this chapter, at baseline, [11C]PBR28 binding in patients was 
increased compared to controls in cerebral WM and thalamus. MRI measures 
of WM damage were highest in areas of greater [11C]PBR28 binding. Plasma 
levels of NFL, but not tau, were elevated in patients. Minocycline reduced 
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[11C]PBR28 binding (mean ΔWM binding=-23.30%, CI -40.9 to -5.64%, 
p=0.018). However, as presented in Chapter 5, minocycline was associated 
with an increase in NFL levels, reduced corpus callosal WM integrity and 
borderline slowing of information processing speed. Together, these findings 
suggest minocycline inhibits chronic microglial activation but may impede 
recovery after brain trauma. 

4.2. Introduction 

TBI is a leading cause of disability and mortality in young adults (Fleminger and 
Ponsford, 2005). Historically, TBI was considered a static insult. However, 
survivors can deteriorate years after injury (Whitnall et al., 2006), developing 
unforeseen consequences such as post-traumatic epilepsy (Annegers et al., 
1998), brain atrophy (Faden and Loane, 2015),  AD (Smith, Johnson and 
Stewart, 2013) and CTE (McKee et al., 2013). These observations suggest TBI 
can trigger chronic pathological processes. 

Microglia are the primary mediators of CNS inflammation (Kettenmann et al., 
2011). With a rapid response to injury (Engel et al., 2000; Koshinaga et al., 
2000), activated microglia mediate both pro-inflammatory (Block, Zecca and 
Hong, 2007) and neuroprotective effects through their ability to adopt diverse 
activation phenotypes (Kettenmann et al., 2011). Animal models (Holmin and 
Mathiesen, 1999; Acosta et al., 2013; Loane et al., 2014), autopsy series 
(Gentleman et al., 2004; Smith et al., 2012; Johnson et al., 2013), and PET 
studies (Folkersma et al., 2011; Ramlackhansingh et al., 2011) show that 
microglial activation can persist for months and years after TBI. Chronic 
microglial activation is frequently observed in WM (Smith et al., 2012; Johnson 
et al., 2013) and locations far from sites of focal injury (Ramlackhansingh et al., 
2011; Acosta et al., 2013; Loane et al., 2014). However, the significance of this 
prolonged extensive microglial activation is unclear (Faden and Loane, 2015). 

Chronic microglial activation has been implicated in a variety of 
neurodegenerative diseases, including AD and ALS (Turner et al., 2004; Frank-
Cannon et al., 2009; Gentleman, 2013). In rodent TBI models with survival of 
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up to one year, these cells have a predominantly pro-inflammatory phenotype, 
associated with expression of  NADPH oxidase, IL-1 and TNF-a (Holmin and 
Mathiesen, 1999; Loane et al., 2014). However, studies in non-human primates 
show microglial activation months after injury is associated with expression of 
brain derived neurotrophic factor (BDNF) and extracellular signal-regulated 
kinases (ERK1/2), factors which support cell survival, suggesting a trophic role 
for chronically activated microglia (Nagamoto-Combs et al., 2007, 2010). The 
effects of chronic microglial activation after TBI in humans therefore remains 
uncertain. 

There is growing evidence that TBI triggers chronic neurodegeneration (Faden 
and Loane, 2015). Longitudinal volumetric and diffusion magnetic resonance 
imaging (MRI) studies show WM damage continuing for months and years post 
injury (Tomaiuolo et al., 1999; Isoniemi et al., 2006; Trivedi et al., 2007; Bendlin 
et al., 2008; Sidaros et al., 2008). Neuropathological evidence of ongoing 
axonal damage is associated with chronic microglial activation more than a year 
after injury (Gentleman et al., 2004; Johnson et al., 2013). These findings 
suggest a relationship between progressive neurodegeneration and chronic 
microglial activation following TBI, but this has never been investigated in vivo. 

PET can be used to measure microglial activation after TBI in humans 
(Ramlackhansingh et al., 2011). Expression of the TSPO is thought to increase 
with microglial activation, and although TSPO is not exclusively expressed in 
microglia, TSPO PET is widely used as a marker for microglial activation (Owen 
and Matthews, 2011). Previously, using [11C]PK11195, which binds to the 
TSPO, we observed inflammation in the thalamus up to 17 years after TBI 
(Ramlackhansingh et al., 2011). The second-generation TSPO ligand 
[11C]PBR28 has a higher signal-to-noise ratio than [11C]PK11195, promising 
more accurate quantification (Owen and Matthews, 2011). Recently, increased 
[11C]PBR28 binding has been demonstrated in a number of neurodegenerative 
disorders associated with microglial activation, including AD (Lyoo et al., 2015) 
and ALS (Zürcher et al., 2015). 



 102 

An accessible biomarker of disease progression in TBI may allow patients at 
risk of poor long-term outcomes to be identified and facilitate the study of 
treatments targeting neurodegenerative processes (Zetterberg, Smith and 
Blennow, 2013). A range of putative blood and CSF biomarkers of brain 
damage have been identified (DeKosky et al., 2013; Zetterberg, Smith and 
Blennow, 2013). NFL and tau are promising markers of TAI (DeKosky et al., 
2013). Neurofilaments are major structural proteins of neurons (Liu et al., 
2004), and NFL is especially abundant in large-calibre myelinated axons in the 
CNS (Friede and Samorajski, 1970). Tau is a microtubule-associated protein 
predominantly expressed in neurons, and preferentially localized in axons 
(AVILA et al., 2004). Elevated CSF levels of NFL and tau have been observed 
in acute severe TBI, with higher levels seen after more severe injuries 
(Zetterberg, Smith and Blennow, 2013). NFL levels in the peripheral blood have 
been shown to be highly correlated with levels in the CSF (Gaiottino et al., 
2013), while levels of tau protein in the CSF and plasma do not appear to be 
correlated (Sjögren et al., 2001). A recent study did find an increase in plasma 
tau in concussed ice hockey players that correlated with clinical outcome 
(Shahim et al., 2014). However, it is unknown whether NFL or tau remain 
elevated in the chronic phase after TBI, or whether levels relate to progressive 
neurodegeneration. Persistent elevations in NFL and tau have been reported 
in a variety of neurodegenerative diseases (Eikelenboom et al., 2003; Liu et al., 
2004; Gaiottino et al., 2013; Lu et al., 2015), suggesting that these biomarkers 
may prove useful in monitoring neurodegenerative processes following TBI.  

The protracted time-course of neuroinflammation and neurodegeneration after 
TBI suggests a window of opportunity for disease-modifying therapy well 
beyond the acute setting, where many trials have failed (Maas, Roozenbeek 
and Manley, 2010). A successful strategy could be to target chronic microglial 
activation. For example, eliminating microglia in an AD model prevented 
neuronal loss, raising the possibility that reducing microglial activation may limit 
the neurodegenerative consequences of TBI (Spangenberg et al., 2016). 
Minocycline is a tetracycline antibiotic which has been used clinically for over 
forty years (Garrido-Mesa, Zarzuelo and Gálvez, 2013b). It has anti-
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inflammatory and immunomodulatory properties independent of its anti-
bacterial action (Garrido-Mesa, Zarzuelo and Gálvez, 2013a), and is 
neuroprotective in animal models of acute TBI (Bye et al., 2007; Homsi et al., 
2009, 2010; Abdel Baki et al., 2010; Siopi et al., 2011; Haber et al., 2013) and 
a variety of CNS disorders (Plane et al., 2010). One proposed mechanism is 
the reduction of microglial activation (Bye et al., 2007; Homsi et al., 2010), 
through actions including inhibition of nuclear factor kappa light-chain enhancer 
of activated B cells (NF-κB) and interference with mitogen-activated protein 
kinase (MAPK) pathways (Garrido-Mesa, Zarzuelo and Gálvez, 2013b). Animal 
studies show minocycline reduces the post-TBI rise of microglial activation by 
up to 59% (Homsi et al., 2010) and improves early functional outcomes (Bye et 

al., 2007; Homsi et al., 2009, 2010; Abdel Baki et al., 2010; Siopi et al., 2011; 
Haber et al., 2013). Clinical trials in acute brain and spinal cord injury are 
promising (Lampl et al., 2007; Casha et al., 2012). For example, 30-day 
functional outcome was improved following acute treatment with minocycline 
after ischaemic stroke (Lampl et al., 2007). However, human studies of 
minocycline in neurodegenerative diseases have had mixed outcomes (Plane 
et al., 2010). 

We combined [11C]PBR28 PET with MRI, cognitive assessment, and plasma 
NFL sampling to measure chronic microglial activation and neurodegeneration 
after TBI and the effects of minocycline treatment. We show that chronic 
microglial activation is present, positively correlated with NFL levels, and higher 
in areas of WM that show greater neurodegeneration. We also show that 
minocycline reduces chronic microglial activation but is associated with an 
increase in NFL levels, reduced WM integrity and slowing of information 
processing speed.  

4.3. Methods 

The following methods relate to the results presented in Chapters 4 and 5. 
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The study was approved by the West London and Gene Therapy Advisory 
Committee (GTAC) NHS Research Ethics Committee (13/LO/1813). All 
participants provided written, informed consent.  

Study design  

A cross-sectional study of TBI patients compared to age-matched controls was 
performed, followed by a randomized open-label study of minocycline versus 
no drug in patients (Figure 21).  

At baseline, patients had [11C]PBR28 PET, structural and diffusion MRI, and 
neuropsychological testing. One group of controls had [11C]PBR28 PET and 
structural MRI. A second control group had structural and diffusion MRI, and 
neuropsychological testing.  

Patients were then randomized to one of two parallel groups in a 2:1 ratio, 
balanced for age, gender, TSPO genotype and time since injury. One group 
(n=10) received minocycline 100mg orally twice daily for 12 weeks; the other 
(n=5) had no drug. Patients were followed up after 12 weeks and again at six 
months after the baseline visit. The untreated group was used to assess the 
normal variation in [11C]PBR28 binding over 12 weeks. At 12 weeks, patients 
had [11C]PBR28 PET, MRI and neuropsychological testing. Patients in the 
minocycline group continued the medication up to the evening of the visit.  At 
six months, patients had MRI and neuropsychological testing only. A third 
control group had longitudinal structural MRI. 

Recruitment, eligibility criteria and screening 

Patients were recruited from specialist TBI clinics in London, UK. Inclusion 
criteria were: (1) age between 20-65 years; (2) history of a single moderate-
severe TBI (Mayo classification (Malec et al., 2007)) at least 6 months prior; (3) 
no significant neurological or psychiatric illness prior to the TBI. Exclusion 
criteria were: (1) use of any medication or substance or alcohol abuse (e.g. 
recreational drugs) that would interfere with the study or compromise safety;  
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Figure 21. Study design, TBI enrolment and control groups.  

Baseline data in TBI patients were compared to two control groups, and longitudinal MRI data in 
patients were compared to a third control group. Patients were recruited at least six months after 
injury. *Arterial blood sampling in two patients in the minocycline group failed (one baseline visit, 
one 12-week visit), so PET data for these participants were excluded, including follow-up 
comparisons. †A third patient in the minocycline group had an anxiety episode at the start of the 
12-week scan and immediately withdrew from the study, so all follow-up data from this participant 
were excluded. 

(2) contraindication to MRI scanning (e.g. claustrophobia); (3) contraindication 
to PET (e.g. pregnancy) or arterial line insertion (e.g. coagulopathy). 
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Three separate groups of healthy volunteer control participants, age and 
gender matched to the TBI group, were used for PET and MRI analyses. They 
were in good general health with no history of significant neurological or 
psychiatric illness including TBI, and ineligible if they met any of the exclusion 
criteria above. 

A screening visit involved medical history and physical examination, as well as 
genotyping for the rs6971 (Ala147Thr) polymorphism in the TSPO gene using 
a Taqman SNP Genotyping Assay. This produces three classes of binding 
affinity for second-generation TSPO ligands: high-affinity binders (HABs), 
mixed-affinity binders (MABs) and low-affinity binders (LABs)(Owen et al., 
2012). Individuals with LAB genotype were excluded as they show negligible 
specific binding of the tracer. PET controls were matched to the patients for 
TSPO genotype. 

Study procedures 

Study procedures were carried out at the Hammersmith Hospital campus, 
Imperial College London (London, UK) and Imanova Centre for Imaging 
Sciences (London, UK). 

[11C]PBR28 radiopharmaceutical preparation and quality control were 
performed as in (Owen et al., 2014). [11C]PBR28 was injected as an 
intravenous bolus (mean ± SD 340.04 ± 18.07 MBq) over ~20 seconds at the 
start of a 90 minute dynamic PET acquisition. Arterial blood samples were 
collected from a radial artery for generation of an arterial plasma input function. 
Acquisition and reconstruction of PET imaging data, arterial blood sampling, 
analysis of plasma metabolism, and measurement of blood and plasma 
radioactivity concentrations were performed as previously described(Owen et 

al., 2014).  

