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Abstract 

Frontotemporal dementia (FTD) is a clinically and pathologically diverse disease with few 

reliable biomarkers and no effective treatments. Increasing evidence suggests that 

chronic neuroinflammation and microglial dysfunction contribute to disease, particularly 

in genetic FTD due to progranulin (GRN) mutations. This thesis examines the clinical, 

histological and fluid biomarker evidence of immune dysregulation and 

neuroinflammation in FTD, with a focus on microglia.  

 

Assessment of systemic autoimmune diseases in individuals with genetic FTD 

demonstrates that non-thyroid autoimmune diseases are more prevalent in GRN 

mutation carriers than controls. Exploration of the histopathological correlates of MRI 

white matter hyperintensities (WMH) in a patient with FTD due to a GRN mutation links 

severe WMH in the frontal lobes to extensive white matter demyelination and microglial 

dystrophy. Immunohistochemical assessment of microglia in frontal and temporal post-

mortem brain tissue from individuals with different sporadic and genetic subtypes of 

frontotemporal lobar degeneration (FTLD), Alzheimer’s disease (AD) and controls 

demonstrates regional differences in microglial burden, activation and dystrophy, which 

vary by microglial phenotype, pathological subtype and disease mechanism. 

Measurement of levels of glia-derived biomarkers (sTREM2, YKL-40 and chitotriosidase) 

in cerebrospinal fluid (CSF) of individuals with sporadic and genetic FTD and controls 

shows that levels are elevated in certain subgroups, particularly in those with GRN 

mutations, or likely underlying AD rather than FTLD. Investigation of these biomarkers in 

CSF of presymptomatic mutation carriers (PMC) and symptomatic individuals with 

genetic FTD reveals raised chitotriosidase levels in GRN and MAPT mutation carriers 

with FTD, with elevation several years before expected onset in GRN PMC. 
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In conclusion, this thesis provides multimodal evidence of dysregulated 

neuroinflammation in FTD and highlights the role of microglial dysfunction and 

senescence in the pathogenesis of FTLD, particularly in GRN mutation carriers. Further 

investigation of these processes may guide therapeutic and biomarker approaches for 

use in future clinical trials.  
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1 Introduction 

1.1 An overview of frontotemporal dementia (FTD) 

Frontotemporal dementia (FTD) is a clinically, genetically and neuropathologically 

diverse neurodegenerative disorder leading to progressive frontal and temporal atrophy 

and changes in behaviour, language and motor function. Although it occurs less 

frequently than Alzheimer’s disease (AD), FTD is the second most common cause of 

young-onset dementia, typically presenting in individuals aged between 45 to 65 years 

(Onyike and Diehl-Schmid, 2013). However, it can affect individuals from their 30s to 

their 90s and it may be under-diagnosed in older individuals due to misdiagnoses of AD, 

other types of dementia, or late-onset psychiatric disorders. The overall prevalence of 

FTD is 10-15 per 100,000 and the lifetime risk of developing FTD in the United Kingdom 

is 1 in 742 (Coyle-Gilchrist et al., 2016).  

 

The majority of FTD has no known cause (‘sporadic’ FTD), but around 30-50% of cases 

are familial (Goldman et al., 2005; Rohrer et al., 2009a), with around 10-30% of FTD 

cases overall due to autosomal dominant mutations in one of several genes (Seelaar et 

al., 2011; Wood et al., 2013); this is known as genetic FTD. The most common genes 

involved are chromosome 9 open reading frame 72 (C9orf72) (DeJesus-Hernandez et 

al., 2011; Renton et al., 2011), progranulin (GRN) (Baker et al., 2006; Cruts et al., 2006) 

and microtubule-associated protein tau (MAPT) (Hutton et al., 1998; Spillantini et al., 

1998). Although multiple clinical trials are on the horizon, there remains no current 

effective or disease modifying treatment for FTD. 

 

This introductory chapter summarises the clinical, genetic and neuropathological aspects 

of FTD, the current state of fluid biomarkers of FTD and the evidence that implicates 

aberrant neuroinflammation, particularly microglial dysfunction, in disease pathogenesis. 
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1.1.1 Clinical syndromes 

There are two main initial clinical presentations of FTD. Over 50% of individuals present 

with behavioural variant FTD (bvFTD), which leads to progressive behavioural change, 

inappropriate social conduct and executive dysfunction. The remainder present with 

primary progressive aphasia (PPA), which leads to progressive language decline and 

speech difficulties (Warren et al., 2013). Individuals with FTD can also develop ‘overlap 

syndromes’ of motor neuron disease (MND) (Devenney et al., 2015) or atypical 

parkinsonian disorders: either corticobasal syndrome (CBS) or progressive supranuclear 

palsy syndrome (PSPS) (Park and Chung, 2013). 

 

BvFTD presents with progressive changes in personality and behaviour, a decline in 

social skills and impaired higher level thinking due to executive dysfunction. Early on, 

there is relative preservation of other cognitive areas such as episodic memory and 

visuospatial function (Warren et al., 2013). The current clinical diagnostic criteria for 

bvFTD (Rascovsky et al., 2011) are displayed in Table 1.1. Individuals must attain three 

of six clinical features: five behavioural (disinhibition, apathy or inertia, loss of sympathy 

or empathy, stereotyped or compulsive behaviors, or hyperorality) and one cognitive 

(predominant executive dysfunction on neuropsychological assessment). Individuals 

with PPA, CBS, PSPS or MND can also develop similar behavioural changes, but they 

must not be predominant initially. BvFTD is associated with frontal and temporal lobe 

atrophy on neuroimaging, which may be asymmetrical, and the pattern of atrophy can 

vary between individuals with similar clinical presentations (Rascovsky et al., 2011). 
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Behavioural and cognitive  
symptoms of bvFTD 

 
Diagnosis of possible bvFTD requires at least 

3 of the following symptoms to be fulfilled: 

Examples of specific symptoms 

Early behavioural disinhibition ≥ 1 of: 

Socially inappropriate behaviour 
Staring, inappropriate physical contact with strangers, 
verbal or physical aggression  

Loss of manners or decorum 
Lack of social etiquette, insensitive or rude comments, 
preference for crass jokes and slapstick humour, 
inappropriate choices of clothing or gifts 

Impulsive, rash or careless actions 
New gambling behaviour, driving or investing recklessly, 
overspending, gullibility to phishing/internet scams 

Early apathy or inertia ≥ 1 of: 

Apathy 
Reduced drive, stops previous hobbies, stops going out, 
reduced bathing or personal care 

Inertia 
Lack of persistence or completion of an activity, does 
not initiate activities or conversations 

Early loss of sympathy or empathy ≥ 1 of: 

Diminished response to other people’s needs and 
feelings 

Selfish or hurtful comments or actions, inability to 
perceive when someone is upset, embarrassed, or in 
pain, reduced appreciation of sarcasm or sophisticated 
humor 

Diminished social interest, interrelatedness, or 
personal warmth 

Emotionally cold or detached, lack of rapport in 
conversation, loss of interest or affection in relationships 
with friends or family members, reduced interest in sex 

Early perseverative, stereotyped or compulsive or ritualistic behavior ≥ 1 of: 

Simple repetitive movements  Repetitive rocking, tapping, clapping, or rubbing 

Complex compulsive or ritualistic behaviours 

Hoarding, strict grooming or walking routines, 
timekeeping and counting, checking or sorting items, 
cleaning or tidying, new obsessions or interests (usually 
spiritual, religious, artistic, or musical) 

Stereotypy of speech 
Habitual repetition of particular words, sentences or 
topics 

Hyperorality and dietary changes ≥ 1 of: 

Altered food preferences 
Sweet tooth (sweets, biscuits, ice cream), 
carbohydrates, or obsessive food fads 

Binge eating, increased consumption of alcohol or 
cigarettes 

Cramming food into mouth, overeating or messy eating, 
new addictions to alcohol or smoking 

Oral exploration or consumption of inedible objects Pica 

Neuropsychological profile – all 3 of: 

Deficits in executive tasks 

Vary as per neuropsychological assessment used Relative sparing of episodic memory 

Relative sparing of visuospatial skills 

Other features of bvFTD (not in diagnostic 
criteria) 

Examples of specific symptoms 

Loss of insight Lack of awareness of own condition or symptoms 

Rigidity of thought 
Inflexible towards new ideas or routines, stubbornness, 
becomes angry or irritable if contradicted 

Irritability and aggression 
Easily riled or annoyed, verbally aggressive or shouts at 
relatives 

Altered sensitivity to pain 
Heightened perception of a non-painful stimulus or 
reduced response to painful stimulus; hypochondriasis 
or overly focusing on mild physical complaints 

Altered tolerance of temperature 
Inappropriate clothing for the ambient temperature, such 
as wearing multiple coats or blankets 

Psychotic features 
Delusions (usually somatic or paranoid) and 
hallucinations (usually tactile or visual) 

Table 1.1 Current diagnostic criteria for bvFTD and other commonly seen features 

Table content is adapted from Rascovsky et al. (2011) and Warren et al. (2013) and published in 
(Woollacott and Rohrer, 2016). The term ‘early’ refers to within three years of initial symptom onset 
as per Rascovsky et al. (2011). 
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PPA presents with progressive language decline affecting at least one of object naming, 

word comprehension, speech production, or syntax (Gorno-Tempini et al., 2011). Other 

cognitive or behavioural deficits can develop but must not be the initial, predominant 

complaint. There are three variants of PPA: semantic variant PPA (svPPA), previously 

known as semantic dementia; nonfluent variant PPA (nfvPPA), previously known as 

progressive non-fluent aphasia; and logopenic variant PPA (lvPPA), previously known 

as logopenic aphasia (Gorno-Tempini et al., 2011). Distinct language features can be 

used to differentiate between these variants, summarised in Table 1.2. 

 svPPA nfvPPA lvPPA 

Proportion of PPA 
cases 

20% 25% 30% 

Heritability Vast majority sporadic 

Often sporadic, but some 
genetic  
 
(GRN or MAPT > C9orf72 
mutations) 

Mostly sporadic, around 
70% AD pathology 

Neuroimaging 
phenotype 

Asymmetrical anteroinferior 
temporal lobe atrophy 
(usually left temporal, but 
right temporal lobe variant 
exists) 

Left posteroinferior frontal 
lobe and insular atrophy 

Left posterior temporo-
parietal atrophy 

Behavioural and 
other cognitive 
features 

Obsessionality, mental 
rigidity, time-keeping, 
narrowed interests; 
heightened sensitivity to 
pain/temperature/sound, 
food fads 

May develop features of 
bvFTD, as well as 
orofacial apraxia and limb 
apraxia 

Prominent AD-like 
features e.g. episodic 
memory problems, 
visuoperceptual problems, 
limb apraxia 

Spontaneous 
speech 
(fluency; errors; 
grammar; 
prosody) 
 

Fluent, garrulous and 
circumlocutory; semantic 
errors; intact grammar and 
prosody 

Slow and hesitant, 
effortful +/- apraxic; 
phonetic errors; +/- 
agrammatic; aprosodic 

Hesitant; not effortful or 
apraxic; frequent word-
finding pauses and loss of 
train of sentence; intact 
grammar; intact prosody 

Naming 
Severe anomia with 
semantic paraphasias and 
errors 

Moderate anomia with 
phonetic errors 

Mild-moderate anomia 
with visual and verbal 
errors 

Single word 
comprehension 

Poor 
Intact early on, but 
affected later on 

Intact early on 

Sentence 
comprehension 

Initially preserved, later on 
becomes impaired as word 
comprehension is impaired 

Impaired if grammatically 
complex 

Impaired, especially if long 

Single word 
repetition 

Intact if word comprehended 
Mild to moderately 
impaired if polysyllabic, 
otherwise intact 

Relatively intact 

Sentence 
repetition 

Intact if words 
comprehended 

Can be effortful; impaired 
if grammatically complex 

Impaired 

Reading Surface dyslexia 
Effortful phonological 
dyslexia +/- phonetic 
errors 

Can have phonological 
dyslexia 

Writing Surface dysgraphia Phonological dysgraphia 
Phonological/mixed 
dysgraphia 

 

Table 1.2 Clinical features of the PPA syndromes 

Clinical features are adapted from tables in Gorno-Tempini et al., 2011; Rohrer et al., 2010, 2008; Seelaar 
et al., 2011; Woollacott and Rohrer, 2016. 
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SvPPA affects semantic memory, impairing object naming and single word 

comprehension. This leads to initially fluent but garrulous, circumlocutory speech, 

progressive anomia, and difficulty in reading and pronouncing irregularly spelled words 

(surface dyslexia). There are often behavioural changes as the disease evolves. SvPPA 

is associated with bilateral, asymmetrical (typically left more than right) anteroinferior 

temporal lobe atrophy (Rohrer et al., 2009b). NfvPPA presents with non-fluent, effortful 

speech, impaired single word repetition and sentence comprehension, sometimes with 

later behavioural changes. Some individuals have prominent speech apraxia, with 

phonemic (sound) or phonetic (articulation) speech errors (often associated with 

orofacial apraxia). Others have prominent agrammatism, which disrupts sentence 

structure and flow. NfvPPA is associated with left inferoposterior frontal and insular 

atrophy (Rohrer et al., 2009b). LvPPA presents with hesitant speech, word-finding 

pauses, anomia and impaired sentence repetition, although it also affects episodic 

memory and visuoperceptual function. It is associated with asymmetrical (left more than 

right) temporoparietal atrophy (Rohrer et al., 2013). In around 70% of cases lvPPA is 

due to AD pathology, so is often called an ‘atypical AD syndrome’, but it can also be due 

to FTD-associated pathology, so sits within the FTD spectrum (Lashley et al., 2015). 

Some individuals develop a language or speech disorder which does not fit criteria for 

any of these PPA variants, called ‘PPA-not otherwise specified’ (PPA-NOS) (Sajjadi et 

al., 2012). 

 

Around 10-15% of individuals with FTD later develop MND; most had bvFTD initially, 

although some start with nfvPPA (Burrell et al., 2011). Individuals with FTD-MND usually 

develop the amyotrophic lateral sclerosis (ALS) variant of MND, but other phenotypes 

are occasionally seen. FTD-MND is often genetic, most commonly due to a C9orf72 

expansion (Mahoney et al., 2012). Whilst 10-20% of individuals initially presenting with 

MND later meet diagnostic criteria for FTD (typically bvFTD), at least 50% of MND cases 
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develop less severe behavioural (Strong et al., 2009) or language (Taylor et al., 2013) 

impairment. Although CBS and PSPS are encompassed within the FTD spectrum, they 

have their own set of diagnostic criteria (Armstrong et al., 2013; Höglinger et al., 2017; 

Litvan et al., 1996). Some individuals who also meet diagnostic criteria for bvFTD or PPA 

(typically nfvPPA) may initially present with or later develop CBS (asymmetrical limb 

apraxia and an ‘alien limb’, rigidity, myoclonus) or PSPS (vertical gaze palsy, early 

postural instability with falls, marked cognitive slowing). However, less obvious 

parkinsonism (bradykinesia, rigidity, tremor, postural instability) not fully consistent with 

CBS or PSPS is seen in around 20% of FTD cases early on, and a larger proportion 

develop parkinsonism by end-stage disease (Park and Chung, 2013). Rarely, individuals 

develop FTD, MND and parkinsonism (Mahoney et al., 2012).   

1.1.2 Diagnosis 

Diagnosis of FTD relies on a thorough clinical assessment, with a detailed history from 

the patient and, importantly, their friend or relative (due to impaired insight in many FTD 

cases), to establish whether they meet clinical diagnostic criteria for bvFTD (Table 1.1) 

or PPA (Table 1.2). A neurological examination should look for signs of parkinsonism, 

CBS, PSPS, and MND, or other signs, for example chorea, which may indicate presence 

of an alternative neurodegenerative disorder, such as Huntington’s disease (HD). A 

clinical cognitive examination and detailed neuropsychological assessments help to 

clarify the pattern and severity of cognitive impairment, identify psychiatric disorders, 

and, if repeated, assess for decline over time (Warren et al., 2013). Neuroimaging using 

magnetic resonance imaging (MRI) is vital to rule out structural lesions (such as frontal 

lobe tumours, demyelination or leukodystrophies) that are FTD ‘disease mimics’, 

delineate the pattern of atrophy to confirm a frontal and/or temporal predominance, and 

exclude atrophy patterns more commonly seen in other neurodegenerative disorders 

such as AD (bilateral hippocampal atrophy or posterior cortical atrophy), or prominent 

cerebrovascular disease (Warren et al., 2013). Pronounced asymmetry of atrophy may 
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be helpful for confirmation of certain FTD syndromes such as svPPA, nfvPPA or lvPPA, 

and characteristic patterns of atrophy or other neuroimaging changes are seen in 

different genetic FTD subtypes (Cash et al., 2018; Fumagalli et al., 2018; Jiskoot et al., 

2018; Panman et al., 2019; Rohrer et al., 2015). Serial MRIs with comparison of images 

over time can establish whether there is progressive atrophy if it remains unclear whether 

there is a neurodegenerative disorder, or where the initial MRI appears normal. Metabolic 

brain imaging with fluorodeoxyglucose positron emission tomography (FDG-PET), which 

detects cerebral glucose metabolism, or with single photon emission computed 

tomography (SPECT), which quantifies cerebral blood flow, can detect regional 

abnormalities if the MRI scan appears normal, demonstrating hypometabolism or 

hypoperfusion in frontal and temporal regions before atrophy is evident (Warren et al., 

2013).  