All participants underwent high resolution T1-weighted structural 3T MRI. 
Baseline structural MRI scans were reviewed by a senior neuroradiologist. 
Diffusion-weighted images were acquired along 64 non-colinear directions with 
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b=1000s/mm2 and four averages with b=0s/mm2, with TE/TR 103/9,500ms, 64 

contiguous slices, FoV 256 mm, and voxel size 2 × 2 × 2 mm3. 

A neuropsychological battery assessed cognitive domains often previously 
observed to be impaired after TBI (Ramlackhansingh et al., 2011). A computer 
tablet-based left/right choice-reaction task (CRT) assessed simple processing 
speed (median reaction time (RT) on correct trials); Colour-Word Interference 
(Stroop) subtests from the Delis-Kaplan Executive Function System assessed 
complex processing speed and executive function (inhibition and cognitive 
flexibility); the Trail Making Test (TMT) assessed complex processing speed 
and executive function (set maintenance and set shifting); the Logical Memory 
I and II subtests of the Wechsler Memory Scale (Third Edition, WMS-III) and 
People Test (PT) from the Doors and People Test assessed episodic memory; 
the Wechsler Abbreviated Scale of Intelligence (WASI) Matrix Reasoning 
subtest assessed current non-verbal reasoning;  the Wechsler Test of Adult 
Reading (WTAR)  estimated pre-morbid intelligence. Please see 
(Ramlackhansingh et al., 2011) for references.  

A venous blood sample was taken on the morning of the 12-week visit for a 
trough drug level. Plasma concentrations of minocycline were determined using 
liquid chromatography–mass spectrometry (Antimicrobial Reference 
Laboratory, Southmead Hospital, Bristol). 

A venous blood sample was taken for measurement of NFL and tau. We were 
able to build on recent advances in plasma biomarker assessment that have 
dramatically improved the sensitivity of plasma NFL assessment. The single 
molecule array platform (Simoa) was used to assess plasma NFL and tau, 
which provides a 100-1000-fold increase in analytical sensitivity compared to 
regular ELISA (Wilson et al., 2015).  Plasma NFL measured on Simoa has been 
shown to correlate with CSF NFL measured with ELISA (Gisslén et al., 2016), 
demonstrating its validity. The  analytical sensitivity of the assay is 0.6 pg/mL. 
Plasma tau levels were measured on Simoa using the Human Total Tau 2.0 kit 
(Quanterix Corp, Boston, MA, USA) following the instructions by the 
manufacturer. All analyses were performed on one round of experiments using 
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one batch of reagents by board-certified laboratory technicians who were 
blinded to clinical data. Intra-assay coefficients of variation were 8.9-11% for 
NFL and 4.1-8.9% for tau. 

[11C]PBR28 PET image analysis 

An overview of the main image analysis is shown in Figure 22. Motion 
correction of dynamic PET images, co-registration of PET with structural MRI, 
and generation of metabolite-corrected plasma input function were performed 
using previously published methods (Owen et al., 2014). The Logan graphical 
method (Logan et al., 1990), using a metabolite-corrected plasma input 
function, 5% fixed blood volume and a linear start time (T*) at 35 minutes, was 
used to generate parametric maps of volume of distribution (VT). 

Previous pharmacological [11C]PBR28 studies have shown drug effects on VT 

(Jucaite et al., 2015; Sandiego et al., 2015). Therefore, VT was the primary 
outcome measure for assessing within-subject drug effects. VT allows absolute 
quantification. This is important since drugs can have a global action, which 
would impact on quantification approaches that use a reference region. In 
contrast, the distribution volume ratio (DVR) was used as the primary outcome 
measure for the analysis of between-subjects group effects. TSPO PET studies 
show high between-subject variability in tracer uptake, even after accounting 
for TSPO genotype (Guo et al., 2012). To reduce variability, previous cross-
sectional studies have generally used measures which are normalized either 
by levels in the whole brain (Loggia et al., 2015) or a pseudo-reference 
region(Lyoo et al., 2015). Therefore, the DVR, the ratio of regional VT to whole 
brain VT, was the primary outcome measure for cross-sectional analysis. The 
analysis was repeated using cerebellar or cortical GM as alternative pseudo-
reference regions, to determine if the choice of reference region influenced the 
findings.  

T1 MRI images were segmented into GM and WM using SPM12, and warped 
to an average group template using a diffeomorphic nonlinear registration 
(DARTEL) (Ashburner, 2007) (Figure 22A). Separate templates were created 
for cross-sectional and longitudinal analyses. Templates were registered to 
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Montreal Neurological Institute (MNI) 152 space. Each individual [11C]PBR28 
parametric map (DVR or VT) was registered to its corresponding subject-space 
T1, then the individual flow-fields and template transformation from DARTEL 
were applied to produce MNI space images, without modulation. Normalized 
maps were spatially smoothed (8mm full width at half maximum (FWHM) 
Gaussian kernel). 

 

Figure 22. Overview of image analysis 

(A) [11C]PBR28 PET parametric maps were generated in MIAKAT (http://www.miakat.org). A 
Freesurfer T1 MRI segmentation was used for ROI analysis. Grey matter (GM) and white matter 
(WM) segmentations from T1 were used to improve ROI sampling. GM and WM segmentations 
were normalized to MNI space using DARTEL in SPM and the same normalization was applied to 
co-registered parametric maps. (B) Voxel-based morphometry was performed using normalized 
and modulated GM and WM segmentations. (C) Longitudinal voxel-based morphometry was 
performed using an unbiased within-subject longitudinal registration in SPM to generate 
annualized Jacobian determinant (JD) images, which were normalized with DARTEL (D) Diffusion 
tensor imaging (DTI) data were processed in FSL and DTI-TK. DTI metrics were skeletonised in 
FSL, leaving the central section of tracts, to minimize partial volume effects. 

Volumetric segmentation of T1 scans was performed using Freesurfer 
(Desikan-Killiany atlas) (Fischl, 2012), for ROI analysis of cerebral WM, 
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thalamus and cortical GM. To improve sampling accuracy, ROI masks were 
intersected with thresholded tissue probability maps (p>0.5). Co-registered 
[11C]PBR28 parametric maps were sampled from the ROIs and mean values 
calculated.  

In patients, images of change in VT (ΔVT) were calculated as: ΔVT=VT(12 

weeks)-VT(baseline). These ‘delta’ images were calculated in subject space 
after within-subject registration of the 12-week parametric map to the baseline 
map. Delta images were then normalized to MNI space (as above).  Similar 
results were obtained when delta images were computed in MNI space instead. 
To calculate ΔVT in ROIs, the same formula was used. 

Lesion segmentation 

In patients, lesions apparent on T1 MRI were manually segmented and 
excluded from all imaging analyses. 

VBM and longitudinal registration 

For cross-sectional VBM (Figure 22B), T1 images were segmented into GM 
and WM, and warped to MNI space (as above) but including modulation by the 
Jacobian determinants (JDs) derived from DARTEL. The normalized 
segmentations were then smoothed (8mm FWHM) and masked (group mean 
p>0.2). Total GM and WM tissue volumes, and intracranial volume (ICV), were 
calculated using SPM12.  

To investigate longitudinal volume changes between baseline and 6-months, 
first the annualized change in GM and WM volumes were calculated as: 
%Δ/year=([volume(6-month)/volume(baseline)]−1)×100)/follow-up interval 

(years). Secondly, an unbiased within-subject pairwise longitudinal registration 
approach provided a voxelwise measure of change (Ashburner and Ridgway, 
2013) (Figure 22C). In SPM12, deformation fields mapping baseline and 6-
month T1s to a within-subject average template T1 were computed, from which 
annualized JD images were created, representing the per-year contraction or 
expansion of each voxel. Within-subject templates were segmented into GM 
and WM. The segmentations and individual JD images were normalized to MNI 
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space using DARTEL (as above), without modulation, and smoothed (8mm 
FWHM). Each JD image was then multiplied by GM and WM tissue 
segmentation images to yield tissue-specific JD images for voxelwise analysis. 
These tissue-specific images were masked as per cross-sectional VBM. TBI 
patients and the longitudinal MRI control group were analysed separately. 

DTI 

Diffusion-weighted images (Figure 22D) were preprocessed using standard 
methods (Kinnunen et al., 2011) and tensor-based registration performed using 
DTI-TK (Zhang et al., 2007). For cross-sectional analysis, normalization of 
tensor images was performed by bootstrapping subject volumes to the IXI 
Aging Template then refining the group template using affine followed by 
nonlinear diffeomorphic registration (Zhang et al., 2007). A final study template 
was registered to MNI space (IIT Human Brain Atlas) using an affine registration 
step. All subject images were then transformed to MNI space by combining the 
subject-to-group and group-to-MNI transformations. For longitudinal analysis, 
an unbiased longitudinal DTI-TK processing pipeline was used by including an 
initial within-subject registration stage (Keihaninejad et al., 2013).  

Maps of FA were generated from normalised tensor images and analysed using 
tract-based spatial statistics (TBSS) in FSL (as described in (Kinnunen et al., 
2011)). The “skeletonisation” of FA maps, leaving the central section of tracts, 
reduces the impact of partial volume effects at the edge of tracts. This 
procedure does have the disadvantage of reducing sensitivity.  

In patients, to investigate longitudinal changes, voxelwise delta images (e.g. 
ΔFA) were calculated using the same formula as for ΔVT, from baseline to 12-
weeks and baseline to 6-months. 

For ROI analysis of the body and splenium of the corpus callosum, masks of 
these regions from the ICBM-DTI-81 atlas (Mori et al., 2008) were combined, 
and the resulting mask was intersected with the TBSS skeleton. In each 
participant the mean FA sampled from this mask was calculated.  
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Table 7. Summary of statistical tests 

Analysis Test Data 

Group characteristics Independent sample t-test Age 
 Fisher's exact test Gender, TSPO genotype 

 Mann-Whitney U test Time since injury, PTA 
duration, visit intervals 

Cognitive tests  Shapiro-Wilk test (test of 
normality)  

Cognitive scores 

 Independent sample t-test or 
Mann-Whitney U test 

 

Voxelwise cross-sectional nonparametric permutation 
tests 

[11C]PBR28 DVR 
Tissue volumes (GM, WM) 

ROI cross-sectional  ANCOVA Regional [11C]PBR28 DVR 

Within-patient correlation 
(cross-sectional) 

Partial correlation [11C]PBR28 DVR, time since 
injury, cognitive scores, blood 
measures 

Within-patient modality 
comparison (cross-
sectional) 

Paired-sample t-test [11C]PBR28 DVR, tissue 
volumes, FA 

Voxelwise longitudinal Nonparametric permutation 
tests 

[11C]PBR28 VT, JD images, 
delta FA images 

ROI longitudinal RMANOVA Regional [11C]PBR28 VT, 
regional FA 

 One-sample t-test Regional [11C]PBR28 VT,  
tissue volumes 

NFL longitudinal RMANOVA Blood measures 

Cognitive tests 
(longitudinal) 

RMANOVA Cognitive measures 

Within-patient correlation 
(longitudinal) 

Partial correlation Regional [11C]PBR28 VT, 
blood measures 

 

Statistical analyses 

A number of statistical tests were performed, which are summarised in Table 7 
and described in detail here. 

Group characteristics were compared using independent sample t-tests (for 
age), Fisher’s exact test (gender, TSPO genotype) and Mann–Whitney U tests 
(time since injury, PTA duration, visit intervals). Differences in cognitive tests 
were assessed using either independent sample t-tests or Mann–Whitney tests 
(where data were not normally distributed according to the Shapiro-Wilk test). 
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Voxelwise cross-sectional comparison of [11C]PBR28 DVR, tissue volumes (i.e. 
VBM) and FA were performed using nonparametric permutation tests (Nichols 
and Holmes, 2002) in FSL (10,000 permutations). For all analyses, age was 
added as a nuisance covariate. For comparisons of [11C]PBR28, TSPO 
genotype was included as a covariate and, for VBM analysis, ICV. All results 
were cluster corrected using threshold-free cluster enhancement (Smith and 
Nichols, 2009) with family-wise error rate of p<0.05. For [11C]PBR28 ROI 
analysis, mean DVR for each ROI was compared between groups using 
ANCOVA, with DVR as the dependent variable and genotype and age as 
covariates, and Fisher LSD post-hoc tests.  

To create a composite information processing speed measure for patients, the 
separate test scores in this domain (Table 10) were converted to Z-scores.  Z-
scores were calculated for each patient, using controls as a reference (control 
Z-score mean=0 and SD=1), incorporating a sign flip if necessary such that a 
positive score corresponded to better performance (e.g. faster reaction time). 
The composite score was calculated as the arithmetic mean of the component 
Z-scores.  

In patients, partial correlation was used to assess whether DVR in ROIs with 
increased binding was associated with time since injury or cognitive 
impairment, with genotype and age as nuisance covariates. Bonferroni 
correction was used. 

To enable direct comparison of modalities, maps of [11C]PBR28 DVR, tissue 
volumes and DTI metrics were converted to Z-score maps (Z-maps). Z-maps 
were calculated for each patient and modality, using controls as a reference 
(control Z-map mean=0 and SD=1). To create Z-maps of [11C]PBR28 DVR 
adjusted for age and genotype, first a voxelwise regression was performed in 
FSL on baseline patient and control DVR maps, with age and genotype as 
covariates. Second, Z-maps for each patient were computed using the 
voxelwise formula: Z=(patient’s residual – mean of residuals in controls)/SD of 

residuals in controls. A similar procedure was used to create Z-maps of 
(modulated) tissue volumes (adjusted for age and ICV) and FA (adjusted for 
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age). All maps were generated from smoothed MNI space images. Then, to 
directly compare [11C]PBR28 DVR with other modalities within a patient, firstly 
masks of voxels with “high” DVR (thresholded at Z>+2) and “normal” DVR (-
1<Z<+1) were defined. Then, the two masks were used to sample the Z-maps 
of the other modalities. The mean Z-scores sampled using high and normal 
masks were then compared in patients using a paired-sample t-test.  

Serum levels of NFL and tau were described by their median and interquartile 
range (IQR), and were log-transformed to achieve a normal distribution for 
subsequent analysis. In patients, partial correlation was used to assess 
whether the cerebral WM ROI DVR was associated plasma NFL or tau, with 
genotype and age as nuisance covariates. 

Voxelwise differences in baseline [11C]PBR28 binding between treatment 
groups were assessed using nonparametric permutation tests (as above). 
Changes in VT between baseline and 12-weeks in the two groups were first 
analysed separately using one-sample t-test equivalent nonparametric 
permutation tests on ΔVT images, with TSPO genotype as a nuisance 
covariate. The two groups were then directly compared using permutation tests, 
with genotype as a covariate. 

For ROI analysis, the effect of minocycline versus no drug on VT for each ROI 
was first assessed using repeated-measures ANOVA (RMANOVA), with time 
as the within-subjects factor (baseline and 12-week) and treatment group 
(minocycline or no drug) and genotype as between-subjects factors. Post hoc 
tests using Fisher LSD were planned after significant group by time 
interactions. %ΔVT and 95% confidence intervals (CI) for each ROI were 
calculated in each group and tested for significance using a one-sample t-test. 
A partial correlation assessed whether drug levels were associated with 
regional ΔVT, with genotype as a nuisance covariate. 

Longitudinal changes in tissue volumes (JD) were first assessed in patients 
without modeling treatment group. Voxelwise analyses on JD images were 
performed using one-sample t-test (Δ>0,Δ<0) equivalents of nonparametric 
permutation tests. This approach was used in TBI patients combined and 
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separately in the longitudinal MRI control group. To assess longitudinal 
changes in total tissue volumes, a one-sample t-test was used on %Δ/year 
measures (above), for GM and WM separately. For voxelwise analysis of ΔFA 
a similar approach was used as for JD. 

To assess longitudinal changes in JD between the two treatment groups, the 
two groups were directly compared using permutation tests, with time since 
injury as an additional covariate. The same approach was taken for ΔFA 
images. 

To assess the effect of minocycline versus no drug on NFL, a RMANOVA was 
used, with time as the within-subjects factor and treatment group as a between-
subjects factor, and time since injury as a covariate. Post hoc tests using Fisher 
LSD were planned after significant group by time interactions. The analyses 
were performed separately for baseline to 12-week visits, and then for all three 
visits. 

A partial correlation assessed whether percentage change in WM VT in was 
correlated with percentage change in NFL (both changes between baseline and 
12 weeks), with genotype as a nuisance covariate. Baseline NFL levels were 
also correlated with the mean WM JD.  

To assess the effect of treatment group on mean FA in the corpus callosum 
ROI, a RMANOVA was used, with time as the within-subjects factor and 
treatment group as a between-subjects factor, and time since injury as a 
covariate. Post hoc tests using Fisher LSD were planned after significant group 
by time interactions. The same approach was used to assess the effect of 
treatment group on composite information processing speed. 

4.4. Results 

Fifteen patients at least six months after a moderate-to-severe TBI, according 
to the Mayo classification (Malec et al., 2007), were enrolled. A cross-sectional 
study of TBI patients compared to age-matched healthy volunteer controls was 
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performed, followed by a randomized open-label study in patients of 
minocycline versus no drug (Figure 21). 

A screening visit included genotyping for the rs6971 (Ala147Thr) polymorphism 
in the TSPO gene which produces three classes of binding affinity for second-
generation TSPO ligands: high-affinity binders (HABs), mixed-affinity binders 
(MABs) and low-affinity binders (LABs) (Owen et al., 2012). Individuals with 
LAB genotype were excluded since they show negligible specific binding of the 
ligand. 

Baseline demographics and clinical characteristics of the TBI patients (13 male 
(87%), 9 (60%) HABs, age mean age ± SD 42.3 ± 13.7 years, range 23-61; 
time since injury median 14.7 months, IQR 30.4, range 6-142 months) are 
provided in Table 8. No patients had undergone neurosurgery after TBI. All 
patients had one or more focal lesions. The majority of lesions appeared in 
frontal or temporal lobes. 



Table 8. Demographics and clinical characteristics of the TBI patients 

Group Sex Age 
(years) 

TSPO Time 
since 
injury 
(mo.) 

Cause 
of injury 

LOC PTA 
(days) 

MRI Medications Compliance 
(%) 

Mino Female 23 HAB 11 Fall Yes 2 Frontal and temporal 
pole gliosis 

COCP OD 75% 

Mino Male 24 HAB 13 RTA UK UK Left subfrontal contusion Nil 23%* 

Mino Male 26 MAB 17 RTA Yes 3 Bifrontal and right 
temporal contusions 

Nil 85% 

Mino Male 30 HAB 67 Assault Yes 90 Left temporal contusion, 
gliosis superior vermis 

Nil 97% 

Mino Male 37 HAB 41 Assault UK 7 Left frontal and temporal 
contusions; left temporal 
volume loss 

Nil 99% 

Mino Male 51 HAB 142 Unknow
n 

Yes 90 Bifrontal, left temporal, 
right parietal, occipital 
and temporal lobe 
contusions 

Gabapentin 300mg 
TDS Amitriptyline 50 
mg ON, modafinil 
PRN 

95% 

Mino Male 53 HAB 19 Fall Yes 7 Left temporal contusion Vitamin D supp. OD 95% 

Mino Male 54 MAB 22 RTA Yes 7 Bifrontal contusions Thyroxine 150mg OD, 
citalopram 30mg OD 

73% 

Mino Male 57 MAB 6 RTA Yes 7 Bifrontal and right 
temporal pole contusions 

Nil 99% 

Mino Male 61 MAB 10 RTA Yes 2 Subfrontal and left 
frontal pole contusions 

Nil 98% 

No drug Female 29 MAB 7 RTA Yes 10 Bifrontal and bitemporal 
pole contusions 

COCP OD NA 

No drug Male 37 HAB 14 Fall UK 0 Bifrontal contusions Nil NA 
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Group Sex Age 
(years) 

TSPO Time 
since 
injury 
(mo.) 

Cause 
of injury 

LOC PTA 
(days) 

MRI Medications Compliance 
(%) 

No drug Male 39 MAB 65 Assault UK 21 Left temporal, bifrontal 
contusions; left temporal 
volume loss 

Nil NA 

No drug Male 53 HAB 13 Fall UK UK Bifrontal and bitemporal 
pole contusions 

Lamotrigine 50mg BD NA 

No drug Male 59 HAB 15 RTA Yes 7 Left and right frontal 
contusions, left temporal 
contusions 

Simvastatin 40mg 
OD, omeprazole 
20mg OD 

NA 

Compliance was calculated as a percentage of expected number of tablets taken (=number of tablets provided-number of tablets returned). BD = twice 
daily; COCP = combined oral contraceptive pill; LOC = loss of consciousness; HAB = high affinity binder; MAB = medium affinity binder; Mino = 
minocycline; NA = not applicable; OD = once daily; ON = once nightly; PRN = as required; PTA = post-traumatic amnesia; RTA = road traffic accident; 
TDS = three times daily. TSPO = translocator protein genotype; UK = unknown; *Patient withdrew from study at start of 12-week visit. 
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At baseline, patients had [11C]PBR28 PET, structural and diffusion MRI, blood 

sampling for NFL, and cognitive assessment.  A group of 28 age- and gender-

matched controls had [11C]PBR28 PET and structural MRI, and a second group 

of healthy controls (n=21) had structural and diffusion MRI, blood sampling for 

NFL (in a subset of 12 participants), and cognitive assessment (Table 9). 

Table 9. Baseline group demographics 

Group n 
Age (years) 
mean +/- SD 
(min-max) 

p 
Gender 
N male 

(%) 
p 

N 
HABs 

(%) 
 

p 

TBI 15 42.3 ± 13.7 
(23-61) - 13 

(87%) - 9 
(60%) - 

Control 1 
([11C]PBR28 PET) 28 40.8 ± 14.8 

(21-63) 0.756 23 
(82%) 0.532 16 

(57.1%) 0.559 

Control 2 
(MRI, NFL, cognitive 
assessment)  

21 41.6 ± 11.8 
(21-61) 0.881 17 

(81%) 0.507 - - 

Control 3 
(Longitudinal MRI) 15 36.2 ± 8.9 (27-65) 0.168 12 

(80%) 0.500 - - 

p-values denote comparisons with the TBI group; SD = standard deviation 

[11C]PBR28 binding in TBI patients is increased in WM and subcortical regions  

At baseline, areas of high [11C]PBR28 distribution volume ratio (DVR), a local 

measure of binding normalized to whole brain levels, were present in individual 

TBI patients, particularly within WM (Figure 23A). Voxelwise comparison of 

patients versus controls showed clusters of significantly increased [11C]PBR28 

DVR in frontal and temporal WM, striatum, thalamus and brain stem (Figure 

23B). There was no increased binding in controls compared to patients.  
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Figure 23. Increased baseline [11C]PBR28 
binding in TBI in WM and subcortical regions. 

(A) Individual standardized (z-score) images of 
baseline [11C]PBR28 DVR are superimposed on 
axial T1 MRIs. Voxels with increased DVR (z>0) 
compared to the control mean, when controlling for 
age and TSPO genotype, are shown. Baseline 
images for 14 TBI patients and two representative 
controls are shown (one patient had missing blood 
data). The age (years), gender and TSPO genotype 
of participants is shown. In patients, the time since 
injury to baseline scanning is also shown. M = male; 
F = female; HAB = high affinity binder; MAB = 
medium affinity binder. (B) Red-yellow areas show 
significantly increased [11C]PBR28 DVR in patients 
compared to controls. Results are thresholded using 
threshold free cluster enhancement (family-wise 
error correction p<0.05).  
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Previous studies suggest chronic microglial activation is prominent in the 
thalamus and WM (Ramlackhansingh et al., 2011; Smith et al., 2012; Johnson 
et al., 2013). A confirmatory region of interest (ROI) analysis of [11C]PBR28 

DVR in thalamus (F(1,38)=5.11, p=0.03, partial eta squared=0.12) and cerebral 
WM (F(1,38)=7.42, p=0.01, partial eta squared=0.16) showed significant 
increases in TBI patients compared to controls. As a control, we found no 
significant difference in binding in a cortical gray matter ROI. 

In patients, thalamic DVR was positively correlated with time since injury 
(r=0.847, p=0.001). Binding in WM did not not correlate with time since injury. 

Cognitive impairment in TBI patients is associated with increased thalamic 

[11C]PBR28 binding  

Patients at baseline showed impaired performance in a range of cognitive 
domains, including tests of information processing speed and executive 
function (Table 10). In contrast, patients were well matched with controls on the 
Wechsler Test of Adult Reading, a test of premorbid intellectual ability. 