 

Individuals with suspected FTD may benefit from having a lumbar puncture for 

assessment of cerebrospinal fluid (CSF). This is used to exclude infective or 

neuroinflammatory mimics of FTD (through analysis of white cell count, protein and 

glucose levels) and to examine levels of proteins altered in AD or prion disease. Levels 

of amyloid beta 1-42 (Aβ42), total tau (T-tau), and phosphorylated-tau-181 (P-tau) in 

CSF help to differentiate AD from other types of dementia (including FTD) or those with 

subjective cognitive impairment. Some centres offer amyloid PET imaging, where a 

tracer detects fibrillar amyloid beta (Aβ) in the brain. This is a useful non-invasive way of 

detecting amyloid pathology and therefore diagnosing AD, although dual pathology (AD 

and other) can lead to FTD syndromes, and some cognitively normal individuals have 

positive amyloid PET scans. 
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1.1.3 Genetics 

Despite detailed clinical, neuropsychological, neuroimaging and CSF assessments, the 

diagnosis of FTD can remain challenging in clinical practice. Currently, the only 

confirmed risk factors for FTD are mutations in certain genes, so identification of a 

causative gene mutation can substantially aid diagnosis. Between 30-50% of individuals 

report a history of FTD or another neurodegenerative disorder in at least one family 

member (Goldman et al., 2005; Rohrer et al., 2009a), and an autosomal dominant 

inheritance pattern is seen in 10-30% of individuals (Seelaar et al., 2011; Wood et al., 

2013). BvFTD is much more heritable than nfvPPA, whereas svPPA and lvPPA are rarely 

genetic. Autosomal dominant mutations in three genes (C9orf72, GRN and MAPT) 

account for the majority of genetic FTD cases, but mutations in several other genes are 

more rarely associated with FTD. Very rarely there are dual mutations present, for 

example in GRN and C9orf72 (Lashley et al., 2014). The various genetic FTD syndromes 

have different but often overlapping clinical presentations and disease trajectories; these 

are summarised below. 

1.1.3.1 MAPT mutations 

The first genetic cause of FTD was established in 1998, with identification of mutations 

in the MAPT gene on chromosome 17, which encodes the protein tau (Hutton et al., 

1998; Spillantini et al., 1998). There are currently at least 67 known pathogenic mutations 

in MAPT, making up between 5-20% of FTD cases overall, 23% of genetic FTD cases, 

and 1-2% of sporadic cases (Moore et al., 2020; Pickering-Brown et al., 2008). MAPT 

mutations either affect the splicing of exon 10, leading to an imbalance in the tau isoforms 

in the brain (shifting it from equal proportions of 3 repeat [3R] and 4 repeat [4R] tau, to a 

predominance of either of these isoforms and subsequent aggregation of insoluble 3R 

tau, 4R tau or both), or occur as missense mutations in exons 9 to 13, affecting tau 

protein function in microtubule stabilisation (for example by hyperphosphorylation), or 

they affect both mechanisms, ultimately promoting tau aggregation (Hutton et al., 1998).  
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Individuals with MAPT mutations typically develop FTD at a younger age than those with 

GRN or C9orf72 mutations, with a mean age at onset (AAO) of 49.5 years, but this varies 

widely, from 24-93 years (Moore et al., 2020). Penetrance is almost 100%, and mean 

disease duration is 9.3 years, but ranges from 0-45 years (Moore et al., 2020). The typical 

clinical picture is bvFTD, often with parkinsonism, typically with later language decline 

(usually semantic impairment) (Benussi et al., 2015; Pickering-Brown et al., 2008; 

Seelaar et al., 2011). MND is extremely rare, but there can be prominent episodic 

memory impairment and bilateral hippocampal atrophy, sometimes leading to a 

misdiagnosis of AD (Tolboom et al., 2010). There is generally poor correlation of clinical 

features with the specific mutation type (Benussi et al., 2015).   

1.1.3.2 GRN mutations 

Despite the discovery of MAPT mutations, many families clearly had familial FTD linked 

to chromosome 17, but without mutations in MAPT or tau pathology. Mutations in GRN 

on chromosome 17 were identified in 2006 (Baker et al., 2006; Cruts et al., 2006), and 

there are currently at least 130 known pathogenic GRN mutations. GRN mutations are 

the second most common genetic cause of FTD, making up 5-10% of FTD overall 

(Seelaar et al., 2011), 35% of genetic FTD (Moore et al., 2020) and 5% of ‘sporadic’ FTD.  

 

GRN mutations include nonsense, frameshift, missense and splice mutations, with rarer 

partial and complete deletions, but all lead to a heterozygous (50%) loss-of-function of 

the protein progranulin, due to premature degradation of GRN messenger ribonucleic 

acid (mRNA) by nonsense-mediated decay (Baker et al., 2006). This also leads to 

deficiency in progranulin’s cleavage products, the granulins (granulins A to G). 

Progranulin is a multi-functional transmembrane protein consisting of seven and a half 

repeats of cysteine-rich granulin motifs separated by linker regions (Baker et al., 2006). 

It is expressed on a variety of epithelial and haematopoietic cells, and by neurons and 

microglia, especially activated microglia (Baker et al., 2006). Progranulin is a growth 
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factor, with key roles in wound healing, angiogenesis and tumourigenesis (Townley et 

al., 2018), and regulates the formation and function of lysosomes, interacting with other 

lysosomal proteins including sortilin (Hu et al., 2010a) and prosaposin (Zhou et al., 2015). 

Progranulin has neurotrophic and neuroprotective properties and regulates synaptic 

function (Townley et al., 2018). It is also integral to the regulation of systemic and central 

inflammatory pathways and the function of microglia: it exerts anti-inflammatory effects 

through binding to tumour necrosis factor (TNF) receptors, antagonising the 

proinflammatory cytokine TNF-α (Jian et al., 2013; Tang et al., 2011), and inhibits 

proinflammatory signaling via TNF-α/nuclear factor-κβ (NF-κβ) pathways (Alquezar et 

al., 2016). Progranulin is a chemoattractant for microglia (Pickford et al., 2011), alters 

microglial endocytosis (Pickford et al., 2011) and phagocytosis (Lui et al., 2016) and 

downregulates microglial activation during aging (Lui et al., 2016). Granulins have 

opposing, proinflammatory effects, but also affect lysosomal function (Holler et al., 2017).  

 

Mean AAO of symptoms in GRN mutation carriers is 61.3 years, but ranges from 25-90 

years (Moore et al., 2020), and penetrance is age dependent. Mean disease duration is 

7.1 years, but ranges from 0-27 years (Moore et al., 2020). The clinical picture is variable: 

the most common presentation is bvFTD and less commonly PPA (Benussi et al., 2015; 

Le Ber et al., 2008), typically nfvPPA or a distinct language phenotype (PPA-NOS) 

(Rohrer et al., 2010a). Due to asymmetrical striatal, parietal and temporal involvement, 

parkinsonism, CBS and visuoperceptual or episodic memory impairment are common 

and neuropsychiatric phenomena such as visual hallucinations are described (Le Ber et 

al., 2008). This can lead to a misdiagnosis of idiopathic Parkinson’s disease, sporadic 

CBS, dementia with Lewy bodies (DLB) or AD. The clinical syndrome varies within the 

same family, and correlates poorly with mutation type. 
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1.1.3.3 C9orf72 expansions 

Many families without MAPT or GRN mutations clearly had familial FTD, MND, or both, 

but for years a genetic cause remained elusive. However, in 2011 a heterozygous 

hexanucleotide (GGGGCC) repeat expansion was identified in a non-coding region of 

the C9orf72 gene on chromosome 9 (DeJesus-Hernandez et al., 2011; Renton et al., 

2011). This mutation was later found to be the most common cause of genetic FTD, 

genetic MND and FTD-MND in Europe and North America, accounting for 25-42% of 

genetic FTD, 40% of genetic MND, 6% of sporadic FTD and 5% of sporadic MND 

(Majounie et al., 2012; Moore et al., 2020).  

 

Normally there are 2-11 repeats on each C9orf72 allele, but individuals with the 

heterozygous expansion possess 400-4400 repeats on one allele (Beck et al., 2013). 

Although the role of the C9orf72 protein remains unclear, several studies implicate 

C9orf72 in microglial and endolysosomal function and nucleocytoplasmic transport. 

There are several proposed disease mechanisms for the C9orf72 expansion. These 

include: loss of function of the C9orf72 protein (due to abortive transcription of mRNA 

containing the expansion) leading to impaired autophagy and endolysosomal trafficking; 

toxicity through formation of RNA foci, which sequester and deplete RNA-binding 

proteins; or toxicity from production of dipeptide repeat proteins (DPRs) produced via 

repeat-associated non-ATG (RAN) translation of the expansion, which impair 

nucleocytoplasmic transport (Balendra and Isaacs, 2018).  

 

AAO of symptoms in C9orf72 expansion carriers is variable, with a mean of 58.2 years 

but range of 20-91 years (Moore et al., 2020).  Mean disease duration is 6.4 years, but 

highly variable, ranging from 0-36 years, although typically shorter in FTD-MND (Moore 

et al., 2020). Penetrance is age-dependent and nearly 100% by 80 years (Majounie et 

al., 2012). The typical presentation is bvFTD (31%), MND (19%) or both (11%) (Mahoney 



38 

 

et al., 2012; Moore et al., 2020; Snowden et al., 2012). Parkinsonism, episodic memory 

impairment and psychiatric presentations (anxiety or psychosis with auditory or tactile 

hallucinations) are common (Downey et al., 2012; Mahoney et al., 2012; Snowden et al., 

2012; Woollacott and Mead, 2014), so misdiagnoses of late-onset psychiatric disorders 

are sometimes made. 

1.1.3.4 Rarer FTD associated mutations 

There are several rarer mutations associated with FTD, which account for less than 5% 

of familial cases. Mutations in TRAF family member-associated NF-κβ activator (TANK)-

binding kinase 1 (TBK1) are associated with FTD-MND, FTD or MND (Freischmidt et al., 

2015; Gijselinck et al., 2015; Koriath et al., 2017; Le Ber et al., 2015; Pottier et al., 2015). 

Valosin containing protein (VCP) mutations cause FTD with a multisystem proteinopathy, 

inclusion body myopathy and Paget’s disease of the bone (Watts et al., 2004). Charged 

multivesicular body protein 2B (CHMP2B) mutations cause FTD in Danish cohorts 

(Skibinski et al., 2005). FTD is also associated with p62/sequestosome-1 (SQSTM1) 

(Rubino et al., 2012), optineurin (OPTN) (Pottier et al., 2015), transactive response DNA 

binding protein (TARDBP) (Synofzik et al., 2014), ubiquilin 2 (UBQLN2) (Gellera et al., 

2013), dynactin-1 (DCTN1) (Münch et al., 2005), and fused in sarcoma (FUS) (Vance et 

al., 2009) mutations, although these more commonly lead to MND. More recently, 

mutations in cyclin F (CCNF) (Williams et al., 2016), coiled-coil-helix-coiled-coil-helix 

domain-containing protein 10 (CHCHD10) (Bannwarth et al., 2014), and T-cell restricted 

intracellular antigen-1 (TIA1) (Mackenzie et al., 2017) have been identified associated 

with FTD or FTD-MND.  

 

There are variants in several genes that may be associated with FTD or can modify its 

phenotype. Homozyogous mutations in triggering receptor expressed on myeloid cells 2 

(TREM2), which is expressed by myeloid cells including microglia, are associated with 

polycystic lipomembranous osteodysplasia with sclerosing leucoencephalopathy (or 
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Nasu-Hakola disease), a rare disease leading to an early-onset FTD-like syndrome and 

bony cysts (Paloneva et al., 2000). Homozygous or compound heterozygous TREM2 

mutations are associated with an FTD syndrome without bony involvement (Guerreiro et 

al., 2013), but it is unclear whether heterozygous TREM2 variants cause typical FTD. 

Protective variants in transmembrane protein 106B (TMEM106B), a gene involved in 

lysosomal function, can delay AAO of FTD in GRN mutation carriers (Cruchaga et al., 

2011; Finch et al., 2011) and delay AAO and prolong survival in C9orf72 expansion 

carriers with FTD or MND (Gallagher et al., 2014; Van Blitterswijk et al., 2014). There 

are also likely to be more genetic mutations or variants yet undiscovered that cause or 

modify the risk of developing FTD, as many families with a clearly autosomal dominant 

inheritance pattern have no identified causative mutations. 

1.1.4 Neuropathology 

The terminology of FTD and its associated pathologies has evolved significantly since 

the first description of a patient with progressive language disturbance and left superior 

temporal gyrus atrophy by Arnold Pick in 1892 (Pick, 1892). Histopathological presence 

of argyrophilic globular neuronal cytoplasmic inclusions (later termed Pick bodies) was 

described not by Pick but by Alois Alzheimer in 1911 (Alzheimer, 1911), but the concept 

of FTD was named ‘Pick’s disease’ by a Dutch group in 1925 (Gans, 1925) and by a 

German group in 1926 (Onari and Spatz, 1926). By the 1950s it had become evident 

that true Pick’s pathology was present in only around 20% of clinical FTD cases 

(Escourolle, 1956) and subsequent studies confirmed that there were multiple other 

pathologies associated with atrophy of the frontal and/or temporal lobes in patients with 

the clinical syndrome of FTD (Brun, 1987; Mann et al., 1993). The term ‘frontotemporal 

lobar degeneration’ (FTLD) has since been designated to describe a heterogeneous 

group of neurodegenerative diseases characterised by selective frontal and temporal 

lobe atrophy in individuals who have non-AD neuropathology (Neary et al., 1998). 
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Macroscopically, the predominant feature of FTLD is atrophy of the frontal and anterior 

temporal cortices, with variable destruction of associated subcortical white matter, 

although individuals may have involvement of other cortical and subcortical regions, 

including the parietal cortices, mesial temporal lobes (hippocampi and amygdalae), 

hypothalamus, thalami, and basal ganglia (Neumann and Mackenzie, 2019). There is 

typically relative sparing of the cerebellum and occipital cortices, although some cases, 

particularly those with the C9orf72 expansion, have cerebellar involvement (Mahoney et 

al., 2012). Macroscopic changes are often asymmetrical, most commonly in those with 

PPA syndromes. Microscopically, there is aggregation of misfolded proteins in neurons, 

glial cells (microglia and astrocytes), or both cell types. There is cortical neuronal loss 

and microvacuolation (spongiform change), particularly in layer II of the cortex but this 

can be transcortical, and white matter axonal loss and loss of myelin, often accompanied 

by gliosis (presence of many activated astrocytes and microglia) (Mackenzie and 

Neumann, 2016; Neumann and Mackenzie, 2019). 

 

Current classifications of FTLD include five main pathological types, divided according 

to the type and location of the underlying protein aggregates (inclusions) (Table 1.3) 

(Lashley et al., 2015; Mackenzie and Neumann, 2016). Inclusions can occur as neuronal 

cytoplasmic inclusions (NCIs), neuronal nuclear inclusions (NNIs), glial cytoplasmic 

inclusions (GCIs) or dystrophic neurites (DNs). In around 50% of FTLD cases, individuals 

have ubiquitin-positive inclusions of transactive response DNA-binding protein 43 (TDP-

43), termed FTLD-TDP, and in around 40% of cases, individuals have ubiquitin-negative 

inclusions of hyperphosphorylated tau, termed FTLD-tau (Rohrer et al., 2011). Rarely (5-

10% of ubiquitin-positive cases), fused in sarcoma (FUS) proteins are present (FTLD-

FUS) (Rohrer et al., 2011). Some classifications use FTLD-FET (FUS, Ewing’s sarcoma 

and TATA-binding protein associated factor 15) instead of FTLD-FUS (Mackenzie and 

Neumann, 2016), but this is not always widely accepted. Infrequently, inclusions are 
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ubiquitin-positive but not otherwise determined (FTLD-ubiquitin-proteosome system 

[FTLD-UPS]), or no inclusions are present (FTLD-ni).  

 

FTLD group Subtype Characteristics of subtype 

FTLD-TDP 

FTLD-TDPA (Type A) 
Numerous NCIs and short DNs in layer II of 
neocortex, lentiform NIIs 

FTLD-TDPB (Type B) 

Numerous compact or granular NCIs in all 
cortical layers, few NIIs, occasional wispy 
neurites and pre-inclusions; NCIs in lower 
motor neurons 

FTLD-TDPC (Type C) 
Abundant long corkscrew DNs in all cortical 
layers, few/no NCIs in cortex 

FTLD-TDPD (Type D) 
Numerous lentiform NIIs and short DNs, rare 
NCIs 

FTLD-TDPE (Type E) 
Abundant grains, oligodendroglial inclusions, 
granulofilamentous neuronal inclusions 

FTLD-tau 

FTLD-Picks (Pick’s disease) 
3R tau, argyrophilic NCIs (Pick bodies), 
ramified astrocytes 

FTLD-PSP 
4R tau, globose and flame-shaped 
NFTs/coiled bodies in white matter, tufted 
astrocytes in grey matter 

FTLD-CBD 
4R tau, threads, coiled bodies, ramified 
astrocytes, astrocytic tau plaques 

FTLD-MAPT 
3R and 4R tau, or predominant 3R or 4R tau 
(mutation dependent); neuronal and glial 
hyperphosphorylated tau 

FTLD-AGD 4R tau, tau-immunoreactive grains 

FTLD-GGT 
4R tau, globular oligodendroglial and 
astrocytic tau inclusions 

PART 3R and 4R tau 

FTLD-FUS 

FTLD-NIFID 
Heterogeneous shapes of NCIs, rare NIIs; 
alpha-internexin positive inclusions 

aFTLD-U 
Bean-shaped NCIs, vermiform NIIs, no alpha-
internexin positive inclusions; hippocampal 
sclerosis 

FTLD-BIBD 
Basophilic NCIs, no alpha-internexin positive 
inclusions 

FTLD-UPS FTLD-UPS 
Ubiquitin and p62 positive, TDP-43, tau, FUS-
negative inclusions; usually due to CHMP2B 
mutations 

FTLD-ni FTLD-ni No inclusions present  

 

Table 1.3 Classification and subtypes of FTLD pathologies 

AGD = argyrophilic grain disease; GGT = globular glial tauopathy; PART = primary age-related tauopathy; 
for other abbreviations see main text. 
 

 

FTLD-TDP can be further subdivided into four main subtypes (FTLD-TDP type A to D) 

based on the type and location of TDP-43 inclusions (Table 1.3). A fifth subtype has been 

identified (FTLD-TDP type E) associated with rapid disease progression, but this is rare 
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(Lee et al., 2017). FTLD-tau is divided into seven subtypes based on the predominant 

tau isoform present in inclusions within neurons or glia (either 3R tau, 4R tau, or a mixture 

of both) and using other features, such as glial cell appearances and morphological 

differences in tau filaments (Table 1.3). The most common FTLD-tau subtypes are Pick’s 

disease (FTLD-Picks), progressive supranuclear palsy (FTLD-PSP), corticobasal 

degeneration (FTLD-CBD) and FTLD due to MAPT mutations (FTLD-MAPT). FTLD-FUS 

can be further subdivided into neuronal intermediate filament inclusion disease (FTLD-

NIFID), atypical FTLD-U (aFTLD-U) or basophilic inclusion body disease (FTLD-BIBD) 

(Table 1.3) (Lashley et al., 2015). Each of these pathological subtypes can initially affect 

different brain regions or sub-regions, which contributes to different regional patterns of 

neurodegeneration, grey matter atrophy and white matter damage across the spectrum 

of FTLD (Lashley et al., 2015). 

 

It is often difficult to predict the underlying pathology (FTLD subtype) in individuals with 

sporadic FTD syndromes, as there is significant heterogeneity and lack of 

clinicopathological correlation (Figure 1.1). Although nfvPPA is more commonly 

associated with FTLD-tau, and FTD-MND is mostly due to FTLD-TDP, bvFTD is 

particularly heterogeneous pathologically (Figure 1.1) (Rohrer et al., 2011). Adding to 

this complexity, some individuals presenting with bvFTD, PPA or CBS instead have AD 

pathology (particularly those with lvPPA), or other neurodegenerative pathologies such 

as Lewy bodies, or mixed pathology (FTLD and AD, or concurrent vascular pathology). 

The exceptions are svPPA, which is almost always due to FTLD-TDPC, young onset 

bvFTD with caudate atrophy, which is rare and due to aFTLD-U, and PSPS, which is 

often a tauopathy (typically FTLD-PSP) (Rohrer et al., 2011) (Figure 1.1). 
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Figure 1.1 The clinical, genetic and pathological heterogeneity of FTLD 

Figure adapted with permission from a figure produced by Dr J. Rohrer. LvPPA is not shown within the PPA 
box, but in 30% cases is due to FTLD and in 70% cases due to AD pathology. Rare mutations not shown. 

 

In contrast to sporadic FTD, individuals with genetic FTD have good clinicopathological 

correlation (Figure 1.1). FTLD due to GRN mutations (FTLD-GRN) is almost universally 

FTLD-TDPA, and FTLD due to C9orf72 expansions (FTLD-C9orf72) is either FTLD-

TDPA or FTLD-TDPB, although FTLD-TDPB is more common and more often 

associated with MND (Lashley et al., 2015). FTLD-C9orf72 cases also display ubiquitin-

positive, p62/sequestesome-1-positive, TDP-43-negative inclusions, comprised of 

DPRs, predominantly in cerebral and cerebellar cortices, hippocampi, basal ganglia and 

thalami (Mahoney et al., 2012). FTLD due to MAPT mutations (FTLD-MAPT) is either 

neuronal and glial tau pathology with predominant 4R tau (if mutations affect the splicing 

of exon 10), or predominant neuronal inclusions comprised of 3R tau with Pick bodies or 

mixed 3R and 4R tau with AD-like neurofibrillary tangles (NFTs) of tau (if mutations affect 

exons 9, 11, 12 or 13) (Mackenzie and Neumann, 2016). TBK1 mutations lead to FTLD-

TDPA or FTLD-TDPB (Koriath et al., 2017), VCP mutations lead to FTLD-TDPD, and 
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CHMP2B mutations lead to FTLD-UPS (Lashley et al., 2015). It remains unclear why 

these mutations lead to these specific patterns or types of pathology and why these often 

affect different brain regions. 

1.2 Biomarkers for FTD 

1.2.1 Why biomarkers are needed 

The clinical heterogeneity of FTD means that is often challenging to establish a firm, 

early diagnosis or advise accurately on prognosis in those already symptomatic with 

FTD. It is also difficult to predict accurately the timing of disease onset (and symptom 

onset) in individuals at risk of genetic FTD who carry a causative gene mutation but are 

yet to develop symptoms, called presymptomatic mutation carriers (PMC). The overlap 

between several bvFTD symptoms and psychiatric presentations, prominent early 

episodic memory deficits or parkinsonism in some individuals with FTD, and sometimes 

subtle atrophy patterns, can lead to an initial misdiagnosis of a psychiatric disorder or an 

alternative neurodegenerative disease. This can lead to unnecessary, ineffective, and 

sometimes harmful treatments, inaccurate prognostication and missed opportunities to 

identify a potentially inheritable disease, which is important for other family members.  

 

The lack of clinicopathological correlation in most sporadic FTD syndromes makes 

selection of future disease-modifying treatments that will target specific pathologies or 

disease mechanisms incredibly challenging. Despite a wealth of studies on FTD and 

FTLD, much remains unknown about the cause of the disease. It is unclear how or 

whether the hallmark protein aggregations of FTLD lead to neuronal death, what other 

processes contribute to this, and how quickly this will progress over time in an individual. 

This has led to an intensive search for biomarkers of the disease process and underlying 

pathologies across clinical, neuropsychological, neuroimaging and biofluid fields. 
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A biomarker is “a characteristic that is measured as an indicator of normal biological 

processes, pathogenic processes or responses to an exposure or intervention” (National 

Institutes of Health and Food and Drug Administration Biomarker Working Group, 2016). 

Biomarkers can be used for different purposes, including diagnosis, prognosis, 

assessment of susceptibility or risk, prediction, monitoring, safety and measurement of 

pharmacodynamic or other responses (Califf, 2018).  By studying a variety of biomarker 

modalities in individuals with FTD we can gain insights into how these correlate with 

specific clinical presentations, disease trajectories, underlying pathologies and disease 

mechanisms, and with each other.  

 

If a biomarker changes well before symptom onset, this could be used to help predict 

disease proximity (how close an individual is to the beginning of the disease process, 

and when symptoms will first occur) in those at risk of FTD, which is vital for PMC. This 

would help to guide when it is best to intervene with disease modifying treatments in 

clinical trials, to minimise or prevent neurodegeneration. In symptomatic individuals, 

prognostic biomarkers that indicate disease intensity (how fast a disease will progress) 

or survival are vital for determining the disease trajectory, allowing better planning for 

the future. Biomarkers indicative of the underlying pathological subtype (for example 

FTLD-TDP versus FTLD-tau) would allow an earlier firm diagnosis of FTD in vivo, 

followed by better targeting of novel treatments designed to ameliorate specific 

pathologies. Biomarkers of other disease processes, such as immune, lysosomal, 

mitochondrial and synaptic dysfunction, which are all linked to neurodegenerative 

diseases in general, may aid understanding of what contributes to neuronal death in 

FTD, when these processes occur, and which pathways can be targeted to ameliorate 

this. Finally, biomarkers of treatment response are urgently needed for upcoming clinical 

trials, which are currently focused on individuals with genetic FTD and PMC, as current 

neuroimaging and neuropsychological measures are not always sensitive to subtle 
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changes over time, particularly in PMC who are many years away from their estimated 

onset. 

1.2.2 CSF biomarkers for FTD 

Due to the focus of this thesis on biomarkers detectable in CSF, this section will 

summarise findings from FTD studies on biomarkers of neurodegeneration or underlying 

pathology detectable in CSF. An overview of inflammatory biomarkers is presented later 

on.  

 

CSF is a clear colourless fluid, which lies within the subarachnoid space of the brain and 

spinal cord between the arachnoid mater and the pia mater, supporting the brain in a 

‘cushion’ of fluid. CSF is produced within the choroid plexus of the lateral, third and fourth 

ventricles of the brain, by a combination of passive filtration of plasma across the 

choroidal capillary endothelium and active secretion of water, ions and macromolecules 

across a single-layered epithelium (Johanson et al., 2008). Normally, approximately 

500ml is produced in 24 hours and usually there is around 150ml of CSF surrounding 

the brain and spinal cord. CSF constantly passes through the ventricular system, 

following a pressure gradient between cerebral and spinal blood vessels and choroidal 

interstitial fluid (Johanson et al., 2008). CSF is reabsorbed through arachnoid villi into 

blood or diffuses along a series of perivascular channels within the glymphatic system, 

re-entering into blood vessels. Normally, CSF and blood are separated by the blood-

brain barrier (BBB), a layer comprised of tight junctions between endothelial cells and 

astrocytes. This allows transport of small, lipid soluble molecules but prevents passage 

of larger or insoluble molecules. As well as physically protecting the brain, CSF aids 

nutrition (by transporting glucose) and removal of waste products and allows diffusion of 

molecules involved in the immune response between cells. 
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Biomarkers in CSF are particularly useful as they aid understanding of the biological 

processes contributing to neurodegeneration and levels can be assessed repeatedly 

over time using standardised quantification techniques, which is vital for clinical trials. 

Although obtaining blood samples for plasma or serum analysis is less invasive than 

obtaining CSF, biomarkers in CSF more closely reflect the intracerebral milieu. Brain 

derived proteins and metabolites are present in greatest concentration in CSF because 

of its proximity to the brain, and other factors such as the BBB, the peripheral immune 

system, proteases, or large plasma proteins (which bind smaller molecules) have less of 

an effect on biomarker levels in CSF than in blood. 

 

In individuals with AD, there are several pathology-linked biomarkers detectable in CSF, 

including Aβ42, P-tau, and T-tau, which reflect Aβ deposition in plaques, 

hyperphosphorylated tau in NFTs, and neuronal injury, respectively. In combination, 

these can reliably differentiate AD from controls or other causes of dementia, but 

discussion of the sensitivity and specificity of these biomarkers in differentiating AD from 

FTD and other disorders is outside the scope of this thesis. Low Aβ42 and raised P-tau 

levels are particularly indicative of AD, as raised T-tau can be found in other dementia 

syndromes, including FTD (Olsson et al., 2016). The CSF T-tau/Aβ42 ratio is often used 

in clinical practice to differentiate individuals with AD from other diagnoses, with a raised 

ratio (often ≥1.0) in AD, but P-tau/Aβ42 and Aβ42/Aβ40 ratios may also be useful 

(Gossye et al., 2019). Aβ42, T-tau and P-tau levels are not generally useful for 

differentiating between clinical or pathological FTD subtypes (Ljubenkov et al., 2018). 

However, the CSF P-tau/T-tau ratio is lower in most clinical FTD syndromes than 

controls, particularly FTD-MND (Meeter et al., 2018), and FTLD-TDP cases have a lower 

P-tau/T-tau ratio than FTLD-tau cases (Abu-Rumeileh et al., 2018; Ljubenkov et al., 

2018; Meeter et al., 2018). Surprisingly, CSF T-tau levels are not consistently higher in 
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FTLD-tau cases when compared with controls (Bian et al., 2008) or FTLD-TDP cases 

(Foiani et al., 2019).  

 

Several studies have tried to detect biomarkers indicative of specific pathological 

inclusions, including TDP-43 and tau isoforms, in biofluids from patients with FTD, but 

results have not been promising. Most studies have lacked pathologically confirmed 

FTLD cases or combined clinical subtypes in groups. Quantification of TDP-43 isoforms 

in CSF has been difficult due to post-translational modifications of TDP-43, low 

concentrations in CSF, low antibody binding and contamination from TDP-43 in blood. 

Studies of tau isoforms in CSF have been very limited. CSF TDP-43 results have been 

highly variable: higher levels of full-length TDP-43 were detected in CSF of clinically 

diagnosed FTD or MND cases compared with controls (Steinacker et al., 2008), but lower 

full length and phosphorylated TDP-43 levels were detected in CSF of FTLD-TDP cases 

compared with controls, with similar levels in FTLD-TDP and FTLD-tau cases (Kuiperij 

et al., 2017). Although a recent study identified several novel tau species raised in CSF 

of FTLD-tau cases compared with controls, none reliably differentiated between 

individuals with likely FTLD-tau versus FTLD-TDP (Foiani et al., 2019). 

 

Neurofilament light chain (NfL), which is a protein released by degenerating myelinated 

axons, is the most promising biomarker so far for monitoring and prognosis of FTD. CSF 

NfL levels are higher in FTD than controls, with less consistent findings of higher levels 

in FTD compared with AD cases (Abu-Rumeileh et al., 2018; De Jong et al., 2007; 

Landqvist Waldö et al., 2013; Pijnenburg et al., 2007; Skillbäck et al., 2014). However, 

CSF NfL levels are elevated in a variety of other disorders, including AD (Zetterberg et 

al., 2016), HD (Byrne et al., 2018b), MND (Tortelli et al., 2012), vascular dementia 

(Skillbäck et al., 2014) and multiple sclerosis (Teunissen et al., 2005), so are not specific 

for FTD. CSF NfL levels cannot reliably differentiate between clinical FTD syndromes, 
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except for FTD-MND, which is associated with very high levels (Abu-Rumeileh et al., 

2018; Meeter et al., 2018a). CSF NfL levels may link to the underlying pathology, as 

higher levels were present in FTLD-TDP than FTLD-tau cases in one study (Abu-

Rumeileh et al., 2018), although this may have been due to inclusion of many FTD-MND 

cases in the FTLD-TDP group, as others contradict this (Meeter et al., 2018). In sporadic 

FTD, CSF NfL levels are associated with disease severity (Skillbäck et al., 2014), 

intensity (Ljubenkov et al., 2018) and survival (Skillbäck et al., 2014), albeit not in svPPA 

(Ljubenkov et al., 2018; Meeter et al., 2019), and serum NfL levels correlate with disease 

intensity (Rohrer et al., 2016). Therefore, although CSF or serum NfL levels may be 

useful to monitor disease and predict trajectories in some individuals with confirmed FTD, 

their use in the differential diagnosis of FTD and predicting the underlying pathology in 

sporadic disease remains limited.  

 

Studying biomarkers of neurodegeneration in genetic FTD cohorts (both patients and 

PMC) provides a unique opportunity to examine how these are altered in individuals with 

known pathology and many years before predicted onset of symptoms. CSF (Meeter et 

al., 2016a) and serum (van der Ende et al., 2019) NfL levels vary by mutation type and 

change presymptomatically in genetic FTD, and CSF NfL levels are useful measures of 

disease severity, progression and survival (Meeter et al., 2016a). CSF and serum NfL 

levels are higher in patients with GRN mutations than with MAPT or C9orf72 mutations, 

suggesting greater axonal degeneration associated with GRN mutations (Meeter et al., 

2016a; van der Ende et al., 2019). Although PMC of GRN mutations have similar CSF 

and serum NfL levels to non-carriers, levels rise sharply in PMC in the peri-symptomatic 

phase (converters), suggesting they can be used as a biomarker of immediate disease 

proximity (Meeter et al., 2016a; van der Ende et al., 2019). CSF NfL levels are also raised 

in patients and PMC with CHMP2B mutations compared with non-carriers, with higher 

levels in patients than PMC (Rostgaard et al., 2018). In conclusion, NfL is clearly a useful 



50 

 

biomarker for several purposes in genetic FTD, but levels may not rise early enough in 

PMC to enable early prediction of disease proximity, which limits use in clinical trials. 

 

Levels of other CSF biomarkers are altered in specific genetic FTD subtypes, due to 

effects of the mutation itself. CSF (Meeter et al., 2016b) and plasma (Finch et al., 2009; 

Meeter et al., 2016b) progranulin levels are reduced to 25-40% of normal levels in 

patients with GRN mutations and GRN PMC, compared with non-carriers. Although low 

plasma levels are diagnostic of a pathogenic GRN mutation, there is poor correlation 

between CSF and plasma levels (Meeter et al., 2016b), so CSF levels may be more 

useful to assess the effects of treatments aimed at increasing progranulin levels in the 

brain. Although CSF T-tau levels are not raised in patients with MAPT mutations 

compared with controls (Rosso et al., 2003a), plasma tau levels are higher in patients 

with MAPT mutations (but not GRN or C9orf72 mutations) (Foiani et al., 2018) than 

controls, but have not been examined in MAPT PMC. Levels of certain DPRs including 

poly(GP) are raised in CSF of patients with FTD or MND due to C9orf72 expansions, 

and in C9orf72 PMC, compared with non-carriers (Lehmer et al., 2017; Meeter et al., 

2018b). Although one study found higher levels in patients than PMC (Meeter et al., 

2018b), others have found similar levels (Lehmer et al., 2017). However, CSF 

progranulin and poly(GP) levels are altered for many years before symptom onset, 

remain fairly constant over time (Lehmer et al., 2017; Meeter et al., 2018b; Meeter et al., 

2016b), and do not correlate with disease intensity or survival (Lehmer et al., 2017). They 

may be better for assessing response to therapeutic interventions, rather than for 

predicting disease proximity or trajectories. 

 

Due to a lack of pathology-specific biomarkers and neurodegenerative biomarkers which 

change early enough in the presymptomatic period in sporadic and genetic FTD, 

research has focused on exploring biomarkers of contributory mechanisms to 



51 

 

neurodegeneration, particularly chronic neuroinflammation. Increasing evidence 

suggests that chronic neuroinflammation and glial cell dysfunction contribute to FTD, and 

this may be particularly relevant for genetic FTD due to GRN mutations, more so than 

the general neuroinflammatory dysregulation seen associated with multiple other 

neurodegenerative diseases, as progranulin regulates microglial function. Detailed 

exploration of different aspects of neuroinflammation and microglial dysfunction in FTD 

may therefore tackle the challenges outlined above and identify promising processes or 

biomarkers for further study. The next section summarises current evidence for the role 

of neuroinflammation in FTD, including inflammatory biomarkers. 

1.3 Neuroinflammation in FTD 

1.3.1 Neuroinflammation and neurodegeneration 

Although chronic neuroinflammation is linked to a variety of neurodegenerative diseases, 

transient neuroinflammation is a normal physiological response within the central 

nervous system (CNS) to toxic, infectious, or other harmful insults. Neuroinflammation 

involves activation of the innate CNS immune system, which primarily involves microglia 

and astrocytes, and release of a cascade of proinflammatory factors such as cytokines, 

chemokines and complement molecules, which affect neurons, glial cells and the CNS 

microenvironment (Bright et al., 2019). This process is tightly controlled and usually self-

limiting, as the CNS feeds back to the immune system to limit ongoing inflammation once 

the insult has been managed. However, excessive, uncontrolled, or chronic 

neuroinflammation can lead to progressive synaptic and neuronal loss due to persistent 

activation of glial cells and sustained release of proinflammatory molecules, which also 

impair synaptic  and neuronal function. A proinflammatory milieu can also disrupt the 

BBB, allowing migration of peripheral immune cells such as T and B lymphocytes into 

the CNS. These may worsen neuronal and synaptic damage through the adaptive 

immune response, involving both cell-mediated and antibody-mediated cytotoxicity. 