We previously reported an association between thalamic microglial activation 
and information processing speed (Ramlackhansingh et al., 2011). We 
investigated whether increased [11C]PBR28 binding in the thalamus as well as 
WM was related to information processing speed. A composite measure of a 
patient’s information processing speed was calculated as the mean of the 
standardized (z-score) individual test scores in this domain (Table 10), using 
controls as a reference. The composite z-score in patients was z=-0.98 ± 0.8 
(mean ± standard deviation, SD), 95% confidence intervals (CI) -1.44 to -0.52. 
Thalamic [11C]PBR28 DVR was strongly correlated with poorer composite 
processing speed score (r=-0.592, p=0.026), supporting our previous findings 
(Ramlackhansingh et al., 2011), but WM binding was not significantly correlated 
(r=-0.336, p=0.240).  
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Table 10. Baseline cognitive test results 

 TBI Controls p 
TBI 
Minocycli
ne 

TBI 
No drug p 

N 15 21 - 10 5 - 

Information 
processing speed       

CRT median RT (s) 0.51 ± 
0.07 

0.45 ± 
0.08 0.024* 0.51 ± 

0.07 
0.51 ± 
0.08 0.959 

Stroop Colour 
Naming (s) 33.0 ± 5.2 28.2 ± 5.4 0.013* 34.0 ± 6.3 31.6 ± 1.3 0.219 

Stroop Word 
Reading (s) 24.0 ± 5.0 20.8 ± 4.3 0.058 25.7 ± 4.8 20.8 ± 4.1 0.074 

Trail Making Test A 
(s) 

28.8 ± 
11.1 20.5 ± 7.1 0.019*† 26.6 ± 

11.0 
33.12 ± 
11.2 0.304 

Trail Making Test B 
(s) 

63.1 ± 
22.9 

42.4 ± 
15.1 0.004**† 64.8 ± 

26.7 
59.6 ± 
14.5 0.693 

Executive function       

Stroop Inhibition (s) 59.5 ± 
21.4 

50.7 ± 
12.3 0.128 62.6 ± 

25.7 
54.0 ± 
10.4 0.49 

Stroop Inhibition-
Switching (s) 

64.1 ± 
12.3 

55.3 ± 
10.6 0.032* 63.8 ± 

14.1 65.0 ± 9.5 0.845 

Trail Making Test B-
A (s) 

34.3 ± 
19.0 

22.5 ± 
12.1 0.031* 38.2 ± 

21.2 
26.5 ± 
11.5 0.274 

Memory       

WMS-III LM1 
immediate recall 

43.1 ± 
12.1 48.9 ± 8.5 0.107 44.3 ± 

14.0 41.0 ± 8.6 0.64 

WMS-III LM2 
delayed recall 

28.2 ± 
10.2 32.3 ± 7.2 0.177 30.1 ± 

10.6 25.0 ± 9.8 0.392 

PT immediate total 28.7 ± 5.2 29.6 ± 4.5 0.584 28.1 ± 6.0 29.8 ± 3.4 0.579 

PT delayed total 9.6 ± 3.0 11.3 ± 1.1 0.192† 9.6 ± 3.2 9.4 ± 3.0 0.882 

Intellectual ability       

WTAR scaled 107.6 ± 
10.6 

112.9 ± 
8.7 0.112 105.3 ± 

12.3 
111.6 ± 
5.5 0.306 

WASI Matrix 
reasoning 24.7 ± 4.6 28.3 ± 3.2 0.009*† 25.6 ± 4.6 23.4 ± 4.8 0.424 

CRT = choice-reaction task (CRT);  PT = People Test; RT = reaction time; s = seconds; WASI = 
Wechsler Abbreviated Scale of Intelligence; WMS-III = Wechsler Memory Scale; WTAR = 
Wechsler Test of Adult Reading. See Materials and Methods for details. Numerical values are 
mean ± standard deviation.  *p<0.05, **p<0.01. †Mann-Whitney test. 
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WM damage in TBI patients is greater in areas of high [11C]PBR28 binding  

At baseline, most of the WM in TBI patients showed reduced tissue volume 
compared to controls, measured using volumetric MRI (Figure 24A). In addition, 
significant clusters of gray matter (GM) reduction were also observed in frontal 
and temporal cortex, hippocampus and subcortical structures (Figure 24B). 
There were no areas of volume increase in patients versus controls. Diffusion 
MRI showed widespread decreases in fractional anisotropy (FA) (Figure 24C), 
indicating reduced WM tract integrity. The areas of volume loss and reduced 
WM integrity extended far beyond sites of focal lesions (Figure 24D).  

These cross-sectional findings support previous neuroimaging studies in 
chronic TBI showing widespread tissue volume loss (Tomaiuolo et al., 1999; 
Isoniemi et al., 2006; Trivedi et al., 2007; Bendlin et al., 2008; Sidaros et al., 
2008) and WM disruption (Kinnunen et al., 2011).  Neuropathological studies 
suggest chronic microglial activation co-localizes with markers of ongoing WM 
damage (Smith et al., 2012; Johnson et al., 2013), but this association has 
never been established in vivo. Brain areas showing increased baseline 
[11C]PBR28 DVR in TBI patients (Figure 23. Increased baseline [11C]PBR28 
binding in TBI in WM and subcortical regions. 

(A) Individual standardized (z-score) images of baseline [11C]PBR28 DVR are superimposed on 
axial T1 MRIs. Voxels with increased DVR (z>0) compared to the control mean, when controlling 
for age and TSPO genotype, are shown. Baseline images for 14 TBI patients and two 
representative controls are shown (one patient had missing blood data). The age (years), gender 
and TSPO genotype of participants is shown. In patients, the time since injury to baseline scanning 
is also shown. M = male; F = female; HAB = high affinity binder; MAB = medium affinity binder. (B) 
Red-yellow areas show significantly increased [11C]PBR28 DVR in patients compared to controls. 
Results are thresholded using threshold free cluster enhancement (family-wise error correction 
p<0.05).  

 

 

 

B) overlapped with areas of WM volume loss (Figure 24A) and reduced FA 
(Figure 24C). Co-registered and standardized [11C]PBR28 and MRI images 
were used to assess the relationship between microglial activation and WM 
damage. In individual patients, WM voxels with high [11C]PBR28 binding (DVR) 
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showed a greater reduction in tissue volume than those voxels with normal 
binding (Figure 24E) (p=0.004). Similarly, WM voxels with high binding also had 
lower FA than voxels with normal binding (Figure 24F) (p=0.003).  
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Figure 24. Baseline WM volume loss and reduced WM tract integrity are greater in areas of 
high [11C]PBR28 binding in TBI patients. 

(A) Blue-light blue areas show significantly decreased WM volume loss in patients compared to 
controls. Results are thresholded using threshold free cluster enhancement (family-wise error 
correction p<0.05). (B) Significantly decreased GM volume in patients compared to controls. 
Thresholding and colour bar are as for A. (C) Blue-light blue areas show significantly decreased 
FA in patients compared to controls. The contrast is overlaid on the mean FA skeleton (green). 
Thresholding and colour bar are as for A.  (D) Overlap map in patients of lesions visible on T1 
structural imaging. The colour of the map indicates the number of patients with a lesion in that 
area. Maps were computed by summation of the normalized binary lesion masks of individual 
patients. (E) In patients, WM tissue probability, a measure of tissue volume expressed as a z-score 
with controls as a reference, is shown for areas of individually-defined high levels of WM 
[11C]PBR28 DVR (blue bar) and normal levels of DVR (grey bar). (F) As for E, but showing 
fractional anisotropy, expressed as a z-score with controls as a reference. Bars for E and F are 
mean ± standard error of the mean (SEM) **p<0.01. 
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Increased plasma NFL levels in TBI patients are associated with time since 

injury and [11C]PBR28 WM binding  

Elevated peripheral levels of NFL have been observed hours and days after 
TBI (Zetterberg, Smith and Blennow, 2013), but it is unclear whether NFL 
remains elevated in the chronic phase, or how levels relate to other measures 
of injury. In TBI patients, all more than six months after injury, plasma NFL 
levels at baseline were significantly higher (mean 17.86 pg/ml, median 12.08 
pg/ml, SD 18.06, IQR 10.20, range 5.75-72.11) than controls (n=12, 7.58 pg/ml, 
median 7.00 pg/ml, SD 1.29, IQR 1.66, range 5.84-9.99) (t=3.09, df=16.15, 
p=0.007) (Figure 25A). Plasma NFL levels in TBI patients were negatively 
correlated with time since injury (r=-0.546, p=0.035), but most patients had 
elevated NFL compared to control levels (Figure 25B). There was no correlation 
between plasma NFL and the duration of post-traumatic amnesia (PTA) (r=-
0.268, p=0.377), a marker of initial injury severity. There was no correlation 
between NFL and composite information processing speed score. 

 
Figure 25. Plasma NFL and associations with [11C]PBR28 WM binding and time since injury. 

(A) Plasma NFL levels are shown for TBI patients (red dots) and controls (blue dots).  Black bars 
show mean and 95% confidence intervals. Note y-axis is logarithmic. (B) Plasma NFL in TBI 
patients (y-axis) is plotted against time since injury in months (x-axis). Dotted horizontal line 
indicates upper limit of 95% confidence interval in controls. Note both axes are logarithmic. (C) 
[11C]PBR28 DVR of the cerebral WM region of interest in TBI patients (y-axis) plotted against 
plasma neurofilament light chain (NFL) level (x-axis, logarithmic).   

In contrast, plasma tau levels were not significantly different between TBI 
patients (mean 2.160 pg/ml, median 1.557 pg/ml, SD1.797, IQR 1.210, range 
0.802-9.690) and controls (mean 1.660 pg/ml, median 1.392, SD 0.570, IQR 
0.980, range 0.738-2.492) (t=0.895, df=35, p=0.377). Plasma tau did not 
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correlate with time since injury, duration of PTA or speed of information 
processing. For these reasons, tau levels were not used in subsequent 
analyses. 

NFL has been proposed as a marker of active axonal degeneration in a variety 
of CNS disorders (Eikelenboom et al., 2003; Liu et al., 2004; Gaiottino et al., 
2013; Lu et al., 2015; Gisslén et al., 2016). Plasma NFL levels in chronic TBI 
may therefore be associated with processes related to WM damage. In 
patients, baseline plasma NFL levels were strongly positively correlated with 
[11C]PBR28 DVR in cerebral WM (Figure 25C) (r=0.519, p=0.042).  

Minocycline in TBI patients reduces [11C]PBR28 binding  

The effect of minocycline on [11C]PBR28 binding in the TBI patients was 
investigated. Patients were randomized to one of two parallel groups in a 2:1 
ratio, balanced for age, gender, TSPO genotype and time since injury. One 
group (n=10) received minocycline 100mg orally twice daily for 12-weeks; the 
other (n=5) had no drug. Patients were followed up after 12-weeks with 
[11C]PBR28 PET, MRI, plasma NFL and cognitive assessment, and again at six 
months after the baseline visit, but without PET. Demographics and clinical 
characteristics of the patients were similar between minocycline (n=10) and 
untreated (n=5) groups (Table 8). There were no significant baseline treatment 
arm differences in cognitive performance (Table 10), age (41.7 ± 15.0 years 
versus 43.4 ± 12.3, p=0.831), gender (9/10 (90%) male versus 4/5 (80%), 
p=0.571), genotype (6/10 (60%) HABs versus 3/5 (60%), p=0.713), time since 
injury (median 17.5, months IQR 37.0 versus 14.1, IQR 30.2, p=0.573) or 
duration of PTA (median 4 days, IQR 46 versus 8.5, IQR 17, p=0.511).  

[11C]PBR28 volume of distribution (VT) allows absolute quantification (Jucaite 
et al., 2015; Sandiego et al., 2015) and so was used as the outcome measure 
for assessing within-subject drug effects. Voxelwise changes in VT between 
baseline and 12-weeks (ΔVT) were first analysed in the minocycline and 
untreated groups separately (Figure 26A and Figure 26B). In the minocycline 
group, [11C]PBR28 VT was significantly reduced (ΔVT<0) at 12-weeks 
compared to baseline across most of the brain (Figure 26B), including large 
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clusters of white and GM. In the untreated group, there was no significant 
reduction in binding (Figure 26B). There were no areas of significant increase 
in either group. In the direct contrast of the two arms, ΔVT in the minocycline 
group was significantly reduced compared to the untreated group in large 
clusters of white and GM (Figure 26C), with no areas of significantly increased 
ΔVT. There were no baseline voxelwise differences in VT between the two arms. 

 

Figure 26. Minocycline in TBI patients reduces [11C]PBR28 binding 

(A) Mean change in [11C]PBR28 volume of distribution (ΔVT) between baseline and 12-week visits, 
expressed as a percentage of baseline VT, in patients who received minocycline treatment (n=7) 
(top row) and no drug (n=5) (bottom row). (See Fig 1 for description of excluded data.) Green 
colours represent little or no change over time, yellow-red colours reflect VT increases over time, 
while blue-light blue colours reflect VT decreases. Images are superimposed on the MNI T1 
template. (B) Blue-light blue areas show significantly decreased VT between baseline and 12-
week visits (ΔVT < 0), in patients who received minocycline treatment (top row) and no drug 
(bottom row). Results are thresholded using threshold free cluster enhancement (family-wise error 
correction <0.05). Neither group showed areas of significantly increased VT (ΔVT > 0). (C) Blue-
light blue areas show significantly reduced ΔVT in patients who received minocycline treatment 
compared to patients who received no drug. There were no areas of significantly increased ΔVT 
in patients versus controls. Thresholding and colour bar are as for B. (D) Mean ± SEM group 
change in VT, expressed as a percentage of baseline VT, in patients who received minocycline 
treatment (blue bars) and no drug (red bars), in WM, thalamus and cortical GM regions of interest.  