52 

 

It remains unclear whether chronic neuroinflammation is a primary event that triggers 

neurodegenerative disease, or is secondary to evolving protein aggregation and 

neurodegeneration, or both. However, increasing evidence implicates chronic 

neuroinflammation and central and systemic immune dysfunction in FTD, and proposes 

that these processes are involved early on in its pathogenesis (Bright et al., 2019). 

1.3.2 Genetic evidence of neuroinflammation in FTD 

As progranulin directly regulates inflammatory pathways and microglial function, 

research in the FTD field has focused on establishing the link between GRN mutations, 

neuroinflammation and neurodegeneration. Several mouse models suggest that 

progranulin deficiency produces systemic and CNS immune dysregulation (particularly 

microglial dysfunction) and that this contributes to neuronal loss and FTD-like symptoms. 

Homozygous GRN knockout (-/-) mice have excessive numbers of activated microglia or 

astrocytes (Ahmed et al., 2010; Lui et al., 2016; Martens et al., 2012; Tanaka et al., 

2013a, 2013b, 2014; Wils et al., 2012; Yin et al., 2009, 2010), excessive release of 

proinflammatory cytokines such as TNF-α (Minami et al., 2015), inflammatory arthritis 

(Tang et al., 2011), poor response to bacterial infection (Yin et al., 2010) and sepsis 

(Song et al., 2016), and exaggerated neuronal damage in response to traumatic brain 

injury (Minami et al., 2015). Progranulin deficient microglia produce excess 

proinflammatory cytokines and display heightened phagocytic responses, leading to 

excessive synaptic pruning, heightened neuronal loss, obsessive-compulsive-like 

behaviour (excessive grooming) and early death in mice (Lui et al., 2016). As this can be 

ameliorated by blocking activation of complement (Lui et al., 2016), innate immune 

pathways and microglial dysfunction seem to be key drivers of neurodegeneration in 

GRN models.  

 

However, GRN -/- models do not closely capitulate the effects of heterozygous GRN 

mutations in humans with FTD, and heterozygous (+/-) GRN mice do not show 
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substantial neuroinflammation or reactive changes in microglia (microgliosis), although 

they do have similar behavioural deficits to GRN -/- mice (Filiano et al., 2013). 

Homozygous GRN mutations in humans cause a lysosomal storage disorder called 

neuronal ceroid lipofuscinosis, which leads to cognitive and visual impairment, epilepsy 

and ataxia (Smith et al., 2012), associated with microglial lipofuscin accumulation (Götzl 

et al., 2014; Ward et al., 2017). GRN cell and mouse models demonstrate that 

progranulin regulates microglial lysosomal function, which influences innate immune 

mechanisms (Evers et al., 2017; Götzl et al., 2014; Marschallinger et al., 2020; Nguyen 

et al., 2018; Tanaka et al., 2014; Wils et al., 2012). However, human heterozygous GRN 

mutation carriers with FTD do display evidence of systemic immune dysregulation, 

including an increased prevalence of systemic autoimmune diseases, raised serum TNF-

α levels (Miller et al., 2013), and increased expression of immune genes linked to 

systemic autoimmune diseases in post-mortem brain tissue, particularly within microglia 

(Broce et al., 2018). 

 

Mouse models of the C9orf72 expansion also develop altered neuroinflammation and 

systemic autoimmunity: C9orf72 -/- and C9orf72 deficient mice display microglial 

lysosomal dysfunction, excess peripheral T cell activation, elevated levels of 

proinflammatory cytokines (IL-17 and IL-23), splenomegaly, lymphadenopathy, immune-

mediated kidney disease and thrombocytopaenia, and high titres of autoantibodies 

(Atanasio et al., 2016; Burberry et al., 2016, 2020; O’Rourke et al., 2016; Sullivan et al., 

2016). Although different C9orf72 mouse models display varying degrees of immune 

dysfunction, with less consistent findings than in GRN models, a recent study suggests 

there is an influence of the mouse gut microbiome on C9orf72-deficient microglia 

(Burberry et al., 2020). Environmental factors could therefore contribute to significant 

heterogeneity in immune dysfunction in C9orf72 expansion carriers by modifying 

systemic and CNS inflammatory pathways.    
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Fewer studies of neuroinflammation have been carried out in MAPT models. MAPT 

P301S mice display marked microgliosis around tau aggregates (Bellucci et al., 2004), 

with microglial activation and synaptic loss preceding tangle formation (Yoshiyama et al., 

2007). Several histological and microglial PET studies in human MAPT mutation carriers 

also suggest heightened microglial activation, particularly in the temporal lobes (Bellucci 

et al., 2011; Bevan-Jones et al., 2019; Lant et al., 2014; Miyoshi et al., 2010), including 

presymptomatically (Bevan-Jones et al., 2019; Miyoshi et al., 2010); these are discussed 

later on. 

 

Other genes less commonly associated with FTD are also involved in neuroinflammation. 

TBK1 activates NF-κβ-mediated pathways, controlling multiple genes including 

interferon-gamma (IFN-γ), but is also involved in autophagy by interacting with OPTN 

and SQSTM1 (other FTD and MND linked genes) (Ahmad et al., 2016). TBK1 mutant 

mice develop raised serum IL-6 and TNF-α levels and infiltration of immune cells into 

multiple tissues (Marchlik et al., 2010). Human CHMP2B mutation carriers with FTD and 

CHMP2B mice display excessive microgliosis, which precedes neuronal loss and is 

accompanied by increased expression of IL-1β and TNF-α in mouse brain tissue 

(Clayton et al., 2017). Individuals with homozygous TREM2 mutations linked to FTD-like 

syndromes have reduced TREM2 cell surface expression and impaired microglial 

phagocytosis (Kleinberger et al., 2014). 

 

Genome wide association studies (GWAS) implicate the adaptive immune system in the 

pathogenesis of FTD. GWAS in a mixed FTD cohort (Ferrari et al., 2014) and sporadic 

FTD cases (Ferrari et al., 2017) have identified associations of FTD with polymorphisms 

in loci within human leucocyte antigen (HLA) genes, which encode major 

histocompatibility complex (MHC) molecules involved in antigen presentation by 

macrophages and microglia. Another GWAS in FTLD-TDP cases without known gene 
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mutations identified risk variants in HLA-DQA2 and in several genes linked to the TBK1-

mediated immune pathway, implicating systemic immune dysfunction in FTLD-TDP 

pathogenesis (Pottier et al., 2019). Yet another GWAS in individuals with FTD identified 

polymorphisms in immune genes (predominantly in the HLA region) also linked to 

systemic autoimmune diseases, including rheumatoid arthritis, psoriasis, type 1 

diabetes, coeliac disease and ulcerative colitis (Broce et al., 2018). Expression of 

immune genes (including HLA) was also increased in post-mortem brain tissue from a 

mixed FTLD cohort, and particularly enriched within microglia in cases with GRN 

mutations (Broce et al., 2018), further strengthening the link between systemic and CNS 

immune dysfunction in FTD, particularly in GRN mutation carriers. 

1.3.3 Microglia in FTD 

1.3.3.1 The role of microglia in neurodegeneration 

 

“It is sufficient to find the microglial alterations to recognise the areas more deeply 

affected by the disease” (del Rio Hortega, 1932) 

 

Nearly 100 years ago, the neuropathologist Pio del Rio Hortega established that 

understanding changes in microglia was vital for understanding neurodegenerative 

disease, and that abnormalities in microglia occurred wherever there was 

neurodegenerative pathology. Since then, histological studies of microglia in post-

mortem brain tissue have provided useful information about how the number (or burden) 

of microglia, and the appearance of microglia (morphology, often used to assess 

activation state), are altered in individuals with a variety of neurodegenerative diseases.   

 

As microglia are the primary innate immune cells of the CNS, it is important to understand 

their usual function, and hence how dysfunction may contribute to neurodegeneration. 
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Microglia arise from macrophage progenitors within the yolk sac during embryonic 

development. They undergo constant self-renewal, maintaining a steady population of 

microglia throughout life (Ajami et al., 2007), and exert their functions through diverse 

phenotypes and morphologies (Streit et al., 2014). During constitutive homeostatic 

activity in the brain, microglia appear ‘ramified’, with a small body and extensively 

branched, long processes (Boche et al., 2013; Torres-Platas et al., 2014). However, 

ramified cells are not resting; they constantly survey the environment, prune synapses 

and liaise with other glial cells (astrocytes and oligodendrocytes) to support and influence 

the function of neurons (Boche et al., 2013).  

 

Following insults such as external pathogens, misfolded proteins or dying neurons, 

ramified microglia respond to proinflammatory molecules and become primed to react to 

further inflammatory triggers. Their morphology rapidly changes, with a retraction of 

processes and enlargement of the cell body, initially becoming ‘bushy’ and hypertrophic. 

With persistent stimulation they become activated, with a rounded, ‘amoeboid’ shape, 

displaying no or few unbranched processes (Boche et al., 2013; Torres-Platas et al., 

2014).  Activated microglia migrate towards the insult, proliferate, and produce further 

proinflammatory cytokines, chemokines and reactive oxygen species, and activate 

complement production, contributing to a state of neuroinflammation. Proinflammatory 

cytokines and chemokines can recruit additional microglia to encourage destruction and 

clearance of the insult. Activated microglia phagocytose pathogens, proteins, synapses 

and neurons, and can present antigens to other glial cells and to systemic immune cells 

(T or B lymphocytes and macrophages) which may infiltrate the CNS (Boche et al., 

2013). This promotes further phagocytosis through an antibody-mediated, adaptive 

immune response. These functions are vital for the protection of, and maintenance of 

homeostasis within, the brain. However, persistent activation of microglia and the CNS 

immune pathways leads to a state of chronic neuroinflammation. This is thought to 
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compound protein aggregation, promote excessive phagocytosis and worsen neuronal 

and synaptic damage. 

 

In individuals with pre-clinical AD pathology (without dementia), activated microglia 

mainly surround Aβ aggregates, with few activated microglia elsewhere, despite plentiful 

tau pathology (which precedes Aβ deposition) (Streit et al., 2018). In many post-mortem 

histological studies of humans with later stage AD, there does not seem to be the 

widespread microgliosis initially suggested by AD mouse models, particularly within the 

hippocampus (Navarro et al., 2018). This suggests that in humans with AD there is an 

early, protective and highly-localised inflammatory response by microglia trying to 

remove insoluble Aβ, rather than a generalised neuroinflammatory response to amyloid 

pathology. Microglial activation may be variably involved in different stages of AD, with 

microglia reacting differently to different pathologies (Gentleman, 2013).  

 

There is now a concept of diseased, dysfunctional, senescent microglia contributing to 

aging and neurodegenerative disease. As microglia undergo repeated self-renewal and 

telomere shortening throughout the lifetime, they are vulnerable to replicative 

senescence, becoming dysfunctional and degenerative with age (Streit et al., 2014). 

Senescent cells are detected histologically as dystrophic microglia, which have abnormal 

morphology: thin, short and few distal branches (deramification), shortened, tortuous or 

beaded cell processes, fragmented cytoplasm, and spheroidal inclusions (rounded 

swellings) (Streit et al., 2004). Dystrophic microglia are seen in the healthy aging brain 

but are rare in younger brains (Bachstetter et al., 2015; Davies et al., 2017; Grabert et 

al., 2016; Lopes et al., 2008; Streit et al., 2004, 2009), supporting a notion of increasing 

microglial dysfunction with age. However, they are seen more commonly in individuals 

with neurodegenerative disease, especially AD (Bachstetter et al., 2015; Davies et al., 

2017; El Hajj et al., 2019; Lopes et al., 2008; Navarro et al., 2018; Sanchez-Mejias et al., 
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2016; Streit et al., 2009, 2014, 2018; Tischer et al., 2016) and DLB (Bachstetter et al., 

2015), and in hippocampal sclerosis (Bachstetter et al., 2015). Dystrophic microglia are 

also present in mouse models of HD (Johnson et al., 2015; Simmons et al., 2007). This 

suggests that by the end stage of a variety of neurodegenerative diseases, many 

microglia are dysfunctional and senescent. It remains unclear when, and to what extent, 

microglial senescence occurs in relation to microglial activation and development of 

neuropathology, or how this contributes to neurodegeneration. 

1.3.3.2 Microglial markers 

To understand the role of various microglial phenotypes and morphologies in 

neurodegenerative disease, one must first appreciate the heterogeneous populations of 

microglia present within the human brain, and how different techniques can be used to 

detect these.  

 

Previously, microglia were thought to exist in one of two polarised activation states in the 

human brain: an M1 pro-inflammatory ‘classical activation’ phenotype, induced by TNF-

α or IFN-γ, promoting release of further proinflammatory molecules including TNF-α or 

IL-1β, or an M2 anti-inflammatory ‘alternative activation’ phenotype, induced by anti-

inflammatory molecules such as IL-4, IL-10 or TGF-α, releasing healing and trophic 

molecules such as TGF-β or BDNF to promote wound healing and clearance of debris 

(Cherry et al., 2014). Early studies tried to detect these molecules in brain tissue. 

However, this classification is rather artificial; instead, microglia exist along a continuum 

of activation states and phenotypes (Hu et al., 2015; Walker and Lue, 2015). Specific 

phenotypes such as ‘disease-associated microglia’ or ‘damage-associated microglia’ 

have been identified in mouse models of neurodegenerative diseases, particularly AD 

(Keren-Shaul et al., 2017), but these differ significantly from human microglial 

phenotypes (Friedman et al., 2018). It is now clear that there are several distinct 

populations of microglia present at any one time within a brain region, and that a 
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microglial cell may adopt several different phenotypes and morphologies, with evolution 

between these (Bonham et al., 2019; Böttcher et al., 2018; Grabert et al., 2016). It may 

therefore be the development of a predominant microglial phenotype or activation state, 

failure of microglia to transition between phenotypes or states, or predilection of a certain 

phenotype for premature senescence, which over time leads to neuronal damage, lack 

of neuronal support and accelerated neurodegeneration. This could occur in a region-

specific manner within the brain, which may underlie variations in regional vulnerability 

seen across neurodegenerative diseases.   

 

Microglia can be detected in histological studies by performing immunohistochemistry on 

fixed sections of brain tissue. Other techniques include quantification of protein or mRNA 

expressed by microglia or RNA sequencing of microglial cells within frozen brain tissue. 

Immunohistochemistry uses antibodies to detect antigens (histochemical markers) 

expressed by microglial cells with differing functions (phenotypes) and in different 

activation states. Immunohistochemistry has the advantage of allowing detailed 

anatomical localisation and quantification of microglia and appreciation of the range of 

microglial phenotypes and morphologies in situ in different brain regions. Microglial 

burden can be assessed in each region through automated or visual manual cell counts 

of cells stained with different antibodies, or qualitative or quantitative measurements of 

area stained or staining intensity. Microglial morphology can be examined qualitatively 

(visual scoring of cell appearances) or quantitatively to appreciate different activation 

states and degrees of dystrophy. Many different microglial markers exist, but antibodies 

directed against the following three markers have been most commonly used in human 

brain tissue: cluster of differentiation 68 (CD68), human leucocyte antigen-D related 

protein-R (HLA-DR), and ionised calcium-binding adapter molecule 1 (Iba1) (Boche et 

al., 2013; Hopperton et al., 2018).  
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CD68 is an intracellular transmembrane bound glycoprotein expressed within the 

lysosomal, endosomal and plasma membranes of microglia and macrophages (da Silva 

and Gordon, 1999). Although CD68 is expressed on ramified microglia, it is commonly 

thought of as a marker of activated microglia as it is upregulated on microglia with 

phagocytic properties and more easily detects lysosomes within the centre of activated, 

amoeboid microglia than the sparse lysosomes within more ramified microglial cell 

processes (Boche et al., 2013). The CD68 antibody is widely used to detect phagocytic 

microglia in mouse models of neurodegenerative disease and in human brain tissue 

(Hopperton et al., 2018). 

 

HLA-DR is an MHC class II molecule, which are glycoproteins expressed on the surface 

of cells with antigen-presenting function, and also include HLA-DP and HLA-DQ. These 

molecules enable cells to present processed extracellular antigens to T lymphocytes and 

other immune cells (Hendrickx et al., 2017). In the CNS, they are expressed by microglia, 

but not by oligodendrocytes or astrocytes (Streit et al., 2014). They are mainly expressed 

on the cell body and processes of activated microglia but are also expressed 

constitutively by ramified microglia (Gehrmann et al., 1993). Antibodies which detect 

these molecules have been used extensively in histological studies of microglia in AD 

(Hopperton et al., 2018), often using the anti-HLA-DR antibody (Gehrmann et al., 1993), 

or the CR3/43 antibody, which detects HLA-DP, HLA-DQ and HLA-DR (Graeber et al., 

1994). This allows detection of microglia with antigen-presenting properties in activated 

and ramified states (Hendrickx et al., 2017; Lopes et al., 2008; Streit et al., 2004). 

 

Iba1 is an intracellular calcium-binding protein constitutively expressed within the 

cytoplasm of ramified microglia (Ito et al., 1998; Sasaki et al., 2001). It is upregulated on 

activated microglia (Ito et al., 1998; Streit et al., 2009) but detects all microglial cells. Iba1 

may play a role in actin-cross linking (Sasaki et al., 2001), and in microglial motility and 
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phagocytosis through membrane ruffling (Ohsawa et al., 2000). The Iba1 antibody allows 

comprehensive assessment of microglial morphology as it fully stains cell bodies and 

processes and is robust to variations in post-mortem delay, tissue fixation and 

processing protocols (Streit et al., 2009, 2014; Torres-Platas et al., 2014). Iba1 is 

therefore commonly used to differentiate between microglial morphologies, including 

ramified, hypertrophic, amoeboid or rod-shaped microglia (Bachstetter et al., 2015, 2017; 

Torres-Platas et al., 2014), and to identify microglial dystrophy (Bachstetter et al., 2015; 

Davies et al., 2017; Streit et al., 2009, 2014, 2018; Tischer et al., 2016).  

 

All of these ‘microglial markers’ are also expressed by macrophages, so may detect 

perivascular macrophages in the CNS or infiltrating peripheral macrophages or 

monocytes within brain tissue, as well as microglia. More recently, markers have been 

identified which are more exclusively expressed by microglia, such as the purinergic 

receptor P2Y12 (P2RY12), the chemokine receptor CX3CR1, transmembrane protein 

119 (TMEM119) and TREM2 (Butovsky et al., 2014; Sarlus and Heneka, 2017). 

However, most human and mouse histological studies have used CD68, HLA-DR, 

CR3/43 or Iba1 antibodies to detect microglia, and these remain invaluable for 

examination of different microglial phenotypes, activation states and morphologies. 

 

Although many studies have examined only one microglial marker, there is no single 

marker that can reliably differentiate microglial phenotypes (Streit et al., 2014). One study 

therefore used antibodies against several markers, including CD68, HLA-DR and Iba1, 

to analyse microglia in AD cases and controls (Minett et al., 2016). This demonstrated 

that there were different patterns for each marker: there was an increase in CD68-

positive microglia, but reduction in Iba1-positive microglia, in AD cases, suggestive of 

increased phagocytosis but reduced motility. Another study concluded that HLA-DR and 

CD68 were useful for assessing microglial activation and response to tissue damage in 
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AD cases, but Iba1 was more useful for detailed assessment of microglial morphology 

(Hendrickx et al., 2017). Using several of these antibodies sequentially in the same 

region, combined with morphological assessment of microglia, may therefore more 

comprehensively examine regional patterns of microglial burden, activation and 

dystrophy in individuals with neurodegenerative disease. 

1.3.3.3 Microglia in FTD – histological studies 

Most histological evidence for microglial involvement in FTD has arisen from mouse 

models of genetic FTD. GRN -/- or progranulin deficient mice display excessive numbers 

of activated microglia, including more amoeboid CD68-positive (Lui et al., 2016; Tanaka 

et al., 2013a, 2013b; Yin et al., 2009, 2010), or Iba1-positive (Ahmed et al., 2010; Lui et 

al., 2016; Martens et al., 2012; Wils et al., 2012) microglia. C9orf72 -/- or C9orf72 

deficient mouse models also display microglial activation and dysfunction, including 

more amoeboid CD68 or Iba1-positive microglia (Atanasio et al., 2016; Burberry et al., 

2020; O’Rourke et al., 2016), with enlarged lysosomes (Schludi et al., 2017). Mouse 

models of the MAPT P301S mutation display marked microgliosis around tau aggregates 

(Bellucci et al., 2004), with activated HLA-DR-positive microglia and synaptic loss 

preceding tangle formation in the hippocampus (Yoshiyama et al., 2007). Mice with 

CHMP2B mutations have an early increase in Iba1-positive microglia in the hippocampus 

and thalamus, preceding neuronal loss and behavioural deficits (Clayton et al., 2017). 

Although mouse models of genetic FTD may not always accurately recapitulate 

processes in the human brain, these studies suggest that microglial and 

neuroinflammatory dysfunction contribute to synaptic and neuronal loss at an early stage 

of disease. 

 

Although early histological studies of humans with FTLD noted extensive microgliosis 

and astrocytosis (Arnold et al., 2000; Cooper et al., 1996; Englund and Brun, 1987; 

Kersaitis et al., 2004; Mann, 1998; Martinac et al., 2001; Neary et al., 1998; Paulus et 
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al., 1993; Schofield et al., 2003) relatively few studies have examined patterns of 

microglia in FTLD cohorts. Only one study has examined microglial burden and activation 

across the spectrum of FTLD, compared with AD cases and controls (Lant et al., 2014). 

FTLD cases had more numerous and/or more activated CD68-positive microglia in 

frontal and temporal grey matter and white matter than controls. In FTLD cases, microglia 

were more numerous and/or more activated in white matter compared with grey matter, 

but in AD cases the reverse was present, suggesting microglial dysfunction may 

particularly affect white matter in FTLD. 

 

Smaller histological studies have examined microglia in specific subtypes of sporadic 

FTLD, mainly FTLD-TDP (Bevan-Jones et al., 2020; Kim et al., 2018a, 2018b; Mao et 

al., 2019; Nilson et al., 2017; Ohm et al., 2018; Taipa et al., 2017). Microglial burden 

and/or activation varied across the spectrum of FTLD-TDP, both regionally and between 

grey and white matter, and regional patterns of microglial changes correlated with 

clinically affected areas and neuroimaging changes, sometimes preceding onset of 

neurodegenerative pathology. In addition, a proteomic study of frontal cortex tissue from 

patients with FTLD-TDP and either FTD, FTD-MND or MND found enrichment of 

microglial and RNA-binding protein modules in disease groups compared with controls, 

which correlated with TDP-43 burden (Umoh et al., 2017). An inflammatory module 

comprised of proteins expressed by microglia or astrocytes was also upregulated in 

those with FTD alone, compared with MND alone and controls (Umoh et al., 2017). This 

evidence links microglial and RNA-binding protein dysfunction to TDP-43 pathology and 

suggests this varies regionally according to the clinical phenotype within FTLD-TDP. 

 

Few histological studies have explored microglia in humans with genetic FTLD, but these 

have shown that CD68, Iba1 or HLA-DR-positive microglia are increased, more activated 

or more dystrophic in FTLD-GRN (Chen-Plotkin et al., 2010; Kim et al., 2016; Lui et al., 
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2016; Mao et al., 2019; Sakae et al., 2019b), FTLD-MAPT (Bellucci et al., 2011; Lant et 

al., 2014), FTLD-C9orf72 (Sakae et al., 2019b) and FTLD due to CHMP2B mutations 

(Clayton et al., 2017). Patterns of CD68 or Iba1-positive microglia varied in the temporal 

lobe between FTLD-MAPT cases and FTLD-GRN or FTLD-C9orf72 cases (Lant et al., 

2014), and in the frontal lobe between FTLD-GRN and FTLD-C9orf72 cases (Sakae et 

al., 2019b). A proteomic study of frontal cortex from MND patients with or without the 

C9orf72 expansion identified enrichment of microglial and astrocytic modules in 

expansion carriers compared with non-carriers (Umoh et al., 2017). This links different 

FTD-associated mutations to regionally altered microglial burden, morphology and 

function. 

 

These initial studies suggest that microglial activation or dysfunction may contribute to 

the pathogenesis of FTLD, and that this varies regionally and sub-regionally between 

different clinical, pathological and genetic FTLD subtypes. Early region-specific or 

microglial phenotype-specific variations in microglial dysfunction could contribute to 

regional vulnerabilities to onset of specific pathologies. Exploration of different microglial 

phenotypes across the full spectrum of sporadic and genetic FTLD may aid 

understanding of whether this contributes to the clinicopathological heterogeneity of 

FTLD. 

1.3.3.4 Microglia in FTD – PET studies 

Although histological studies provide useful information about microglia at the end stage 

of disease, techniques that can assess microglia in vivo are needed. Microglial PET brain 

imaging has been used in many AD mouse models and human AD cohorts, but few 

studies have used this technique in FTD. Most microglial PET tracers bind to translocator 

protein (TSPO), an 18kDa ubiquitous cholesterol transporter in the outer mitochondrial 

membrane of steroid-synthesising cells, including activated and ramified microglia. An 

early study using the TSPO radioligand 11C-PK-11195 in five FTD cases and eight 
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controls showed increased binding in the left dorsolateral prefrontal cortex and medial 

temporal and subcortical regions in the FTD group (Cagnin et al., 2004). Binding 

matched areas of clinically relevant atrophy, but there was also binding in areas with 

minimal atrophy on MRI, suggesting an increased burden or activation of microglia 

before significant neuroanatomical changes had occurred. A recent study of 31 FTD 

cases (ten bvFTD, ten nfvPPA and 11 svPPA) and 15 controls who underwent PET 

imaging with 11C-PK-11195 (to detect microglia) and a radioligand called 18F-AV-1451 

(which detects non-Aβ pathology) showed that there was increased 11C-PK-11195 

binding in frontotemporal regions of FTD cases versus controls, and a strong positive 

correlation between both radioligands across multiple cortical regions in all disease 

groups (Bevan-Jones et al., 2020). Notably, the distribution of 11C-PK-11195 binding 

(rather than 18F-AV-1451 binding) correlated more with the clinical phenotype. This 

suggests that the distribution of microglia correlates closely with neuropathology, but 

also with the clinical syndrome, and this may contribute significantly to the clinical 

diversity of FTLD.  

 

As 11C-PK-11195 has low sensitivity for TSPO and significant non-specific binding, novel 

PET tracers such as 11C-PBR28 have been developed, which bind to peripheral 

benzodiazepine receptors (PBR) on activated and ramified microglia. A recent study 

found increased 11C-PBR28 binding in frontal, lateral temporal, parietal and occipital 

cortices of four FTD cases compared with 22 controls, with binding regionally matching 

clinical phenotypes (bvFTD or nfvPPA) and structural and functional neuroimaging 

changes (Kim et al., 2019). A preliminary study of five genetic FTD cases (three MAPT, 

one GRN and one C9orf72) has also demonstrated increased 11C-PBR28 binding in 

these cortical areas compared with controls, again matching clinically affected regions 

(Clarke et al., 2019).  
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Two studies have used microglial PET in PMC of FTD-associated mutations. 11C-PK-

11195 binding in a MAPT 10+16 PMC was increased in the left anterior temporal region 

and both fusiform gyri, preceding significant 18F-AV-1451 binding, grey matter atrophy 

and symptom onset (Bevan-Jones et al., 2019). Binding of 11C-DAA1106 (another PBR 

ligand) was increased in several MAPT N279K PMC in multiple brain regions, although 

hippocampal atrophy and striatal dopaminergic dysfunction was already present 

(Miyoshi et al., 2010). These suggest that increased microglial burden, activation (or 

both) occur before significant neurodegeneration or symptoms are present in MAPT 

PMC, colocalising with pathology and eventual neuroimaging changes. However, current 

microglial PET tracers do not bind selectively to activated microglia, and 18F-AV-1451 

binds to both tau and TDP-43 inclusions and other non-Aβ pathology (Bevan-Jones et 

al., 2020), limiting appreciation of how microglial dysfunction is linked to regional 

development of specific pathologies in FTLD. 

1.3.4 Inflammatory biomarkers for FTD 

In further attempts to find biomarkers of neuroinflammation in vivo, several studies of 

FTD have examined levels of inflammatory biomarkers in biofluids (CSF, serum or 

plasma). Most have examined panels of proinflammatory cytokines or chemokines in 

mixed FTD cohorts, without comparing levels between clinical FTD syndromes or genetic 

or pathological subtypes. Unfortunately, inflammatory biomarker levels in blood are 

highly influenced by systemic immune or infective processes and often do not correlate 

well with CSF levels, so CSF levels may be more informative for neurodegenerative 

disease cohorts.  

 

Previous CSF studies of inflammatory biomarkers in FTD have shown mixed results. 

CSF levels of the proinflammatory molecules IL-8 (Galimberti et al., 2006), IL-11 

(Galimberti et al., 2008), IL-15 (Rentzos et al., 2006b), monocyte chemoattractant 

protein-1 (MCP-1) (Galimberti et al., 2006, 2009) and TNF-α (Sjögren et al., 2004) were 
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higher in patients with FTD compared with controls. However, levels of other 

proinflammatory cytokines including IL-6 were similar (Galimberti et al., 2008) and IL-12 

were reduced (Rentzos et al., 2006a) in CSF of FTD patients versus controls, and levels 

of an anti-inflammatory cytokine (TGF-β) were increased in FTD cases (Sjögren et al., 

2004). Few studies have analysed inflammatory biomarkers in specific FTLD subtypes, 

but CSF levels of Fas, eotaxin-3 and IL-17 and the neuropeptides ACTH and aguti-

related peptide differentiated FTLD-TDP from FTLD-tau cases, with a sensitivity of 86% 

and specificity of 78% for FTLD-TDP (Hu et al., 2010b). 

 

Although these studies suggest that there may be excess neuroinflammation in 

association with FTD, none of these inflammatory biomarkers is specific for FTD, as 

altered levels of inflammatory biomarkers in CSF are found in a variety of 

neurodegenerative diseases. In addition, some molecules released in the periphery 

(such as IL-6) can cross the BBB into the CNS, so CSF levels of these biomarkers may 

also be influenced by systemic inflammation. Differences in handling of samples, assays 

used, and types of patients included between studies have also made comparison across 

FTD cohorts difficult. A harmonised approach using standardised CSF collection 

procedures and assays in large, well-characterised FTD cohorts with known pathology 

(such as genetic FTD) is needed to explore this further. 

 

Most inflammatory biomarker studies in genetic FTD have focused on individuals with 

FTD due to GRN mutations (Benussi et al., 2020; Bossù et al., 2011; Galimberti et al., 

2015; Gibbons et al., 2015; Heller et al., 2020; Miller et al., 2013; Sudre et al., 2019). A 

study examining 27 cytokines and chemokines in CSF from ten FTD cases with GRN 

mutations, seven sporadic FTD cases and seven controls, revealed higher interferon-γ-

inducible protein-10 (IP-10) and CCL5 levels, but reduced TNF-α and IL-15 levels, in 

GRN mutation carriers than in other groups (Galimberti et al., 2015). Oddly, MCP-1 levels 
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were higher in sporadic FTD cases (but not GRN mutation carriers) compared with 

controls. However, other studies have found raised serum TNF-α levels in sporadic FTD 

cases (with svPPA) compared with controls (Miller et al., 2013), and raised CSF or serum 

levels of TNF-α (Miller et al., 2013) and IL-6 (Bossù et al., 2011) in FTD cases with GRN 

mutations. Although results somewhat contradict each other, the general picture is one 

of excessive systemic and neuroinflammation in association with both sporadic and 

genetic FTLD-TDP. As serum IL-6 levels were higher in FTD cases with GRN mutations 

compared with GRN PMC (Bossù et al., 2011), there may also be progressive immune 

dysfunction over time. 

 

More recently, studies have tried to focus on assessing more ‘CNS specific’ biomarkers 

of neuroinflammation in neurodegenerative disease cohorts, by examining glia-derived 

biomarkers (proteins arising from microglia or astrocytes) in CSF. Most have examined 

CSF levels of microglia-derived biomarkers, predominantly soluble triggering receptor 

expressed on myeloid cells 2 (sTREM2), YKL-40 (also known as chitinase-3-like protein 

1, CHI3L1), and chitotriosidase (also known as CHIT1). TREM2 is an innate immune 

receptor expressed on the membrane of myeloid cells, including microglia and peripheral 

macrophages, and is upregulated on activated microglia (Schmid et al., 2002). TREM2 

undergoes cleavage of its ectodomain to release a soluble fragment into the extracellular 

space, which is detectable in CSF and blood as sTREM2 (Kleinberger et al., 2014). 

sTREM2 is involved in promoting microglial proliferation, migration, activation, 

phagocytosis, survival, proinflammatory cytokine release and handling of lipids and 

apolipoproteins (Götzl et al., 2019; Zhong et al., 2017, 2019). YKL-40 is a 

proinflammatory molecule released predominantly by activated astrocytes (but also by 

microglia) into the CSF and by activated peripheral macrophages into blood, as well as 

by chondrocytes, fibroblasts and endothelial cells (Baldacci et al., 2017a). It stimulates 

production of proinflammatory cytokines and regulates microglial, astrocytic and 
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macrophage function, endothelial cell migration, and tumour angiogenesis. 

Chitotriosidase is a chitin-degrading enzyme expressed by microglia (but not by 

astrocytes) in CSF (Mishra et al., 2017), and by peripheral macrophages in blood (Hollak 

et al., 1994). It is part of the innate immune response to chitin (present in the cell walls 

of fungi and protozoa), but its release from activated microglia and macrophages is 

stimulated by multiple immune pathways, and in lysosomal storage disorders such as 

Gaucher’s disease (Elmonem et al., 2016). Chitotriosidase induces a proinflammatory 

microglial phenotype, indirectly activates T helper cells and eosinophils, regulates 

antigen presentation, promotes cell migration, and enables fibrosis and tissue 

remodeling (Elmonem et al., 2016). 

 

Although most studies have focused on assessing glia-derived biomarkers in AD cohorts, 

several studies have identified elevated CSF levels of sTREM2, YKL-40 and 

chitotriosidase in mixed FTD cohorts compared with controls (Abu-Rumeileh et al., 2019; 

Alcolea et al., 2014, 2017, 2018; Antonell et al., 2020; Baldacci et al., 2017b; Craig-

Schapiro et al., 2010; Illán-Gala et al., 2018; Janelidze et al., 2016; Oeckl et al., 2019; 

Piccio et al., 2016; Steinacker et al., 2018; Teunissen et al., 2016; Vijverberg et al., 2017). 

Although some have found higher levels in FTD than AD, others have found similar or 

lower levels in FTD compared with AD. Few have compared glia-derived biomarker 

levels between clinical FTD syndromes or in specific FTLD subtypes, although YKL-40 

levels were higher in FTLD-tau cases compared with controls (Abu-Rumeileh et al., 

2019; Alcolea et al., 2017; Teunissen et al., 2016). Levels of glial fibrillary acidic protein 

(GFAP), which is released by activated astrocytes, are also raised in CSF, serum or 

plasma in sporadic FTD (Abu-Rumeileh et al., 2019; Benussi et al., 2020; Ishiki et al., 

2016; Marelli et al., 2020; Oeckl et al., 2019).  
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Few studies have examined glia-derived biomarker levels in genetic FTD cohorts, and 

very few have analysed levels in PMC (Abu-Rumeileh et al., 2019; Antonell et al., 2020; 

Barschke et al., 2020; Benussi et al., 2020; Heller et al., 2020; Oeckl et al., 2019). Most 

have combined individuals with different mutations (GRN, C9orf72 and MAPT) within 

groups, leading to non-significant differences in blood or CSF sTREM2, YKL-40 or 

chitotriosidase levels between patients and controls or between PMC and controls. 

However, two recent studies have identified raised plasma (Heller et al., 2020) and 

serum (Benussi et al., 2020) GFAP levels in patients with GRN mutations compared with 

controls and carriers of mutations in other genes. Importantly, GFAP levels were not 

raised in patients with MAPT mutations (Benussi et al., 2020; Heller et al., 2020) or 

C9orf72 expansions (Heller et al., 2020) compared with controls, suggesting that 

pronounced astrocytic activation is due to progranulin haploinsufficiency itself rather than 

a general effect of neurodegeneration in genetic FTD. 