An ROI analysis showed a significant treatment group × time interaction 
(F(1,9)=7.178, p=0.025, partial eta squared=0.444) in cerebral WM, with non-
significant effects of group, time, genotype and genotype × time. Post-hoc 
Fisher LSD tests showed a significant VT reduction between baseline and 12-
weeks in the minocycline group (mean difference ± standard error -0.741 ± 
0.190, p=0.004, 95% CI -1.171 to -0.311) but no change in the no drug group 
(-0.048 ± 0.225, p=0.835, 95% CI -0.557 to 0.461). Analysis of the thalamus 
ROI showed a similar significant group × time interaction (F(1,9)=7.569, 
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p=0.022, partial eta squared=0.457, mean difference ± standard error in the 
minocycline group -1.097 ± 0.310, p=0.006, 95% CI -1.798 to -0.395) as well 
as cortical GM (F(1,9)=6.255, p=0.034, partial eta squared=0.410, mean 
difference ± standard error -0.855 ± 0.245, p=0.007, 95% CI -1.408 to -0.301). 

Expressed as percentage change from baseline (Figure 26D), minocycline 
significantly reduced VT in WM (mean ± SD -23.30 ± 19.09%, 95% CI -40.9 to 
-5.64%, range -42.7 to +4.5%, p=0.018), thalamus (-24.18 ± 18.71%, CI -41.48 
to -6.90%, range -43.59% to +0.90%, p=0.014) and cortical GM (-22.05 ± 
19.33%, CI -39.93% to -4.17%, range -40.05-7.47%, p=0.023). There were no 
significant changes in the untreated group. In the minocycline group, the mean 
reduction in HABs was greater than MABs in each ROI (for example, mean 
reduction in WM VT was -31.07% versus -12.9%). 

In the minocycline group, compliance (defined as the proportion of expected 
number of tablets taken) was 91±10% (mean ± SD), range 73-99%. Plasma 
trough minocycline levels at 12-weeks were 2.08 ± 0.55mg/L (mean ± SD), 
range 1.29-2.80mg/L. There was no significant correlation between drug levels 
and ΔVT in any of the three ROIs. 

Further related results appear in Chapter 5, followed by a discussion. 
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Chapter 5 

5. Neurodegeneration and the 
effect of minocycline after 
brain trauma  

In this chapter, I develop the findings of the Chapter 4 by investigating 
the effect of minocycline on other measures of brain injury and recovery. 
To conclude, I discuss the findings from both chapters. 

5.1. Results 

Longitudinal WM atrophy in TBI patients is greater in areas of high baseline 

[11C]PBR28 binding  

As presented in the previous chapter, at baseline, [11C]PBR28 binding in 
patients was increased compared to controls in cerebral WM and thalamus. We 
had also found tissue volume loss at baseline was present after TBI, particularly 
in WM, and related to microglial activation. To assess WM atrophy over time, 
i.e. longitudinally, and the effect of minocycline, TBI patients as well as a group 
of controls had repeated MRI scans. 

Patients from minocycline and untreated arms were initially analysed as a 
single group, to provide an indication of longitudinal change in all patients, 
before comparing the two treatment arms directly. In patients, between baseline 
and 6-month scans the total WM volume significantly decreased (annualized 
mean ± SD -1.6 ± 2.8% per year, p=0.039, scan interval mean ± SD 0.50 ± 0.07 
years). No significant change was seen in total GM volume. In comparison, in 
the longitudinal control group (scan interval 1.11 ± 0.18 years), there were no 
significant changes in total WM (0.06 ± 0.77% per year, p=0.758) or GM. In the 
combined patients, the group mean of annualized JD images, which provide a 
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voxelwise measure of longitudinal tissue volume change, showed contraction 
in WM and areas of GM, with corresponding expansion of the CSF-containing 
spaces (Figure 27A). Voxelwise analysis of JD images showed significant 
clusters of longitudinal atrophy (JD<0) in frontal and subcortical WM (Figure 
27B). There was also significant atrophy in frontal, temporal and subcortical GM 
(Figure 27C). There were no areas of white or GM expansion (JD>0).  

 

Figure 27. Longitudinal WM atrophy over six months in TBI patients is greater in areas of 
high baseline [11C]PBR28 binding 

(A) Mean annualized Jacobian determinant (JD) images, indexing longitudinal change over six 
months in patients. Green colours represent little or no change over time, yellow-red colors reflect 
volumetric increases (expansion, positive JD), while blue-light blue colors reflect volumetric 
decreases (contraction, negative JD). Mean JD images are superimposed on the MNI T1 template. 
(B) Blue-light blue areas show significantly decreased JD, indicating longitudinal atrophy in WM 
over six months (WM tissue-specific JD<0), in patients. Results are thresholded using threshold 
free cluster enhancement (family-wise error correction <0.05). (C) Significantly decreased JD in 
GM over six months in patients, indicating longitudinal atrophy in GM (GM tissue-specific JD<0). 
Thresholding and colour bar are as for B. (D) In patients, mean JD in WM is shown for areas of 
individually-defined high levels of WM [11C]PBR28 binding (distribution volume ratio, DVR) (blue 
bar) and normal levels of DVR (grey bar). Bars are mean ± SEM **p<0.01. 

In contrast, there were no areas of significant change detected in the control 
group, despite the longer scan interval. 

These longitudinal findings are consistent with previous neuroimaging studies 
in TBI showing progressive longitudinal atrophy (Sidaros et al., 2008, 2009; 
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Ross, 2011). To assess the relationship between longitudinal WM atrophy and 
microglial activation, co-registered images of longitudinal change (JD) and 
standardized baseline [11C]PBR28 DVR were sampled. Within individual TBI 
patients, the mean longitudinal change (JD) in WM voxels with high [11C]PBR28 
binding at baseline was more negative (i.e. suggesting greater contraction) than 
those voxels with normal baseline binding (Figure 27D) (p=0.004). 

Minocycline in TBI patients has no effect on longitudinal WM atrophy 

The effect of minocycline on longitudinal WM atrophy measures was explored. 
In the voxelwise comparison of JD images in the two treatment arms, there 
were no areas of significant difference in WM or GM. There were also no 
significant differences in mean JD values, nor in annualized change in total 
white WM volume. 

Minocycline in TBI patients increases plasma NFL levels, associated with 

reduction in [11C]PBR28 binding 

Minocycline has previously been shown to reduce elevated serum NFL levels 
in a small group of patients with acute human spinal cord injury (Kuhle et al., 
2015). NFL levels over time in the minocycline-treated TBI patients and 
untreated patients were compared. The minocycline group showed a distinct 
time course of NFL compared to the untreated group, with an increase at the 
12-week visit, post minocycline (Figure 28A). A RMANOVA using baseline and 
12-week visits showed a significant treatment group × time interaction 
(F(1,11)=8.308, p=0.015, partial eta squared=0.430) in NFL, with non-
significant effects of time since injury. Post-hoc Fisher LSD tests showed a 
significant NFL increase between baseline and 12-weeks in the minocycline 
group (mean difference ± standard error +0.386 ± 0.093, p=0.002, 95% CI 
0.182 to 0.591) but no change in the untreated group (-0.0687± 0.125, p=0.602, 
95% CI -0.343 to 0.209). An analysis using all three visits showed a significant 
treatment group × time interaction (F(2,22)=6.155, p=0.008, partial eta 
squared=0.359). 
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Figure 28. Effect of minocycline treatment on plasma NFL, and the associations between 
NFL, [11C]PBR28 WM binding and longitudinal atrophy. 

(A) Plasma NFL levels are shown for TBI patients treated with minocycline (red dots) and untreated 
patients (no drug, blue dots) for the three visits. Bars show visit mean (connected over time) and 
standard error. Note y-axis is logarithmic. (B) Percentage change in NFL between baseline and 
12-weeks (y-axis) is plotted against percentage change in WM [11C]PBR28 VT (x-axis) measured 
over the same period. Colors are defined as in A. (C) Mean WM JD (y-axis) (measured between 
baseline and six months) is plotted against baseline NFL in patients. Colours are defined as in A. 

Since we had found a positive association at baseline between NFL and 
[11C]PBR28 WM binding, the relationship between change in NFL and 
[11C]PBR28 binding over the 12 week treatment period was investigated. In 
patients from both treatment arms combined, the percentage change in NFL 
between baseline and 12-week visits was strongly negatively correlated with 
the percentage change in WM [11C]PBR28 VT measured over the same period 
(r=-0.558, p=0.048)  (Figure 28B). 
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Plasma NFL levels predict longitudinal WM atrophy in TBI patients 

Since NFL has been proposed as potential prognostic indicator of degeneration 
(Lu et al., 2015; Gisslén et al., 2016) in other disorders, the relationship 
between baseline NFL and longitudinal atrophy was explored. In all TBI patients 
combined, baseline plasma NFL levels were negatively correlated with 
longitudinal WM volume change (mean JD) over the subsequent 6 months (r=-
0.562, p=0.005). However, when the two treatment arms were analysed 
separately, we found a strong correlation in the minocycline group (r=-0.850, 
p=0.004) but no correlation in the untreated group (r=0.300, p=0.624) (Figure 
28C). The association in the minocycline group also remained significant when 
the average of the baseline and 12-week NFL values was used (r=-0.667, 
p=0.05). 

Minocycline in TBI patients has a negative effect on WM tract integrity 

In all TBI patients combined, a voxelwise longitudinal analysis of FA between 
baseline and 12-week visits as well between baseline and 6-month visits 
showed no areas of significant change. When voxelwise longitudinal change 
between the two treatment groups was compared, there were also no 
differences.  

The corpus callosum is frequently a site of traumatic axonal injury (Johnson, 
Stewart and Smith, 2013), and shows neurodegenerative changes long after 
TBI (Johnson et al., 2013). The corpus callosum also shows relatively high test-
retest reliability in diffusion MRI measurements compared to other regions 
(Wang et al., 2012). We have previous observed reduced FA in the body and 
splenium of the corpus callosum in the chronic stage of TBI (Kinnunen et al., 
2011). For these reasons, a ROI analysis using a mask of these areas was 
performed. The ROI analysis showed a significant treatment group × time 
interaction (F(1,11)=5.085, p=0.045, partial eta squared=0.316). Post-hoc 
Fisher LSD tests showed non-significant reductions in FA between baseline 
and 12-weeks in the minocycline group (mean difference ± standard error -
0.007 ± 0.004, p=0.161, 95% CI -0.016 to -0.003) and increases in the 
untreated group (0.010 ± 0.006, p=0.114, 95% CI -0.003 to 0.023). Expressed 
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as percentage change from baseline, minocycline was associated with reduced 
mean FA (mean ± SD -0.74% ± 1.78%) over 12 weeks, compared to an 
increase (1.18 ± 1.98%) in the untreated group. 

Minocycline in TBI patients is associated with a borderline worsening of 

information processing speed 

We investigated the effect of treatment arm on change in the composite 
information processing speed measure that had been analysed at baseline. 
There was a borderline significant treatment group × time interaction 
(F(1,11)=4.147, p=0.067, partial eta squared=0.274), with reduction in 
processing speed performance (more negative z-score) in the minocycline 
group from baseline to 12-weeks, compared to the untreated group (Figure 29). 
The change in performance in the two visits in the minocycline group was not 
significant on post-hoc testing (mean difference ± standard error -0.188 ± 0.143, 
p=0.214, 95% CI -0.502 to 0.126, Fisher LSD).  There were no significant 
treatment group × time interactions when assessing baseline and 6-month 
visits. 

 

Figure 29. Effect of minocycline versus no drug on information processing speed 
performance in TBI patients. 

The mean ± SEM of the composite information processing speed (expressed as as a mean of 
individual standardized test scores, with control performance as a reference) is shown for patients 
who received minocycline treatment (red bars) and no drug (blue bars), at baseline and 12-week 
visits.  

We next investigated the relationship between the change in WM [11C]PBR28 
VT from baseline to 12-weeks and the corresponding change in information 
processing speed (Z-score, where a positive score indicates better than 
average performance). This showed a positive correlation between increasing 
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[11C]PBR28 binding between the two visits and improved performance 
(Spearman’s r=0.636, p=0.022). 