 

Overall, past research suggests that neuroinflammatory biomarkers are detectable and 

elevated in CSF samples from individuals with sporadic and genetic FTD, but there have 

been few studies in this field, and minimal examination of biomarker levels in PMC. 

Recent studies suggest that glia-derived biomarkers may be particularly elevated in 

specific genetic FTD subtypes, such as GRN mutation carriers. Further work is needed 

to determine how glia-derived biomarkers are altered across the clinical, pathological 

and genetic spectrum of FTD, and to confirm whether and when levels change in PMC. 

1.4 Thesis aims and objectives 

Although previous research suggests that chronic neuroinflammation, and particularly 

microglial dysfunction, contributes to the pathogenesis of FTD, it remains unclear when 

and to what extent these processes contribute to different sporadic and genetic forms of 

the disease. Excessive microglial activation or senescence could be involved based on 

evidence from mouse models and similar studies in AD, but this has not been examined 
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in large, diverse FTLD cohorts. Inflammatory biomarkers in CSF, particularly glia-derived 

biomarkers, could be useful in future clinical trials for individuals with FTD or PMC, but 

these have not been examined in well-characterised sporadic FTD cohorts, compared 

across genetic FTD subtypes (GRN, MAPT and C9orf72 mutation carriers), or assessed 

adequately in PMC.  

 

To improve understanding of how neuroinflammation and microglial dysfunction is linked 

to FTD, this thesis therefore undertook a comprehensive research approach, employing 

several different modalities (clinical, histological and CSF biomarker) to analyse different 

aspects of systemic immune dysfunction and neuroinflammation in FTD, with a focus on 

microglia. Studies were carried out within large, well-phenotyped cohorts of individuals 

with clinically confirmed FTD or pathologically confirmed FTLD. Changes in microglia 

and glia-derived biomarker levels were, wherever possible, linked to specific pathologies 

or gene mutations. Differentiation of findings across clinical, genetic and pathological 

subtypes was performed, as this was crucial given the heterogeneity of this disease.  

 

The primary aims of this thesis were as follows:  

 

(i) To explore whether there is evidence of systemic and central immune 

dysfunction in individuals with FTD and determine how this varies across the 

spectrum of disease. 

(ii) To examine whether changes indicative of microglial dysfunction vary across 

the spectrum of disease. 

(iii) To examine whether inflammatory biomarkers in CSF of individuals with 

sporadic or genetic FTD enable differentiation of clinical syndromes or 

mutation types and link to existing biomarkers of neurodegeneration. 
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(iv) To establish whether levels of inflammatory biomarkers in CSF change 

presymptomatically and could therefore help guide prediction of disease 

proximity in individuals at risk of genetic FTD, for use in clinical trials. 

 
The key objectives were as follows: 

 

1. In Chapter 3, to examine clinical aspects of systemic immune dysregulation in 

genetic FTD, through study of the prevalence of systemic autoimmune diseases 

in individuals with FTD due to GRN, C9orf72 or MAPT mutations compared with 

controls. 

2. In Chapter 4, to analyse correlations between histological changes (in microglia 

and other pathology) in post-mortem brain tissue and neuroimaging changes 

observed in case of GRN mutation associated FTLD. 

3. In Chapters 5 and 6, to examine in detail the changes in microglia in FTLD by 

analysing regional patterns of the burden, activation and dystrophy of different 

microglial phenotypes in post-mortem brain tissue of individuals with a wide range 

of different sporadic and genetic FTLD subtypes, compared with controls and AD 

cases.  

4. In Chapter 7, to compare levels of glia-derived biomarkers in CSF from 

individuals with different clinical subtypes of sporadic FTD and controls, and to 

perform an exploratory analysis in individuals with genetic FTD. In addition, to 

explore if levels of these biomarkers differ between those with underlying FTLD 

versus AD pathology or correlate with levels of other CSF neurodegenerative 

biomarkers currently used in clinical practice. 

5. In Chapter 8, to extend exploration of glia-derived biomarker levels in CSF to a 

larger genetic FTD cohort to confirm if these vary by genetic subtype (GRN, 

C9orf72 or MAPT mutation carriers), and to examine levels in PMC to establish 

if, and when, levels change presymptomatically. 
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1.5 Publications relating to this chapter 

Sections of this chapter relating to the overview of FTD were published as: 

 

Woollacott IOC and Rohrer JD (2016) The clinical spectrum of sporadic and familial 

forms of frontotemporal dementia. J Neurochem 138 (Suppl. 1), 6-31 
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2 General methods 

This chapter summarises the cohorts, techniques and statistical approaches used in this 

thesis and lists the work done by the author and the contributions by others. 

2.1 Cohorts and ethical considerations 

2.1.1 Cohort for histological studies 

The histological studies in Chapters 5 and 6 examined FTLD and AD cases and controls 

provided by the Queen Square Brain Bank (QSBB) for Neurological Disorders, UCL 

Queen Square Institute of Neurology, London, UK, although 14 of the FTLD cases were 

provided by the Medical Research Council (MRC) London Neurodegenerative Diseases 

Brain Bank, Institute of Psychiatry, King’s College London, UK. The FTLD case analysed 

in Chapter 4 was provided by the QSBB and was also included in the cohort in Chapters 

5 and 6.  Brain donation protocols were approved by a London Research Ethics 

Committee and ethical approval for these studies was provided by the NHS Health 

Research Authority. Tissue was stored for research purposes under a license from the 

Human Tissue Authority.    

 

Sixty individuals were selected for analysis; demographics are summarised in Table 2.1 

and details of all individual cases are listed in Appendix 1. Fifty cases with FTLD were 

selected to give a broad range of different underlying pathologies. Five healthy controls 

and five sporadic typical AD cases of a similar age at death (AAD) to FTLD cases were 

included as comparison groups. FTLD cases were selected from a list of patients seen 

through the Specialist Cognitive Disorders Clinic at the National Hospital for Neurology 

and Neurosurgery (NHNN), who had a clinical diagnosis of FTD (bvFTD or PPA) or an 

overlap syndrome (FTD-MND, PSPS or CBS), had donated their brain after death to the 

QSBB or the MRC London Neurodegenerative Diseases Brain Bank, and had a 

confirmed pathological diagnosis of FTLD (Cairns et al., 2007) made by 
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neuropathologists at these centres. All had undergone genetic testing for known FTD-

associated mutations (Pottier et al., 2016) on a clinical or research basis, with 

appropriate consent in place. Due to the relative rarity of FTLD cases available in certain 

subgroups, at least five cases per subgroup were selected for analysis within most of the 

following FTLD subtypes:  

 

• FTLD-tau: FTLD-CBD, FTLD-MAPT, FTLD-Picks and FTLD-PSP. 

• FTLD-TDP: sporadic FTLD-TDPA, genetic FTLD-TDPA (due to GRN or C9orf72 

mutations, although one case had a TBK1 mutation), sporadic FTLD-TDPB, 

genetic FTLD-TDPB (all had C9orf72 expansions) and FTLD-TDPC (all 

sporadic). No FTLD-TDPD or FTLD-TDPE cases were available. 

• FTLD-FUS: all cases available were sporadic cases with FUS pathology with an 

aFTLD-U subtype (denoted as FTLD-FUS for brevity). 

 

For some FTLD subtypes (FTLD-FUS, sporadic FTLD-TDPB and genetic FTLD-TDPB) 

fewer than five cases were available due to the rarity of these pathologies. The final 

FTLD cohort contained: 31 sporadic and 19 genetic FTLD cases, of which 26 had FTLD-

TDP (16 FTLD-TDPA [five sporadic, 11 genetic], five FTLD-TDPB [two sporadic, three 

genetic] and five FTLD-TDPC), 20 had FTLD-tau (five each of FTLD-CBD, FTLD-MAPT, 

FTLD-Picks and FTLD-PSP) and four had FTLD-FUS (all aFTLD-U). The 19 genetic 

cases included five with GRN mutations (FTLD-GRN; four C31fs and one 

Q130fs(388_391delCAGT); all FTLD-TDPA), five with +16 splice site mutations on the 

intron to exon 10 (10+16 mutations) in MAPT (FTLD-MAPT), eight with the C9orf72 

expansion (FTLD-C9orf72; five with FTLD-TDPA and three with FTLD-TDPB) and one 

with a TBK1 A705fs mutation (FTLD-TDPA).   

 



76 

 

Controls and AD cases were carefully selected so that the AAD of these groups was 

similar to the overall FTLD cohort, which tended to be much younger than most diseased 

or healthy control cases available from the QSBB. This is because age can affect 

microglial burden and function (Gefen et al., 2019), alter expression of CD68 and HLA-

DR/DP/DQ (Tischer et al., 2016) and alter microglial morphology, increasing dystrophy 

(Streit et al., 2004). Controls were selected from a list of individuals with no cognitive 

symptoms, and no clinical or neuropathological diagnosis of dementia, who had donated 

their brain to QSBB, and had a similar AAD and post-mortem delay to the FTLD and AD 

cases. Many controls in QSBB had to be excluded as they were much older than the 

FTLD cases. Three of the five selected controls had evidence of mild pathological ageing 

(Braak and Braak stage 2 or below) but otherwise there was no abnormal pathology. 

Individuals with a clinical diagnosis of sporadic amnestic (typical) AD that had a similar 

AAD and post-mortem delay to FTLD and control groups were also recruited from the 

QSBB. All AD cases met pathological criteria for a definite diagnosis of AD (Hyman et 

al., 2012), with Braak and Braak stage >5, and had negative genetic testing for AD-

associated mutations. Individuals within each FTLD subgroup were also chosen for a 

similar AAD to controls and each other wherever possible, but due to the rarity of certain 

FTLD subtypes it was difficult to match AAD and post-mortem delay closely across every 

FTLD subgroup. Due to small numbers of young controls and sporadic AD cases being 

available, and the variety of post-mortem delays in the FTLD group, it was difficult to 

match post-mortem delays closely between these groups.  

 

Data were collected for all cases and controls regarding clinical diagnosis, sex, AAD, 

AAO and disease duration (for AD and FTLD cases), genetic mutation (for genetic FTLD 

cases), post-mortem delay (where available) and main and secondary neuropathological 

diagnoses. All available case notes and post-mortem clinical summaries were reviewed 

to confirm the clinical syndrome and demographic data. All available post-mortem reports 
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were reviewed to confirm the post-mortem delay, main neuropathological diagnosis and 

secondary pathology. Any cases with significant secondary neurodegenerative 

pathologies were excluded.  

 *3 FTLD-TDP cases had no post-mortem delay data 
 

 
 

Neuro-
pathological 

diagnosis 

Number 
of 

cases 

Genetic 
mutation 

(N) 

Clinical 
diagnosis 

(N) 

Sex 
(M/F) 

Mean (range) 
age at 

symptom 
onset in years 

Mean 
(range) age 
at death in 

years 

Mean 
(range) 
disease 

duration in 
years 

Mean (range) 
post-mortem 

delay 
in hours 

Healthy 
controls 

5 n/a Control 1/4  n/a 
67.4 

(38-80) 
n/a 

45.7 
(24.0-80.6) 

AD 5 n/a Amnestic AD 3/2  
58.8 

(49-65) 
69.2 

(62.0-73.0) 
10.4 

(5.0-17.0) 
45.8 

(31.1-76.7) 

FTLD 50 

Sporadic = 31 
Genetic = 19: 

GRN = 5 
C9orf72 = 8 
MAPT = 5 
TBK1 = 1 

bvFTD = 23 
nfvPPA = 8 

FTD-MND = 8  
svPPA = 5 
PSPS = 5 
CBS = 1 

29/21 
57.8 

(37-66) 
66.5 

(51.3-84.0) 
8.7 

(2.1-18.7) 
60.7 

(10.8-157.6) 

FTLD subgroups 

FTLD-tau 20 

Sporadic = 15 
 

Genetic = 5 
(MAPT) 

bvFTD = 10 
nfvPPA = 4 
PSPS = 5 
CBS = 1 

13/7 
58.2 

(37-71) 
68.1 

(52.4-84.0) 
9.9 

(5.5-16.4) 
54.9 

(24.0-103.3) 

FTLD-CBD 5 All sporadic 
nfvPPA = 3 
PSPS =1 
CBS = 1 

2/3 
60.2 

(57-65) 
69.0 

(64.8-73.8) 
8.8 

(5.5-11.1) 
68.9 

(37.2-103.3) 

FTLD-MAPT 5 
Genetic = 5 
(all MAPT 

10+16) 
bvFTD = 5 2/3 

48.0 
(37-58) 

59.6 
(52.4-68.4) 

11.6 
(8.1-16.4) 

45.9 
(24.0-64.0) 

FTLD-Picks 5 All sporadic bvFTD = 5 5/0 
57.6 

(52-64) 
68.1 

(63.5-75.6) 
10.5 

(5.5-15.6) 
47.8 

(24.0-94.7) 

FTLD-PSP 5 All sporadic 
PSP = 4 

nfvPPA = 1 
4/1 

67.0 
(62-71) 

75.6 
(68.0-84.0) 

8.6 
(6.0-13.0) 

57.2 
(25.5-86.4) 

FTLD-TDP 26 

Sporadic = 12 
Genetic = 14 
C9orf72 = 8 

GRN = 5 
TBK1 = 1 

bvFTD = 9 
nfvPPA = 4 

FTD-MND = 8 
svPPA = 5 

12/14 
59.4 

(50-76) 
67.2 

(53.1-78.6) 
7.8 

(2.1-18.7) 
68.8 * 

(10.8-157.6) 

FTLD-TDPA  16 

Sporadic = 5 
Genetic = 11 

 
C9orf72 = 5 

GRN = 5 
TBK1 = 1 

bvFTD = 7 
nfvPPA = 4 

FTD-MND = 5 
7/9 

60.6 
(50-76) 

67.0 
(53.1-78.6) 

6.4 
(2.1-10.3) 

77.3 
(29.3-157.6) 

FTLD-TDPB 5 
Sporadic = 2 
Genetic = 3 
(C9orf72) 

bvFTD = 2 
FTD-MND = 3 

2/3 
56.2 

(50-63) 
62.1 

(56.2-67.2) 
5.9 

(4.2-8.1) 
68.5 

(10.8-96.0) 

FTLD-TDPC 5 All sporadic svPPA = 5 3/2 
58.8 

(52-64) 
73.0 

(65.4-78.6) 
14.2 

(10.3-18.7) 
43.8 

(19.0-83.7) 

FTLD-FUS 
(All aFTLD-U) 

4 All sporadic bvFTD = 4 4/0 
45.4 

(40-51) 
53.9 

51.3-60.4 
8.4  

(5.5-11.3) 
39.0 

(12.0-72.0) 

FTLD cases 
used for 
genetic 
group 
analysis 
 
(all included in 
groups above) 

15 

GRN = 5 
(all FTLD-

TDPA) 
 

MAPT = 5 
(all FTLD-

MAPT) 
 

C9orf72 = 5 
(all FTLD-

TDPA) 

bvFTD=4 
nfvPPA=1 

 
 

bvFTD = 5 
 
 
 

FTD-MND = 3 
nfvPPA = 2 

2/3 
 
 

2/3 
 
 

1/4 

58.0  
(62-67) 

 
48.0 

(37-58) 
 

60.8 
(55-68) 

64.6 
(55.3-74.2) 

 
59.6 

(52.4-68.4) 
 

68.6 
(62.7-75.1) 

6.6 
(5.3-8.4) 

 
11.6 

(8.1-16.4) 
 

7.8 
(5.7-10.3) 

83.1 
(29.3-157.6) 

 
45.9 

(24.0-64.0) 
 

78.7 
(51.9-107.1) 

 

Table 2.1 Summary of cases selected for histopathological studies 
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2.1.2 Cohorts for clinical and CSF biomarker studies 

For clinical (Chapter 3) and CSF biomarker (Chapters 7 and 8) studies, participants were 

selected from four main FTD studies at UCL:  

• The Genetic FTD Initiative (GENFI) – patients with genetic FTD, PMC and 

mutation negative controls. 

• The Longitudinal Investigation of Frontotemporal Dementia (LIFTD) – patients 

with sporadic FTD and healthy controls. 

• Previous longitudinal studies of FTD at the UCL Dementia Research Centre 

(DRC) – patients with sporadic or genetic FTD and healthy controls. 

• A prospective DRC CSF collection study of individuals with suspected 

neurodegenerative diseases at the NHNN – patients with sporadic or genetic FTD 

and healthy controls. 

 

All these studies were approved by the UCL/UCL Hospitals Joint Research Ethics 

Committee and the Health Research Authority. All participants were aged 18 years or 

over and gave informed written consent to participate. 

 

GENFI is a prospective, longitudinal, multi-centre cohort study of individuals with 

symptomatic genetic FTD (patients) and presymptomatic individuals who are at risk of 

genetic FTD (both PMC and their mutation negative relatives) who are from families with 

mutations in GRN, C9orf72 or MAPT. It is led by the author’s primary supervisor, Dr 

Jonathan Rohrer, at UCL. The initial pilot phase ran from 2012-2015 (GENFI1) and since 

2015 a five-year study (GENFI2) has been running. There were 25 participating sites 

and over 800 participants across Europe and Canada during the period that the studies 

for this thesis were performed. Participants are typically recruited from local clinical 

centres in each country. Patients with FTD meet consensus diagnostic criteria for either 

bvFTD (Rascovsky et al., 2011) or PPA (Gorno-Tempini et al., 2011), although some 
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have overlap syndromes of PSPS or CBS (Armstrong et al., 2013; Höglinger et al., 2017). 

A few patients have FTD-MND, and even fewer have MND only (Strong et al., 2009); 

these typically have C9orf72 expansions. PMC carry mutations which predispose them 

to developing FTD but do not have symptoms meeting criteria for a diagnosis of FTD or 

related syndromes. Individuals who are relatives of patients or PMC but lack mutations 

in these genes are mutation negative controls. Study visits and assessments are carried 

out on participants annually using harmonised study protocols at each site, with 

assessments as described below. Data and biosamples are shared for studies across 

sites following application to the GENFI Data Committee.  

 

LIFTD is a longitudinal observational cohort study run by the UCL DRC, which started in 

2015, led by Dr Jonathan Rohrer and Professor Jason Warren. It recruits participants 

with a diagnosis of sporadic FTD and its associated disorders, including individuals that 

fulfil consensus diagnostic criteria for bvFTD (Rascovsky et al., 2011), PPA (Gorno-

Tempini et al., 2011), CBS (Armstrong et al., 2013), PSPS (Höglinger et al., 2017; Litvan 

et al., 1996) or MND (Strong et al., 2009). It also recruits healthy controls (typically 

spouses or relatives of participants with FTD in LIFTD) with no cognitive symptoms, 

normal cognitive testing scores, normal neurological examinations and no neurological 

conditions. Prior to LIFTD and GENFI, other studies at the UCL DRC had also recruited 

individuals with genetic or sporadic FTD who met diagnostic criteria for bvFTD or PPA, 

and healthy controls. 

 

All participants within GENFI and LIFTD have an annual study visit, which includes a 

clinical assessment consisting of a standardised history and neurological examination, 

including scales to measure changes in behaviour and cognitive function such as the 

Mini-Mental State Examination, revised Cambridge Behavioural Inventory, 

Frontotemporal Dementia Rating Scale and the Clinical Dementia Rating plus National 
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Alzheimer’s Coordinating Centre FTLD (CDR plus NACC FTLD). Participants undergo 

venipuncture for collection of up to 60ml blood for genetics (DNA and RNA) and 

biomarker (serum and plasma) analysis. Participants may also have a lumbar puncture, 

enabling collection of up to 20ml CSF on each occasion. Participants also undergo 

standardised, detailed neuropsychological assessments including tests of executive 

function, working memory and attention, social cognition, naming and semantic 

knowledge, visuospatial skills and memory, and a standardised MRI brain protocol 

including volumetric T1, volumetric T2, resting state functional MRI, arterial spin labeling 

perfusion MRI and diffusion tensor imaging sequences on a 3 Tesla (3T) scanner. 

Participants have assessments at baseline and longitudinally, at one-year interval follow-

ups, with MR image registration for sequential comparison. A significant proportion of 

participants have had several annual visits with longitudinal collection of blood and CSF 

samples, and longitudinal clinical, neuropsychological and neuroimaging assessments.  

 

All new participant DNA samples from GENFI and LIFTD undergo sequencing for a panel 

of known neurodegenerative disease gene mutations and are also tested for the C9orf72 

expansion, within the Neurogenetics Laboratory at the UCL Queen Square Institute of 

Neurology. DNA, RNA, plasma, serum and CSF samples from GENFI participants are 

processed within the Leonard Wolfson Biomarker Laboratory (LWBL) and stored at the 

GENFI Biobank at the UCL Queen Square Institute of Neurology. Samples for LIFTD 

participants are processed and stored within the LWBL. Given that many participants 

within GENFI are presymptomatic and have chosen not to have genetic testing on a 

clinical basis, all research genetic test results for participants within GENFI are placed 

on a secure database by a named Genetic Guardian at each GENFI site (who is not 

involved in assessment of the participants). Research staff remain blinded to the genetic 

status of presymptomatic participants if they have not chosen to have a separate clinical 

genetic test.   
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The DRC CSF collection study for individuals with suspected neurodegenerative disease 

is a prospective longitudinal cohort study led by Professor Jonathan Schott at the UCL 

DRC since 2013. Participants recruited with suspected neurodegenerative disease 

(including FTD, AD or other disorders) have usually been seen for assessment of 

cognitive symptoms within the Specialist Cognitive Disorders Service at the NHNN and 

have been referred for a clinical, diagnostic lumbar puncture. Healthy control participants 

are also recruited (typically spouses or relatives of those with cognitive symptoms); these 

have no cognitive symptoms, normal cognitive testing scores, normal neurological 

examinations and no neurological conditions. Participants give informed, written consent 

to use of their clinical details and collection of extra blood (plasma and serum, up to 

18.5ml), urine (25 to 100ml) and CSF (15ml) samples for research purposes during the 

diagnostic lumbar puncture or (for controls) consent to having a purely research focused 

blood, urine and CSF collection. Although most individuals have one lumbar puncture, 

several individuals have consented to having lumbar punctures on an annual basis for 

longitudinal research CSF examination. 

2.2 Techniques 

2.2.1 Histological techniques 

2.2.1.1 Tissue processing and routine immunohistochemistry 

The FTLD case in Chapter 4 and all FTLD and AD cases and controls in Chapters 5 and 

6 underwent routine brain tissue processing and immunohistochemistry, and clinical 

neuropathological assessment, prior to further detailed research analyses within these 

studies. Brains donated to the QSBB are weighed and hemi-dissected and the right half 

of the brain is cut coronally and flash frozen at -80C. The left half of the brain is immersed 

for three weeks in formalin solution, examined macroscopically and then cut coronally 

into multiple 5mm thick slices. Small blocks of tissue are cut from these slices using a 

standardised protocol encompassing numerous cortical and subcortical regions, then 
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processed on a six-day cycle of graded alcohols and chloroform and embedded in 

paraffin wax, producing blocks of formalin fixed paraffin embedded (FFPE) tissue. 

Sections of FFPE tissue are cut from these blocks, typically at 8μm thickness using a 

rotary microtome (ThermoFisher), and undergo immunohistochemistry using antibodies 

used routinely in diagnostic practice at QSBB, as well as haematoxylin and eosin (H&E) 

staining to assess the degree of neuronal loss and spongiosis. Where clinically indicated, 

sections in selected cases are also stained with Luxol fast blue (LFB) and Perl stains to 

assess the degree of myelin loss and haemosiderin deposition.  

 

For immunohistochemistry, FFPE sections are placed onto 30% alcohol solution, floated 

onto warm water, picked up onto frosted positively charged microslides (Solmedia), dried 

overnight at 37°C, then adhered at 60°C overnight in preparation for 

immunohistochemistry. Sections are de-paraffinised in three changes of xylene for two 

minutes each, then rehydrated in two changes of absolute alcohol (100%) for two 

minutes. Endogenous peroxidase activity is blocked by submerging sections in 0.3% 

hydrogen peroxide (H2O2) (BDH) in methanol for ten minutes (10ml H2O2 30% in 1000ml 

methanol). Antibodies are used to detect TDP-43 (Proteintech; dilution 1:800), Aβ (Dako; 

1:100), tau (AT8 antibody, Thermo Scientific; 1:600), alpha-synuclein (BD Bioscience; 

1:1000), phosphorylated neurofilaments for axons (SMI31 antibody, Sternberger 

Monoclonals; dilution 1:5000), p62 (BD Transduction; 1:200), activated astrocytes 

(GFAP antibody, Dako; 1:1000), and microglia (CD68 antibody, Dako; 1:100). 

Immunohistochemistry for all antibodies requires pre-treatment in citrate buffer (0.45g 

citric acid and 5.8g tri-sodium citrate in two litres deionised water at pH 6.0) for ten 

minutes at 120°C once maximum pressure is reached (>15kPa), with additional pre-

treatment with formic acid for Aβ. Non-specific binding is blocked by incubating sections 

in 10% non-fat milk in Tris-buffered saline (TBS, pH 7.2) for 30 minutes at room 

temperature. Tissue sections are incubated in primary antibodies for 60 minutes at room 
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temperature, then washed in TBS-Tween (TBS-T, Thermo Scientific) and incubated in 

biotinylated anti-rabbit IgG (Dako; 1:200) or biotinylated anti-mouse IgG (Dako; 1:200) 

secondary antibodies for 30 minutes. Following further TBS-T washes, sections are 

incubated in Avidin–Biotin Complex (ABC Kit, Vectorstain Elite, Vector Laboratories Inc.) 

for 30 minutes, and colour is developed with 3,3’-diaminobenzidine (DAB, Sigma) as the 

chromogen by placing sections in a DAB/TBS-T/H2O2 solution (4ml of 5% DAB in 400ml 

TBS-T with 128μl of 30% H2O2) for three minutes. Sections are dehydrated through three 

grades of alcohol solution (70%, 90% and 100%) for two minutes each then cleared using 

two changes of xylene for two minutes and mounted onto slides using DePeX (BDH).  

 

Detailed diagnostic histological assessments were carried out by neuropathologists at 

the QSBB on FFPE sections for all cases, examining for spongiosis, neuronal and axonal 

loss, astrogliosis, microgliosis and TDP-43, Aβ, tau, alpha-synuclein and p62 deposition. 

Where relevant, cases were also analysed for myelin loss and FUS protein deposition. 

The circle of Willis and cortical, subcortical and hippocampal regions and vessels were 

examined for vascular changes. Slides were viewed using a Nikon Eclipse Ni 

microscope. 

2.2.1.2 Immunohistochemistry for microglial markers 

Further immunohistochemistry was performed by the author for the studies in Chapters 

4, 5 and 6 to detect microglia using antibodies against three microglial markers (CD68, 

CR3/43 and Iba1; Table 2.2). In Chapter 4, FFPE sections were cut from tissue blocks 

from five brain regions as detailed in Chapter 4.4.3. In Chapters 5 and 6, FFPE sections 

were cut from left anterior frontal lobe and left temporal lobe tissue blocks from all 60 

cases.  

 

In these studies, 8μm thick sections were cut by the author from tissue blocks using a 

rotary microtome (ThermoFisher). Sections were placed onto 30% alcohol solution, 
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floated onto warm water, picked up onto frosted positively charged microslides 

(Solmedia), dried overnight at 37°C, then adhered at 60°C overnight in preparation for 

immunohistochemistry. Positive controls consisting of sections of lymphoid tissue or 

appendix were included for each experiment, as these contain many macrophages, 

which are also detected using these antibodies. Sections were de-paraffinised in three 

changes of xylene for two minutes each, then rehydrated in two changes of absolute 

alcohol (100%) for two minutes. Endogenous peroxidase activity was blocked by 

immersing sections in a 0.3% H2O2 in methanol solution (10ml H2O2 30% (BDH) in 

1000ml methanol) for ten minutes followed by washing in running water. Pre-treatment 

was undertaken for retrieval of antigens by pressure cooking sections in citrate buffer 

(0.45g citric acid and 5.8g tri-sodium citrate in two litres deionized water at pH 6.0) for 

ten minutes at 120°C once maximum pressure was reached (>15kPa), then washed in 

running water. Non-specific protein binding was blocked through incubation of sections 

in 10% non-fat milk in TBS (pH 7.2) for 30 minutes at room temperature.  

 

The relevant primary antibody (Table 2.2) was applied, and sections were incubated for 

60 minutes at room temperature, followed by three washes in TBS-T (Thermo Scientific) 

each for five minutes. Sections were then incubated in the relevant biotinylated 

secondary antibody (Table 2.2) for 30 minutes at room temperature before a further three 

five-minute washes in TBS-T. Sections were incubated in ABC solution (ABC Kit, 

Vectorstain Elite, Vector Laboratories Inc.) for 30 minutes at room temperature, followed 

by three five-minute washes in TBS-T. The antigen-antibody interaction was visualised 

using DAB (Sigma) as the chromogen by placing sections in a DAB/TBS-T/H2O2 solution 

(4ml of 5% DAB in 400ml TBS-T with 128μl of 30% H2O2 (BDH)) for three minutes. 

Sections were washed in cold water and counterstained (to better visualise grey and 

white matter) by submerging them in Mayer’s Haematoxylin solution (1g haematoxylin, 

50g aluminium potassium sulphate, 0.2g sodium iodate, 50g chloral hydrate (BDH) in 1 
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litre distilled water) for 20 seconds, then washed in warm water. Sections were 

dehydrated through three grades of alcohol solution (70%, 90% and 100%) for two 

minutes each then cleared using two changes of xylene for two minutes. Sections were 

mounted onto slides, coverslipped using DPX mounting medium (Thermo Scientific) and 

left to dry overnight. Slides were viewed using a Nikon Eclipse Ni microscope. 

 

 

 

2.2.2 CSF biomarker techniques 

2.2.2.1 CSF collection, processing and storage 

CSF samples from participants in studies at UCL were collected via lumbar puncture at 

the Leonard Wolfson Experimental Neurology Centre or the NHNN Daycare unit. Lumbar 

punctures were performed using standardised protocols, without use of manometers, 

collecting up to 20ml of CSF into Sarstedt polypropylene tubes. CSF samples were 

transferred immediately at room temperature to the LWBL. CSF samples were 

immediately centrifuged at 1750 relative centrifugal force for five minutes at room 

temperature and the supernatant aliquoted into 1ml volumes within 1.5ml polypropylene 

storage tubes. Tubes were labelled at room temperature with nylon labels printed by a 

Primary 
antibody 

Antigen Source Species Dilution 

CD68 CD68 Dako Mouse monoclonal 1:100 

Iba1 Iba1 Wako Chemicals Rabbit polyclonal 1:1000 

CR3/43 HLA-DR/DP/DQ Dako Mouse monoclonal 1:150 

Secondary 
antibody 

Antigen Source Species Dilution 

Biotinylated 
antibody 

CD68-Ab complex Dako 
Polyclonal rabbit anti-

mouse 
1:200 

Biotinylated 
antibody 

Iba1-Ab complex Dako 
Polyclonal swine anti-

rabbit 
1:200 

Biotinylated 
antibody 

HLA-Ab complex Dako 
Polyclonal rabbit anti-

mouse 
1:200 

Table 2.2 Antibodies used for immunohistochemistry to detect microglial markers 
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Brady BMP53 printer with Ribbon appropriate for storage conditions of up to -100 

degrees Celsius (-100°C). Unique identifiers for each aliquot (generated by Itemtracker 

software) were printed on the labels, which allowed accurate tracking of the date of 

sample collection, freezer location and participant anonymisation.  

 

Tubes containing the aliquots of CSF were placed in a -80°C freezer within 60 minutes 

of sample arrival to the laboratory and stored at -80°C until needed for analysis. The 

tubes were allocated freezer storage positions using Itemtracker software, and the 

individual aliquots given specific positions on the rack with individually unique identifiers. 

Location information was stored in the LWBL and GENFI Biobank databases to allow 

later sample location and identification.  

 

CSF samples from external GENFI sites were collected at these sites and processed 

using the same protocol as above, and stored as 1ml aliquots at -80°C. Requested 

aliquots were then couriered frozen to UCL and kept frozen at -80°C until being thawed 

on the day of experiments. 

2.2.2.2 Routine analysis of biomarkers in CSF 

CSF samples from lumbar punctures performed for the DRC prospective CSF study 

through the NHNN Daycare unit had been analysed for microscopy and cell count, 

protein and glucose levels for clinical diagnostic purposes. However, these parameters 

were not analysed for most of the other CSF samples used in Chapter 7 arising from the 

LIFTD or GENFI studies, or any of the CSF samples in Chapter 8 arising from the GENFI 

study, as this was not within the study protocol. For the study in Chapter 7, CSF samples 

had levels of T-tau, P-tau and Aβ42 measured using commercially available INNOTEST 

sandwich enzyme-linked immunosorbent assays (ELISAs) (Fujirebio Europe, Gent, 

Belgium). For the study in Chapter 8 these assays were not performed due to insufficient 

CSF volumes being available for most external GENFI participants.  
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2.2.2.3 Immunoassays for glia-derived biomarkers in CSF 

The author performed immunoassays for the studies in Chapters 7 and 8 to measure 

levels of sTREM2, YKL-40 and chitotriosidase in CSF samples. All samples and reagents 

were thawed to room temperature on the day of experiments. In each experiment, CSF 

samples and standards were assayed in duplicate and measured on the same day by 

the author using the same reagents. Intra-assay coefficient of variation (CV) values for 

biomarker levels between samples were less than 10% for each experiment.  

 

CSF sTREM2 levels were measured using an immunoassay protocol produced by Dr 

Amanda Heslegrave, adapted from one published previously (Kleinberger et al., 2014). 

Streptavidin-coated 96-well plates (Meso Scale Discovery (MSD), Rockville, MD, USA) 

were blocked overnight at 4°C in block buffer (0.5% bovine serum albumin (BSA) and 

0.05% Tween 20 in phosphate-buffered saline [PBS]; pH 7.4). The plates were then 

incubated with the biotinylated polyclonal goat anti-human TREM2 capture antibody 

(0.25 µg/ml; BAF1828, R&D Systems, Minneapolis, MN, USA) diluted in block buffer, 

shaking for 1 hour at room temperature at 500 revolutions per minute (rpm). Plates were 

subsequently washed five times with wash buffer (0.05% Tween 20 in PBS) and 

incubated for 2 hours shaking at room temperature at 500 rpm with 50 μL per well of 

either the standard curve constructed from recombinant human TREM2 protein (11084-

H08H-50, Sino Biological Inc., Beijing, China) diluted in assay buffer (0.25% BSA and 

0.05% Tween 20 in PBS; pH 7.4) to produce concentrations ranging between 4000 pg/ml 

and 62.5 pg/ml, or CSF samples diluted 1 in 4 in assay buffer. Plates were again washed 

five times with wash buffer before incubation for 1 hour shaking at room temperature at 

500 rpm with the detection antibody, monoclonal mouse anti-human TREM2 antibody (1 

µg/ml; (B-3): sc373828, Santa Cruz Biotechnology, Texas, USA), diluted in block buffer. 

After five additional washing steps, plates were incubated with the secondary antibody 

(SULFO-TAG-labeled goat anti-mouse secondary antibody, R32AC-5, MSD) and 
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incubated shaking for 1 hour at 500 rpm in the dark. Lastly, plates were washed three 

times with wash buffer then twice in PBS alone. The electrochemical signal was 

developed by adding MSD Read buffer T 4x (R92TC-2, MSD) diluted 1 in 2, and the light 

emission measured using the MSD Sector Imager 6000. The concentration (level) of 

sTREM2 was calculated using a five-parameter logistic curve fitting method with the 

MSD Workbench software package.  

 

CSF YKL-40 levels were measured using the commercially available Human YKL-40 

Immunoassay Kit on the MSD (Rockville, MD, USA) platform. CSF samples were diluted 

1 in 400 with dilution buffer, and the provided standard reconstituted 1 in 20 using dilution 

buffer and serially diluted 1 in 4 to produce concentrations ranging from 50,000 to 12.2 

pg/mL. 150 μL blocking agent was added to each well and plates were sealed and 

incubated at room temperature shaking at 500 rpm for 1 hour. Plates were washed 3 

times with 300 μL per well of PBS-T, then 50 μL of either diluted CSF sample, standard 

or blank (dilution buffer) was added to each well (pre-coated with capture antibody), and 

plates were sealed and incubated at room temperature, shaking at 500 rpm for 2 hours. 