 

Figure 30. Association between change in white matter binding and change in information 
processing speed in patients. 

Change in information processing speed (as a Z-score, i.e. in standard deviations) between 
baseline and 12-weeks (y-axis) is plotted against the percentage change in WM [11C]PBR28 VT 
(x-axis) measured over the same period. Values are shown both for patients who received 
minocycline treatment (red) and no drug (blue). A positive value for Δ information process speed 
indicates an improved performance. 

Minocycline was generally well tolerated in TBI patients 

Minocycline treatment was generally well tolerated in TBI patients. One patient 
had nausea and vomiting which was treated initially with anti-emetics and then 
by reducing the dose to 100mg once daily. One patient had mild subjective 
unilateral hearing impairment, which began within days of starting minocycline. 
This was treated initially with decongestants and resolved spontaneously 
despite continuation of the minocycline. 

5.2. Discussion 

The following discussion relates to the results presented in Chapters 4 and 5. 

Brain trauma can trigger long-term neurodegenerative processes, including 
persistent neuroinflammation (Faden and Loane, 2015). Using [11C]PBR28 
PET, we provide evidence that chronic microglial activation is associated with 
WM damage months and years after moderate-severe TBI. Areas associated 
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with high [11C]PBR28 binding show greater damage and atrophy. These 
findings, albeit in a small and variable sample of patients, suggest a 
mechanistic link between TBI-induced chronic neuroinflammation and 
neurodegeneration. We also show that plasma NFL can remain elevated 
months to years after TBI, and that levels are associated with WM inflammation. 
We also show that minocycline in TBI patients is associated with a widespread 
reduction in [11C]PBR28 binding, providing in vivo evidence of an effect of 
minocycline on microglial activation. In analysis which should be considered 
exploratory in light of the small sample size, minocycline was associated with 
an increase in NFL, as well as reduced WM integrity in the corpus callosum and 
borderline slowing of information processing speed. These findings suggest 
minocycline inhibits chronic microglial activation but may also impede recovery 
after brain trauma. 

We found evidence for chronic microglial activation in areas of damaged WM, 
as demonstrated by reduced baseline tissue volume and FA, and progressive 
atrophy over a six-month period. Increasing evidence links chronic microglial 
activation to post-traumatic neurodegeneration (Faden and Loane, 2015). Our 
findings are consistent with neuropathological studies showing persistently 
activated microglia at sites of ongoing WM degeneration many years after injury 
(Johnson et al., 2013). Chronically activated microglia co-locate with myelin 
breakdown products but their role in this situation is unclear (Johnson et al., 
2013). Some evidence suggests microglia exhibit a predominantly pro-
inflammatory activation phenotype (Loane et al., 2014; Kumar et al., 2015). 
Such observations motivate a strategy targeting inhibition of activated microglia 
in the chronic phase after TBI as a means to reduce post-traumatic 
neurodegeneration. However, studies in non-human primates show microglial 
activation months after injury may have a trophic role (Nagamoto-Combs et al., 
2007, 2010).  

We show for the first time, albeit in a small group of patients that plasma NFL 
can remain chronically elevated after TBI, although it falls slowly with time since 
injury. Plasma and CSF NFL have been shown to be highly correlated (Gisslén 
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et al., 2016), and elevated CSF levels of NFL have been observed in acute 
stages of severe TBI and in repetitive mild TBI (Zetterberg, Smith and Blennow, 
2013). In acute severe TBI, plasma neurofilament levels have been shown to 
be elevated and predictive of early outcomes (Siman et al., 2009). However, 
the long-term time course and clinical relevance of plasma NFL has been 
unclear. 

What is the source of the plasma elevation in NFL after TBI? Acute increases 
in plasma biomarkers of brain injury have been thought to partly reflect 
breakdown in BBB permeability seen shortly after TBI. This is assumed to be a 
transient change and so this may not explain how NFL accesses the blood from 
the brain. Recent work has highlighted the importance of the glymphatic system 
as a conduit from brain to blood via the cervical lymphatic system (Plog et al., 
2015). It has been proposed that plasma NFL levels reflect the release of 
neurofilaments from myelinated axons damaged following TBI. The 
relationships we observed between plasma NFL levels, neuroinflammation and 
brain atrophy are in keeping with this hypothesis and our results begin to 
validate its use as a biomarker of post-acute axonal injury. Elevations in plasma 
NFL have been observed in a variety of neurodegenerative diseases, including 
AD (Schraen-Maschke et al., 2008; Gaiottino et al., 2013), ALS and human 
immunovirus (HIV)-related cognitive impairment. In these contexts NFL has 
been proposed to be a biomarker of active neurodegeneration (Gaiottino et al., 
2013; Lu et al., 2015; Gisslén et al., 2016), which is in keeping with our results 
in TBI. It is possible that persistence of BBB leakage in the chronic phase 
contributed to the increased plasma levels of NFL. In this study, unfortunately 
no index of BBB permeability was available. Studies combining CSF and 
plasma NFL in TBI patients in the chronic phase would be beneficial in this 
regard, as would more studies examining the BBB permeability in the chronic 
phase. 

Our results provide evidence that minocycline has a CNS effect and reduces 
microglial activation. In animal studies, minocycline can produce more than a 
50% reduction in microglial activation following experimental TBI (Homsi et al., 
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2010). Here we show a ~25% reduction in [11C]PBR28 binding long after TBI. 
It had been unclear whether standard clinical doses of 100-200mg/day would 
provide an adequate CNS concentration to inhibit microglial activation (Plane 
et al., 2010). Animal studies have typically used much higher doses (human-
equivalent ~3-7g/day) (Plane et al., 2010), which are likely to be toxic in humans 
(Plane et al., 2010). Our findings, whilst in small numbers, provide evidence 
that a 100mg twice daily dose is sufficient to produce a demonstrable effect on 
CNS microglial activation in humans. 

An important question is what the effects of reducing chronic microglial 
activation with minocycline will be. Several factors make this challenging. 
Firstly, microglia can adopt both pro-inflammatory and restorative activation 
phenotypes (Kettenmann et al., 2011), hence inhibition of these disparate 
phenotypes may have different effects. Some experimental TBI work suggests 
the predominant phenotype early after injury may be restorative, but this shifts 
over time towards a pro-inflammatory state associated with neurodegeneration 
(Kumar et al., 2015). In addition, a pro-inflammatory phenotype is more 
common in WM than GM (Olah et al., 2011). On the basis of such observations, 
the increased WM [11C]PBR28 binding may be more attributable to pro-
inflammatory microglia. Secondly, minocycline may have a differential action 
on minocycline according to phenotype.  For example, recent animal studies 
suggests minocycline shifts microglia towards a more restorative (M2-like) 
phenotype (Kobayashi et al., 2013; Burke et al., 2014). If a pro-inflammatory 
phenotype predominates in the chronic phase post-TBI, then the effect of 
minocycline might therefore be beneficial. However, if minocycline additionally 
acts to reduce the activity of all phenotypes then this benefit may be cancelled 
out. Thirdly, evidence is lacking that [11C]PBR28 binding can discriminate 
microglial activation phenotypes. The TSPO PET imaging alone therefore limits 
the interpretation of the reduction in signal seen after minocycline.  Fourthly, 
whether the neuroprotective action of minocycline can be solely attributed to 
the inhibition of microglia has been drawn into question  (Möller et al., 2016). 
Minocycline has a variety of actions and it may be that the reduction of 
[11C]PBR28 binding is produced via one or more indirect mechanisms rather 
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than the direct inhibition of microglia. Evidently further basic and translational 
work is required to answer these questions with confidence. 

We found preliminary evidence for negative effects of minocycline on measures 
of neurodegeneration and cognitive outcome after TBI. Minocycline increased 
plasma NFL levels after 12 weeks of treatment, and the increase in NFL was in 
proportion to the reduction in [11C]PBR28 binding seen over the same period. 
Furthermore, whilst longitudinal atrophy measures did not differ between 
treated and untreated arms, in the minocycline group, baseline NFL was 
predictive of WM atrophy over the subsequent six months. These findings are 
contrary to a study of minocycline in acute spinal cord injury,  where treatment 
was associated with a reduction in NFL levels in a subgroup of patients (Kuhle 
et al., 2015). We also found minocycline had a very small but negative effect 
on WM tract integrity and a borderline negative effect on information processing 
speed after 12 weeks of treatment. One interpretation of these exploratory 
findings is that the effect on microglia of minocycline exacerbates chronic 
neurodegeneration after TBI, a process charted by plasma NFL levels. An 
alternative interpretation is that minocycline has secondary, harmful, effects 
which dominate over any beneficial effects of microglial inhibition. Our findings 
resonate with the outcome of the largest neurological study of minocycline 
(n=412) to date, a randomized placebo-controlled study in ALS (Gordon et al., 
2007), a condition in which elevated NFL is a prognostic indicator (Lu et al., 
2015).  In that study,  minocycline was found to have detrimental effects on 
functional rating scores in a dose-independent manner (Gordon et al., 2007).  

There are several limitations to our study. As highlighted already in the 
discussion, the small sample size means our findings should be regarded as 
preliminary. For example, we could have missed important relationships with 
voxelwise imaging measures, or between plasma NFL and cognitive 
performance, because of power issues. Larger studies would be necessary to 
properly evaluate whether plasma NFL levels correlate with clinical outcome. 
However, it is worth noting that in the broader neurodegenerative field, plasma 
and neuroimaging biomarkers frequently fail to correlate well with clinical 
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measures, despite reflecting well-validated measures of disease progression. 
In addition, host factors, including age (Perry, Cunningham and Holmes, 2007; 
Kumar et al., 2013; Rawji et al., 2016) and genetics (for example apolipoprotein 
E (APOE) genotype) (Hartman et al., 2002; Cudaback et al., 2011) are already 
known to influence the neuroinflammatory and neurodegenerative sequelae of 
injury, but these were not factored in. 

Several of our results are clinically important. Firstly, we have demonstrated 
chronic microglial activation accompanying markers of progressive damage 
following brain trauma. These findings should highlight to clinicians that TBI is 
not a static insult, but rather a chronic disease with potentially persistent 
neuroinflammatory and neurodegenerative sequelae. Secondly, our results 
suggest that plasma NFL, in combination with neuroimaging measures of 
progressive WM atrophy, is a promising approach to evaluating long-term 
axonal injury. Many TBI survivors make a poor recovery or deteriorate long after 
the injury, but it is not currently possible to identify patients who are likely to do 
so. A biomarker of disease progression would allow patients at risk of poor 
outcomes to be identified, and would facilitate clinical studies of long-term 
sequelae of TBI. This could have great clinical utility, for example, in quantifying 
the accumulated brain injury sustained as a result of multiple repetitive mild 
TBIs, such as during a professional sporting career (Oliver et al., 2015), and 
estimating the risk of developing post-traumatic dementia, including CTE 
(McKee et al., 2013). Thirdly, our findings serve as a caution for future research 
in minocycline treatment for TBI patients in the chronic phase. 
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Further discussion on TSPO PET 

The TSPO PET work in Chapters 4 and 5, combined with that in Chapter 3, 
highlight many challenges of TSPO imaging, which are discussed further here. 

Despite being the TSPO PET radioligand of choice for two decades, 
[11C]PK11195 has posed a number of significant challenges for quantification 
(for review, see (Hinz and Boellaard, 2015; Turkheimer et al., 2015)). Firstly, 
PK11195 is highly lipophilic and shows a high level of non-specific binding (e.g. 
to brain fat) (Petit-Taboue et al., 1991). By increasing the background non-
specific signal, this reduces the signal to noise ratio. Because of the low level 
of TSPO in the normal brain, the high non-specific binding of [11C]PK11195, as 
well as specific binding to TSPO in brain blood vessels, becomes predominant 
(Turkheimer et al., 2007). Secondly, [11C]PK11195 shows highly variable kinetic 
behaviour in plasma (Banati et al., 2000), precluding calculation of an arterial 
input function for kinetic modelling. [11C]PK11195 also binds strongly to plasma 
alpha1-acid glycoprotein (AGP), and changes in AGP concentration, which 
have been shown in neuroinflammatory diseases such as multiple sclerosis, 
could significantly alter the free fraction (Lockhart et al., 2003). The latter is 
particularly important because PK11195 also adheres to glass and plastic, and 
therefore accurate measurement of plasma levels is very difficult to achieve. 
Thirdly, [11C]PK11195 is typically analyzed using reference tissue models but, 
because of the ubiquitous low-level expression of TSPO in the brain, a true 
reference region, devoid of specific binding, is lacking (Turkheimer et al., 2015). 
Furthermore, the choice of an anatomically-defined pseudo-reference region 
(i.e. which contains low levels of TSPO, similar between patient and control 
groups) may be challenging without prior pathological validation. In the case of 
disorders with widespread or heterogeneous patterns of microglial activation, 
such as in TBI, an anatomically-defined reference may not be feasible. Hence, 
a variety of data-driven methods have been adopted to circumvent this 
problem, and so the “SuperPK” approach (see http://tinyurl.com/gqe979a) was 
used to generate the parametric maps of  [11C]PK11195 binding potential which 
were used in this thesis (see Chapter 3)  (Turkheimer et al., 2007). 
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The limitations of [11C]PK11195 motivated the development of second-
generation TSPO radioligands with the promise of improved signal-to-noise 
ratio compared to [11C]PK11195. More than 50 candidate TSPO ligands have 
been introduced preclinically, including [18F]FEPPA, [18F]PBR-111, 
[11C]PBR28, and [11C]DPA-713 (see for review (Chauveau et al., 2008; Owen 
and Matthews, 2011)). Human studies using these second-generation ligands 
have demonstrated increased TSPO expression in a variety of CNS disorders, 
including Alzheimer’s disease (Suridjan et al., 2015), amyotrophic lateral 
sclerosis (Zürcher et al., 2015), and multiple sclerosis (Colasanti et al., 2014). 
However, the application of second-generation TSPO radioligands has been 
complicated by the fact that their binding affinities to TSPO are influenced by a 
common polymorphism (rs6971) in the TSPO gene which causes a single 
amino acid substitution (A147T) in the protein (Owen et al., 2012). Because 
147T TSPO binds ligands with lower affinity than 147A, this produces three 
classes of binding affinity across a population: high-affinity (HABs) and low-
affinity binders (LABs) express only the 147A or 147T variants respectively, 
whereas mixed-affinity binders (MABs) are heterozygotes and express both in 
equal proportion (Owen et al., 2010). Therefore, for a given level of TSPO 
expression, the specific PET signal will have the rank order HABs > MABs > 
LABs. The magnitude of the difference in PET signal between the 3 binding 
affinity classes is radioligand specific. For example, [11C]PBR28 has a ~50 fold 
difference in binding affinity between the 147A and 147T variants. Therefore, 
LABs have negligible specific signal, and the specific signal in HABs is virtually 
twice that of MABs. In Caucasians, 49% of subjects are HABs, 42% MABs, and 
9% are LABs, but this distribution varies across ethnic groups (Guo et al., 
2012). Studies must control for this confound, so subjects are genotyped a 
priori. For ligands with a large 147A/T binding affinity ratio like [11C]PBR28, LAB 
subjects are typically excluded. If both HAB and MAB subjects are included, 
then subjects are matched for TSPO genotype, or genotype is modelled as a 
covariate. Recently, because [11C]PBR28 volume of distribution (VT) in HABs 
is about 40% higher than in MABs, to account for the effect of genotype, 
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Gershen et al. multiplied the VT of the MAB group by 1.4 (Gershen et al., 2015). 
However, this approach is yet to be validated.   

Even after accounting for TSPO genotype, many second-generation 
radioligands show high between-subject variability in uptake when using 
analysis methods which rely on measuring the radioligand in the blood (Guo et 
al., 2012). As for [11C]PK11195, high and variable plasma protein binding may 
be a factor (Bloomfield et al., 2016). To account for this, VT can be corrected by 
dividing by the measured free fraction of the ligand in plasma (fp) (i.e. VT/fp) 
(e.g. (Gershen et al., 2015)). However, accurate measurement of the free 
fraction (fp) is difficult, and errors in fp may increase the variability in corrected 
VT (VT/fp) (Park et al., 2015). Another more complex issue is whether the free 
concentration of the radioligand in the arterial plasma, routinely used for the 
input function in PET studies, is appropriate for TSPO radioligands. Unlike most 
CNS PET targets, TSPO is very highly expressed in the blood. It may therefore 
be that the free concentration of TSPO ligand in the arterial plasma is not an 
accurate reflection of the true input function. To reduce variability associated 
with blood based analysis methods, cross-sectional studies have typically used 
a pseudo-reference region approach, as used in this thesis, for example 
whereby regional VT is normalized by the VT of a pseudo-reference region, 
yielding a distribution volume ratio (i.e. DVR). 

As for [11C]PK11195, the in cases like TBI, where there is potentially 
widespread or heterogeneous microglial activation, definition of a (pseudo-) 
reference region is challenging. In this thesis, a whole brain normalisation was 
used (see Chapter 4, Methods). The results were similar when using cortical 
grey matter and cerebellum as reference tissues. 

Use of the whole brain as a reference region does suggest the theoretical 
possibility that, in cases of widespread WM microglial activation which produce 
enough binding, the value for the reference (whole-brain) mean would become 
significantly greater in patient versus control groups. Furthermore, an increase 
in whole brain mean would produce a relative reduction in regional DVRs in the 
patient group (as the denominator gets larger), limiting the sensitivity to detect 
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increases. It would be interesting in future work to model (using simulations) 
the likelihood of such scenarios (i.e. where effects in a whole brain reference 
region have important effects for regional measures), and their effect cross-
sectional comparisons.  

Another contribution to the high variability in signal is thought to be the large 
and ubiquitous TSPO component of [11C]PBR28 binding at the BBB, which 
masks the signal from the parenchymal brain tissues (i.e., GM, WM and 
“inflamed” tissue), thus impeding the identification of a suitable reference 
region, be it manually or automatically derived (i.e., there is no “SuperPBR” 
equivalent of SuperPK) (Turkheimer et al., 2015).  

 

 

 

  

  



 146 

Chapter 6 

6. Discussion 
In this chapter, I summarise and interpret the main findings of the thesis, 
and discuss how they contribute to our understanding of TBI. To 
conclude, I discuss directions for possible research in the future.  

6.1. Summary of findings 

The aim of the thesis was to explore chronic microglial activation and 
neurodegeneration following TBI. I used a combination of TSPO and amyloid 
PET, structural and diffusion MRI, cognitive assessment, serum biomarker 
measurement, and a drug intervention with minocycline. 

The objectives of the thesis were: 

• To image Aβ plaque burden in long-term survivors of TBI, test whether 
TAI and Aβ are correlated, and compare the spatial distribution of Aβ 
to AD; 

• To test whether chronic thalamic microglial activation after TBI is 
correlated with thalamo-cortical tract TAI; 

• To assess chronic microglial activation after TBI, its relation to MRI 
measures of injury, and to test the effect of minocycline on microglial 
activation as well explore the effect of minocycline on measures of 
injury; 

• To test whether plasma NFL and tau are elevated after TBI, and how 
levels relate to cognitive impairment, brain atrophy, chronic microglial 
activation and minocycline. 
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Chapter 2 

In Chapter 2, I investigated the relationship between Aβ plaque burden and TAI 
after TBI using [11C]PIB PET and diffusion MRI. I also compared the distribution 
of Aβ after TBI to that seen in a group of patients with AD. I found increased 
[11C]PIB binding in TBI patients versus controls in the PCC and cerebellum. 
[11C]PIB binding in the neocortex was lower in TBI than AD, but was higher in 
the cerebellum. Binding in the PCC increased with decreasing FA in connected 
WM tracts, and increased with time since injury. These findings support the 
hypothesis that progressive Aβ plaque pathology is related to the presence of 
axonal damage produced subsequent to TBI. Previous neuropathological 
series and imaging studies have separately provided evidence for Aβ pathology 
(Johnson, Stewart and Smith, 2010; Hong et al., 2014) and chronic axonal 
injury (Kinnunen et al., 2011; Johnson, Stewart and Smith, 2013). Pathological 
studies have also suggested a link between these two pathologies in the 
aftermath of TBI (Smith et al., 1999; Chen et al., 2009). However, through the 
use of multi-modal imaging, this is the first time that such a relationship has 
been demonstrated in vivo.  

Chapter 3 

In Chapter 3, I investigated the relationship between chronic thalamic microglial 
activation post TBI, which had been demonstrated using the first-generation 
TSPO ligand [11C]PK11195 (Ramlackhansingh et al., 2011), and thalamo-
cortical TAI, measured using diffusion MRI. The thalamus is highly connected 
and a site of microglial activation following central and peripheral axonal 
damage (Banati, 2002). After stroke, for example, microglial activation is seen 
at the primary lesion but later develops in projection areas including the 
thalamus (Pappata et al., 2000; Thiel et al., 2010). Other diseases involving 
WM damage, including MS, also show thalamic inflammation (Banati, 2002). In 
this first study in TBI to relate inflammation and WM damage in vivo, I found 
that the degree of thalamic chronic microglial activation was highly correlated 
with the amount of thalamo-cortical WM tract damage. The thalamus appears 
to be a common “sink” of secondary inflammation in response to axonal 
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damage, perhaps related to its dense connections to traumatically-injured WM 
tracts. 

Chapter 4 

In Chapter 4, I investigated chronic microglial activation after TBI using 
[11C]PBR28, a second-generation TSPO ligand, and its relation to MRI and 
other measures of brain injury, including plasma NFL and tau. I found 
[11C]PBR28 binding in patients was increased compared to controls in WM and 
thalamus. Previously using [11C]PK11195, we observed microglial activation in 
the posterior limb of the internal capsule as well as the thalamus  
(Ramlackhansingh et al., 2011), but the WM involvement of [11C]PBR28 binding 
was far more extensive. This may reflect the greater signal-to-noise ratio of the 
second-generation ligand. I also found that MRI measures of WM damage, in 
the form of tissue volume loss and reduced FA, were highest in areas of greater 
[11C]PBR28 binding. This is the first in vivo support of previous 
neuropathological reports in long-term TBI survivors showing chronic microglial 
activation alongside evidence of ongoing WM damage (Smith et al., 2012; 
Johnson et al., 2013). Thalamic [11C]PBR28 binding was also strongly 
correlated with poorer composite processing speed score (r=-0.592, p=0.026), 
supporting our previous findings (Ramlackhansingh et al., 2011). 

I found levels of plasma NFL, but not tau, were elevated in patients, who were 
all at least six months after injury.  Elevated CSF levels of NFL have been 
observed in acute TBI, with higher levels seen after more severe injuries 
(Zetterberg, Smith and Blennow, 2013). NFL levels in the peripheral blood have 
been shown to be highly correlated with levels in the CSF (Gaiottino et al., 
2013). However, it was unknown whether NFL remains elevated in the chronic 
phase after TBI. Although there was a negative correlation with time since 
injury, most patients still had levels above the control range. Baseline plasma 
NFL levels were positively correlated with [11C]PBR28 WM binding.  

I found 12 weeks of oral minocycline 100mg twice daily, a standard clinical 
dose, was associated with widespread reduction in [11C]PBR28 binding, 
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including in WM. This finding provides in vivo evidence in humans for a CNS 
action of minocycline on microglia.  

Chapter 5 

In Chapter 5, I went on to investigate the effect of minocycline on other 
measures of brain injury and recovery. First, I assessed atrophy longitudinally 
in the TBI patients from both treatment arms combined. Patients showed 
longitudinal atrophy in WM as well as some GM regions over the six month 
period between baseline and the final visit, a change which was undetectable 
in a group of controls scanned over one year. In keeping with the relationship 
seen at baseline between [11C]PBR28 and tissue volumes, I found that WM 
atrophy longitudinally was greater in voxels with higher baseline [11C]PBR28 
binding.  

I found plasma NFL was unexpectedly increased following minocycline. In 
addition, this increase was proportional to the decrease in WM [11C]PBR28 
binding over the same period. In patients in the minocycline group, but not the 
treatment group, there was also a strong correlation between baseline NFL and 
longitudinal WM atrophy. However, when the two treatment arms were 
compared, there was no difference in longitudinal atrophy per se. 

I also found that there was a negative effect of minocycline on WM tract integrity 
in the corpus callosum and a borderline significant deterioration in information 
processing speed. I discuss these results in more detail below. Together, they 
suggest that minocycline, either through its action on microglia, or via other 
pathways, may harm long-term recovery after TBI in spite of the [11C]PBR28 
PET changes suggesting a reduction in microglial activation. 

6.2. Interpretation  

A multi-modal investigation of chronic disease processes after TBI  

The findings of this thesis shed light on the chronic pathophysiological 
consequences of TBI. Historically, TBI was thought to involve a static insult 
from a single event. However, previous clinical and epidemiological 
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observations – for example the evidence that patients can deteriorate many 
years post-TBI and are at risk of dementia – suggest this is not the case. In 
support of these observations, the thesis provides a variety of evidence that 
TBI triggers processes which persist for months and years after injury. These 
processes include the presence of Aβ plaque pathology, chronic microglial 
activation, tissue volume loss, progressive atrophy and elevated plasma NFL. 
Such processes have hitherto been largely researched in isolation, and using 
experimental models or in human autopsy series.  Here, by combining 
molecular imaging, structural and diffusion MRI, and other measures of injury, 
I have been able to explore the interaction of these processes in vivo.  

Importance of WM damage in the chronic pathophysiology of TBI 

The presence of WM damage is a hallmark of TBI (Johnson, Stewart and Smith, 
2013), and the thesis links WM damage to other processes which have been 
implicated in chronic neurodegenerative disease. WM damage in the chronic 
phase post-TBI is known to be an important determinant of brain function 
(Kinnunen et al., 2011; Sharp et al., 2011; Sharp, Scott and Leech, 2014; 
Hellyer et al., 2015). I found evidence for WM injury in TBI patients, as 
measured by structural and diffusion MRI, in keeping with our previous work 
(Kinnunen et al., 2011; Sharp et al., 2011; Cole et al., 2015). I also found that 
after TBI, the burden of Aβ plaques in the PCC – a frequent site of Aβ pathology 
in AD – was proportional to the amount of WM damage in connected tracts. 
This supports the hypothesis that WM damage plays a role in the genesis of 
Aβ pathology after TBI (Johnson, Stewart and Smith, 2010). In addition, WM 
damage was found to be greater in areas of increased chronic microglial 
activation. Together, these findings suggest WM damage has an important role 
in the long-term pathophysiology of TBI. Further work is required to establish 
whether this WM damage is a cause or effect of processes like Aβ plaque 
deposition and chronic microglial activation. 

Biomarkers of chronic neurodegeneration after TBI 

The findings of persistently elevated plasma NFL in association with WM 
inflammation and neurodegeneration are clinically important because of the 
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need to develop validated biomarkers for WM damage. It is well-known that the 
presence of TAI plays a fundamental role in determining long-term outcome. 
However, the pathophysiology of TAI in humans is poorly understood and at 
present we have no validated methods for assessing TAI clinically. A key goal 
for TBI research is to develop and validate sensitive and specific measures of 
TAI that demonstrate the extent of injury and its progression. This should 
improve the ability to predict clinical outcome and also provide biomarkers to 
assess novel neuroprotective drugs that become available. 

The results of the thesis suggest that combining plasma NFL and neuroimaging 
measures of progressive WM atrophy is a promising approach to evaluating 
axonal injury after TBI. This could have great clinical utility across a wide range 
of settings, for example, in quantifying the accumulated brain injury sustained 
as a result of multiple repetitive mild TBIs, such as during a professional 
sporting career (Oliver et al., 2015), or in estimating the risk of developing post-
traumatic dementia, including CTE (McKee et al., 2013). NFL could also be 
used to enrich clinical trials of chronic TBI, by selecting patients at increased 
risk of late complications.  

Does a reduction in [11C]PBR28 binding after minocycline imply a direct action 

on microglia? 

The thesis moved beyond an observational approach through the intervention 
of minocycline to target chronic microglial activation.  Minocycline was 
associated with a widespread reduction in [11C]PBR28 binding. This finding 
provides in vivo evidence that minocycline at standard clinical doses reaches 
sufficient concentration in the CNS to have an immunomodulatory action. There 
are many possible explanations for this finding, beyond a direct inhibition of 
microglial activation. One alternative is that minocycline caused a change in 
measured [11C]PBR28 binding through a peripheral (non-CNS) action, for 
example by altering the metabolism of the ligand or a via interrupting ligand 
transport across the BBB. Another explanation for the change in [11C]PBR28 
binding is that minocycline caused about a reduction in microglial activation 
through a pathway other than the direct inhibition of microglia. Minocycline is 
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known to be a pluripotent compound with a variety of actions potentially 
underlying its immunomodulatory effects (see Chapter 1) (Garrido-Mesa, 
Zarzuelo and Gálvez, 2013b). Effects on one pathway are likely to impact on 
another, and may lead to an effect on microglia, for example by changing the 
chemical stimuli in the microglial microenvironment.  It is therefore possible that 
one or more of these other effects led to a secondary reduction in microglial 
activation (Möller et al., 2016). 

Increases in plasma NFL after minocycline support a CNS action 

The finding that minocycline was associated with an increase in plasma NFL, 
whilst an unexpected direction of change, nevertheless provides additional 
support for a CNS action of the drug. The elevation post-minocycline at 12 
weeks and subsequent fall at six months, long after minocycline cessation, 
suggest an effect of the drug on the nervous system for the duration of 
treatment. Again, it is possible that minocycline indirectly brought about an 
increase in NFL through a peripheral mechanism, for example by increasing 
the availability of NFL in plasma, rather than an effect on axons. However, a 
previous study of minocycline in acute spinal cord injury found treatment was 
associated with a reduction in NFL levels in a subgroup of patients (Kuhle et 
al., 2015), suggesting minocycline does not increase NFL as a non-specific side 
effect.  

What kind of activated microglia is minocycline inhibiting?  

The minocycline interventional study was motivated by two important 
assumptions, which were informed by previous evidence. 

Firstly, that minocycline exerts an inhibitory effect on microglial activation. 
There is good evidence that minocycline reduces microglial activation in a 
variety of animal models of CNS disorders including acute TBI (Chapter 1). 
However, the effect of minocycline is likely to vary according to the underlying 
disease, the underlying microglial phenotype, and also the phase of the 
disease. This variability might explain the discrepant results in clinical trials of 
minocycline. For example,  the largest study of minocycline in ALS, a 
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neurodegenerative condition associated with elevated NFL levels, found 
minocycline to be harmful (Gordon et al., 2007). However, other studies, for 
example in clinically isolated syndrome and acute stroke, have shown a 
beneficial effect (Lampl et al., 2007; Metz et al., 2015). The beneficial or 
detrimental effects exerted by minocycline may also be independent of any 
direct action on microglia (Garrido-Mesa, Zarzuelo and Gálvez, 2013b; Möller 
et al., 2016). 

Is chronic microglial activation after TBI a friend or foe? 

The second assumption was that chronically activated microglia are harmful to 
recovery, i.e. of a phenotype whose activity ultimately leads to tissue loss or 
interferes with normal neuronal function. The existing evidence was more 
equivocal here. In TBI, there are only a small number of experimental studies 
of the chronic phase, with contrasting findings (Chapter 1). Those studies which 
have focused on phenotype from early in the disease suggest an evolving pro-
inflammatory predominance of microglia over time (Chapter 1). 

In the broader neurodegeneration literature, chronic microglial activation is 
frequently implicated in the pathogenesis of neurodegenerative disease 
(Dheen, Kaur and Ling, 2007; Frank-Cannon et al., 2009; Lull and Block, 2010; 
Gentleman, 2013). However, as Gentleman observes in a review on the role of 
microglia in relation to AD, PD and ALS, “…what remains unclear is the precise 
nature of that activation and whether it is similar in different diseases.” 
(Gentleman, 2013). The review reaffirms that microglia have a role in the 
pathogenesis of these conditions, but that their precise role seems to vary 
between these diseases: “In AD there is evidence for a role in the initiation and 
progression of the disease. Alternatively, senescence and impaired function of 
the microglia may lead to loss of a neuroprotective function. In PD the microglial 
response does not seem to be quite so prolific and is perhaps more reactive 
and closely linked to astrocytic changes whereas in ALS the microglia 
expressing mutant protein seem to be directly toxic to motoneurons.” 
(Gentleman, 2013). This summary highlights some of the challenges of 
understanding the role of microglia across different diseases, and in relation to 
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other cell types. Despite decades of research, there clearly remains a great 
deal of uncertainty about the role of microglia in neurodegenerative disease, 
and similar research into chronic TBI is, by comparison, only in its infancy 
(Faden and Loane, 2015).  

Several findings from the thesis challenge the second assumption that chronic 
microglial activation after TBI is harmful. Minocycline led to reduced 
[11C]PBR28 binding but increased plasma NFL levels. Furthermore, in patients 
who took minocycline, there was a positive correlation between baseline NFL 
(i.e. before patients had started the 12 week course of minocycline) and the 
degree of subsequent atrophy from baseline to six months. Whilst there were 
no differences in longitudinal atrophy detected over this period between the two 
treatment arms, and this was a small study, one interpretation of these findings 
is as follows: (1) chronically activated microglia after TBI (indexed by 
[11C]PBR28 binding) are beneficial for suppressing long-term damage caused 
by other processes, whose effects are indexed by plasma NFL levels; (2) 
inhibition of microglia by minocycline increases the activity of these other 
processes, whose baseline activity was indexed by NFL, resulting in a greater 
degree of tissue damage. This interpretation would explain the rise in NFL, as 
well as the correlation observed between baseline NFL and atrophy which 
appeared in the minocycline group. This model is also supported by the finding 
that, in the corpus callosum, where TAI is common and diffusion MRI is 
sensitive to change, minocycline therapy was associated with a decrease in 
WM tract integrity. 

6.3. Future research 

TSPO and microglial phenotype 

TSPO PET imaging provides a biomarker to investigate microglial activation 
and the effect of immunomodulatory drugs. However, given the complexity of 
microglia and uncertainty regarding their role in CNS disease, this modality has 
some limitations. TSPO PET binding is a one dimensional measure, i.e. a single 
value for the strength of binding is ascribed to each ROI or voxel. Conversely, 
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microglial activation cannot in vivo be described along a single dimension, from 
“off” to “on”. As we have seen, there is at least one other dimension, that of 
microglial activation phenotype. The phenotype can be projected onto a single 
axis, a spectrum, from “M1-like” (pro-inflammatory) to “M2-like” (restorative) 
microglia, but these are caricatures which do not reflect the range and 
complexity of microglial phenotypes occurring in vivo (David and Kroner, 2011; 
Boche, Perry and Nicoll, 2013). Crucially, on the basis of current evidence, 
TSPO PET cannot discriminate activation phenotype. This is an important 
limitation to the modality. 

Future research should establish how TSPO expression, and TSPO PET ligand 
binding, varies with activation phenotype. Without this information, or 
supporting evidence from relevant experimental work or neuropathological 
data, it is difficult to interpret the TSPO PET signal in disease states, or any 
change in binding in response to a drug. A detailed characterization is needed 
of how TSPO expression varies with the diversity of microglial phenotypes seen 
in vivo. For TBI research, a detailed description of the timecourse of microglial 
phenotype in humans after TBI, and its relation to TSPO expression, would 
greatly advance the utility of in vivo TSPO imaging in this condition. 

I have found that the multi-modal approach used in this thesis has yielded many 
insights into the chronic sequelae of TBI and contributed to our understanding 
of long-term processes after TBI. This approach has also, to some extent, 
helped to overcome the limitations of TSPO PET, by providing complimentary 
markers of brain injury for direct comparison with TSPO measures. This has 
helped to understand the cross-sectional differences seen in TSPO binding as 
well as the effects of minocycline.  

Minocycline treatment after TBI 

On the basis of the findings in this thesis, there is little support for further 
investigation of minocycline as a treatment in chronic TBI. It is possible that 
some of the negative effects of minocycline, for example on MRI measures or 
cognitive performance, may have arisen by chance in this small study. 
However, the increase in NFL in particular appears a robust, adverse, result. In 
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light of these findings, further experimental work should be conducted before 
any further clinical study of minocycline in chronic TBI. An important animal 
study would be to administer minocycline at a delayed time point post TBI. No 
previous experimental studies have done so. This is important because the 
effect of minocycline may differ if first administered in the post-acute versus 
acute phase. It is also conceivable that the outcomes in a human study would 
be different if minocycline were administered acutely. In a similar vein to the 
TSPO and microglial phenotype research suggested, a more detailed 
characterization of the actions of minocycline is needed, focusing on microglial 
phenotype and the effects on brain injury. 

TBI as a chronic neurodegenerative disease 

The use of longitudinal imaging and NFL has proven to be valuable in the 
thesis. The results suggest significant degrees of neurodegeneration continue 
in the chronic phase after TBI. Further longitudinal studies, ideally at higher 
frequency of visits and for longer follow-up, would help chart the prolonged and 
dynamic timecourse of change that occurs in the brain after TBI. This approach, 
focusing on quantifying the arc of neurodegeneration and accumulation of 
pathology, alongside clinical markers, has been been fruitful in the 
characterization of dementia (Buckner et al., 2005; Schott et al., 2005; Jack et 
al., 2010). 

Evidence for long-term processes after TBI suggests the window of opportunity 
for therapeutic intervention may be much longer than is usually considered. 
This is encouraging particularly in light of the failure of so many drug trials 
targeting the acute stage (Maas, Roozenbeek and Manley, 2010). Future 
research into late-stage disease modifying interventions in TBI is still 
warranted, supported by neuroimaging, peripheral biomarker assessment, and 
appropriate preclinical experimentation.
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