Plates were washed 3 times with 300 μL of PBS-T and then 25 μL of detection antibody 

solution (diluted to 1 in 50) was added per well. Plates were sealed and incubated at 

room temperature shaking at 500 rpm for 2 hours. After a further 3 washes with PBS-T, 

150 μL of Read Buffer T (diluted 1 in 2) was added to each well. The plate was 

immediately analysed on the SECTOR Imager, which determined the YKL-40 level using 

a 4-parameter logistic model with averaged replicates.  

 

CSF chitotriosidase levels were measured using the commercially available CircuLex 

Human ELISA Kit (MBL International, Woburn, MA, USA). CSF samples were diluted 1 

in 5 with dilution buffer and the provided standard was diluted to produce concentrations 

ranging from 3600 to 56.25 pg/mL. 100 μL of either diluted CSF sample, standard or 
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blank (dilution buffer) was added to each well, and plates were sealed and incubated at 

room temperature for 1 hour shaking at 300 rpm, then washed 4 times with 350 μL of 

wash buffer. 100 μL of HRP conjugated detection antibody was added and plates were 

sealed and incubated at room temperature for 1 hour shaking at 300 rpm, then washed 

4 times with 350 μL of wash buffer. 100 μL of substrate agent was added to each well 

and plates were sealed, covered in foil, and incubated for 15 minutes at room 

temperature shaking at 300 rpm. Finally, 100 μL of stop solution was added to each well 

in the same order as the substrate agent, and plate absorbance was read immediately 

on a microplate reader at dual wavelengths of 450/540 nm. The chitotriosidase level in 

each sample was calculated using a four-parameter fitting method based on the standard 

curve, using values which were blank corrected and averaged over replicates. 

2.3 Statistical methods 

This section outlines the general approach for statistical analyses used across several 

studies in this thesis. More detailed descriptions of statistical methods are included in 

each chapter. Statistical analyses were mainly performed in STATA version 14 (Stata 

Corporation, College Station, TX, USA), or in IBM SPSS Statistics for Windows, version 

24.0 (Armonk, NY, USA: IBM Corp.), with occasional use of Microsoft Office Excel for 

data collection. Graphs were mainly produced using STATA version 14 or GraphPad 

Prism version 7.00 for Windows (GraphPad Software, La Jolla, CA, USA) and 

occasionally using Microsoft Excel. The significance threshold was P<0.05 for all 

analyses. 

2.3.1 Normality tests and handling of non-parametric data 

Parametric tests and linear regression models that are used to compare variables 

between groups, or associations between variables, rely on data having a normal 

distribution (and other factors for linear regressions such as a linear relationship between 

variables). Two methods were used to test whether data were normally distributed: 
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Shapiro-Wilk tests of normality in STATA or SPSS, and visual assessment of Q-Q plots 

of residuals from multivariable linear regressions in STATA.  

 

Normally distributed data were analysed with two tailed t-tests (if two groups) or one-way 

analysis of variance (ANOVA) with Bonferroni post hoc analyses (if more than two 

groups). Multivariable linear regressions were used to compare groups when adjustment 

for covariates was required or associations between variables were analysed.  

 

Group comparisons of data that were not normally distributed (non-parametric), and did 

not need adjustment for covariates, were performed using non-parametric analyses: 

either Mann Whitney tests (for two groups) or Kruskal Wallis tests with Dunn’s post hoc 

tests (for more than two groups). Wilcoxon signed rank tests were used for paired 

comparisons (intra-individual group comparisons). For non-parametric data requiring 

adjustment for covariates or association analyses, and therefore multivariable linear 

regressions, data were natural log (Ln) transformed and visual assessments of Q-Q plots 

of the residuals of Ln(values) were reassessed to ensure they met assumptions required 

for analysis, including normality and a linear distribution. The bootstrapping technique 

was considered but was deemed unnecessary due to satisfactory correction of variables 

through Ln transformation. 

2.3.2 Covariates 

Certain confounding variables such as age or sex may differ significantly between 

comparison groups, or, despite being similar between groups, may be significantly and 

independently associated with an outcome variable. If left uncorrected, this may falsely 

affect the result of associations being assessed. For example, microglial activation 

increases with age, so an increase in the level of a glia-derived biomarker in CSF could 

simply arise from increased release due to age itself in patients with genetic FTD versus 

their (generally younger) relatives who are PMC or non-carriers (controls). It is therefore 
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important to identify and adjust for these variables, either by matching groups based on 

these variables, or, if not possible (or if concern remains or evidence exists that there is 

a strong, independent association with the outcome variable), by using these variables 

as covariates in multivariable linear regressions. 

 

In the histological studies in Chapters 5 and 6, FTLD and AD cases and controls, and 

FTLD subgroups, were matched for AAD as closely as possible. In the CSF biomarker 

studies in Chapters 7 and 8, age was used as a covariate in all multivariable linear 

regressions. Sex was also used as a covariate in biomarker analyses as glia-derived 

protein expression may differ by sex. Disease duration was often used as a covariate in 

biomarker analyses, as biological processes and glial function may change throughout 

the disease course. Other covariates were sometimes used, as specified in the statistical 

analysis sections of each chapter. 

2.4 Statement of contributions 

The author carried out all experiments and analyses in this thesis, and produced all text, 

figures and tables, with additional contributions from colleagues as stated below. The list 

of contributors (initials and names) follows this section. 

 
Chapter 2 – General methods: 

• Cohorts:  

o Histological cohort: Neurology consultants at the DRC (including NCF, 

CJM, JDR, MNR, JMS and JDW) liaised with JH, TR, TL, LH and LP at 

the QSBB to arrange for individuals to donate their brains to the QSBB. 

LP, CT and SS assisted the author with obtaining brain tissue for cases 

from King’s College London. SB assisted with ethics applications for brain 

donation protocols at the QSBB. 
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o Clinical and biomarker cohorts: JDR is principal investigator for the 

GENFI study. JDR and JDW are principal investigators of the LIFTD 

study. JMS is principal investigator for the DRC prospective CSF study. 

MNR and NCF led previous longitudinal studies of FTD at UCL. KMM was 

the GENFI study coordinator and LR was the LIFTD study coordinator; 

both recruited participants into these studies at UCL, with assistance of 

the author, CC, CG, RSC, CJDH, JDR and JDW. RSC collated data from 

external GENFI sites with assistance from KMM, CH and JDR. AK and 

RP assisted with recruitment of participants into the DRC prospective 

CSF study. Clinical assessments were performed for LIFTD by CRM, CC 

and the author, and for GENFI predominantly by the author and latterly 

by RS. Neuropsychological testing was predominantly performed by LR 

and CJDH (LIFTD) and KMM (GENFI). Neuroimaging protocols were 

coordinated by DC, DT and JDR and image processing and analyses 

were performed by MB, EG, CHS and HP. Genetic testing was enabled 

through SM. LWBL and GENFI biobanks and databases were 

coordinated by CH and MF with input from JT, AH, HZ and JDR. SB 

assisted with ethics applications for all studies. 

• Techniques:  

o Histological techniques: Routine brain tissue processing for clinical 

neuropathological assessments was carried out by technicians including 

RC, CS, KD and CET at the QSBB. Routine immunohistochemistry was 

performed by RC, CS and KD. Clinical neuropathological assessments 

were performed by JH and TR at the QSBB. All tissue sections analysed 

within Chapters 4, 5 and 6 were cut by the author. Immunohistochemistry 

in Chapters 4, 5 and 6 was performed by the author, with occasional 
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assistance from TL, CET, CS and RC. Stained slides were scanned and 

uploaded into digital databases by BB and CET.  

o CSF biomarker techniques: The author performed all lumbar punctures 

to collect CSF samples from LIFTD and GENFI study participants at UCL 

for this thesis, with a few additional samples collected by RS. CSF from 

participants at other GENFI sites was collected by clinicians at those 

centres. The author and other Clinical Research Fellows at the DRC 

including AK and RP performed lumbar punctures to collect CSF samples 

from participants in the DRC prospective CSF study. All CSF samples 

were processed in the LWBL by CH, MF and JT and catalogued with 

supervision from AH and HZ. Routine clinical analysis of CSF samples 

was performed by technicians in the NHNN Neuroimmunology 

Laboratory, managed by MC. Assays for neurodegenerative biomarkers 

for Chapter 7 were performed by CH and MF within the LWBL. 

Immunoassays of glia-derived biomarkers for studies in Chapters 7 and 8 

were performed by the author within the LWBL. 

o Statistical methods: 

▪ All statistical analyses carried out in this thesis were performed by 

the author, with assistance from JN for statistical methods and 

STATA code. 

 

Chapter 3 – Systemic autoimmune disease in genetic FTD:  

The study was designed by the author and JDR. Participants were recruited from studies 

at UCL by individuals listed above. The author performed all case notes reviews and 

analyses and produced all figures and tables. 
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Chapter 4 – Histopathological correlates of white matter hyperintensities in GRN 

mutation associated FTD:  

The study was designed by the author, JDR and TL with input from JH. NCF and MNR 

were involved in clinical care of the patient and BR coordinated the cadaveric MRI study, 

which had been led by SO and MJC. Genetic testing was done via SM. MB and CHS 

performed neuroimaging analyses. TR performed the original clinical neuropathological 

analysis. The author cut further brain tissue sections and performed 

immunohistochemistry for the study, assisted by TL, CS and RC. The author, JH and TL 

reviewed slides and JH and TL scored them for histopathological changes. TL assisted 

the author with production of immunohistochemistry figures and MB and CHS assisted 

with production of neuroimaging figures. 

 

Chapter 5 – Microglial phenotypes across the spectrum of FTLD:  

The study was designed by the author, JDR and TL. Participants were recruited and 

tissue processing and immunohistochemistry were performed as described above for 

Chapter 2. The macro for microglial analysis was developed by a collaborator, YL, at 

King’s College London. Assistance with STATA code was provided by CA. Analysis of 

microglia was performed predominantly by the author, with assistance from CET. All 

tables and figures were produced by the author, with some assistance from TL for 

immunohistochemistry figures. 

 

Chapter 6 – Microglial dystrophy across the spectrum of FTLD:  

The study was designed by the author, with approval from TL and JDR. Participants were 

recruited and tissue processing and immunohistochemistry were performed by as 

described above for Chapter 2. Analysis of microglia was performed by the author. All 

tables and figures were produced by the author, with assistance from TL for 

immunohistochemistry figures. 
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Chapter 7 – CSF glia-derived biomarkers in sporadic and genetic FTD:  

The study was designed by the author and JDR, with input from AH and HZ. Participants 

were recruited, CSF samples were collected and processed, and biomarker assays were 

performed as described above for Chapter 2. All analyses were performed, and all tables 

and figures were produced, by the author, with statistical assistance from JN. 

 

Chapter 8 – CSF glia-derived biomarkers in presymptomatic and symptomatic 

genetic FTD:  

The study was designed by the author and JDR, with input from AH and HZ. Participants 

were recruited, CSF samples were collected and processed, and biomarker 

immunoassays were performed as described above for Chapter 2. All analyses were 

performed, and all tables and figures were produced, by the author, with statistical 

assistance from JN. 
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3 Systemic autoimmune disease in genetic FTD 

3.1 Chapter summary 

Introduction: Initial studies have suggested heightened systemic autoimmunity in 

mouse models of genetic FTD and an increased prevalence of systemic autoimmune 

disease in individuals with GRN or C9orf72 mutations. However, systemic autoimmune 

diseases have not been compared directly between GRN and C9orf72 mutation carriers 

or explored in MAPT mutation carriers.  

 

Methods: This study analysed the prevalence of systemic autoimmune disease in 

individuals with genetic FTD through retrospective notes review of individuals with FTD 

due to mutations in GRN (n=31), MAPT (n=40), or C9orf72 (n=36) and in 24 cognitively 

normal controls. Total (all) autoimmune diseases were analysed, then sub-classified into 

‘thyroid’ or ‘non-thyroid’ categories, and prevalence was compared between groups.  

 

Results: The prevalence of total autoimmune disease (thyroid and non-thyroid diseases 

combined) was higher in the GRN group (35.5%) than the MAPT group (7.5%), although 

did not reach significance compared with controls (12.5%), and did not differ between 

C9orf72 (22.2%) or MAPT groups and controls. The prevalence of thyroid disease did 

not differ significantly between groups. However, non-thyroid disease was significantly 

more prevalent in the GRN group (19.4%) compared with controls (0%), and in the GRN 

group compared with the MAPT group (2.5%) but did not differ significantly between 

other genetic groups and controls or between GRN and C9orf72 (8.3%) groups.  

 

Conclusions: The high prevalence of non-thyroid autoimmune disease in GRN mutation 

associated FTD is consistent with previous research and suggests that progranulin 

haploinsufficiency causes systemic immune dysregulation in GRN mutation carriers, as 
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observed in GRN mouse models. The similar prevalence of autoimmune disease in 

C9orf72 or MAPT mutation carriers compared with controls suggests there is less of a 

link between these mutations and systemic autoimmunity. 

3.2 Introduction 

As discussed in Chapter 1, there is evidence of central and systemic immune dysfunction 

in models of genetic FTD. Mouse models of GRN mutations and C9orf72 expansions 

display altered innate and adaptive immunity. This includes microglial dysfunction, 

excessive T cell activation, enlarged spleens and lymph nodes infiltrated by engorged 

macrophages, and elevated autoantibodies and proinflammatory cytokines. These 

models develop systemic autoimmune diseases, with GRN -/- mice developing 

inflammatory arthritis (Tang et al., 2011), and C9orf72 -/- or deficient mice developing 

immune-mediated kidney disease (Atanasio et al., 2016) or thrombocytopaenia 

(Atanasio et al., 2016; Burberry et al., 2016, 2020). Humans with FTD due to these 

mutations may therefore also display altered systemic immune function, as well as 

chronic, excessive neuroinflammation.  

 

Progranulin deficiency has been linked to systemic autoimmune disease in a 

rheumatological study, where high titres of anti-progranulin antibodies were present in 

serum samples of individuals with systemic vasculitides, rheumatoid arthritis and 

systemic lupus erythematosus compared with healthy controls (Thurner et al., 2013). 

Higher anti-progranulin antibody titres were associated with lower plasma progranulin 

levels and increased disease activity in individuals with vasculitides. This suggests that 

plasma progranulin deficiency, which is known to be present for many years in 

presymptomatic and symptomatic GRN mutation carriers (Finch et al., 2011; Meeter et 

al., 2016b), may be linked to certain systemic autoimmune diseases. 
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Several studies also implicate systemic immune dysfunction in sporadic FTD. GWAS 

have identified associations with polymorphisms in loci within HLA genes in FTD (Broce 

et al., 2018; Ferrari et al., 2014, 2017) and FTLD-TDP (Pottier et al., 2019), which encode 

MHC molecules involved in antigen presentation and the adaptive immune response. 

Polymorphisms in immune genes (predominantly in the HLA region) are jointly linked to 

FTD and systemic autoimmune diseases, including rheumatoid arthritis, type 1 diabetes, 

coeliac disease, ulcerative colitis and psoriasis (Broce et al., 2018). Individuals with 

sporadic FTD have higher titres of systemic antinuclear antibodies compared with 

controls (60% versus 13%) (Cavazzana et al., 2018). Although thyroid disease was 

historically associated with sporadic FTD (Rosso et al., 2003b), individuals with svPPA 

(which is almost universally sporadic) also have a higher prevalence of non-thyroid 

systemic autoimmune diseases, particularly rheumatological conditions, compared with 

controls (Miller et al., 2013). 

 

Despite evidence of immune dysregulation in GRN mouse models, only one study has 

explored autoimmune disease in human GRN mutation carriers (Miller et al., 2013). This 

analysed the prevalence of autoimmune thyroid and non-thyroid systemic autoimmune 

diseases in 39 symptomatic or presymptomatic GRN mutation carriers (genetic FTLD-

TDP), compared with 129 individuals with svPPA (sporadic FTLD-TDP), 158 individuals 

with AD, and 186 healthy controls. There was a higher prevalence of non-thyroid 

autoimmune diseases in genetic (13%) and sporadic (12%) FTLD-TDP cases compared 

with controls and AD (4% each), but the prevalence of thyroid disease did not differ 

significantly between groups. Notably, the overall (total) prevalence of systemic 

autoimmune disease (combining thyroid and non-thyroid) did not differ between groups, 

suggesting a specific link between GRN mutations (or perhaps FTLD-TDP) and non-

thyroid autoimmune diseases. Interestingly, the non-thyroid diseases were grouped 

within clusters (inflammatory arthritides, gastrointestinal disorders and cutaneous 
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inflammatory disorders); the most common conditions included ankylosing spondylitis, 

rheumatoid arthritis, inflammatory bowel disease, coeliac disease, psoriasis and vitiligo. 

 

Whether systemic autoimmune disease also occurs more commonly in C9orf72 

expansion carriers remains less clear. A study examined the prevalence of thyroid and 

non-thyroid autoimmune diseases in 66 individuals with FTD-MND (24 with the C9orf72 

expansion), and an additional 57 individuals with the C9orf72 expansion (33 with bvFTD, 

24 with FTD-MND), compared with 186 healthy controls, 158 AD and 107 PSPS cases 

(Miller et al., 2016). A group combining those with C9orf72 expansions (bvFTD or FTD-

MND) and individuals with FTD-MND (including FTD-MND cases without the C9orf72 

expansion) had a higher prevalence of non-thyroid autoimmune disease compared with 

healthy controls. The authors concluded that the C9orf72 expansion was therefore 

associated with a higher prevalence of non-thyroid autoimmune disease. However, the 

prevalence in their bvFTD group with the C9orf72 expansion was actually similar to the 

prevalence in an FTD-MND group without the C9orf72 expansion. It is therefore more 

likely that it was FTLD-TDP itself (and MND particularly), rather than the C9orf72 

expansion, that was associated with an increased prevalence of autoimmunity. Another 

study of individuals with FTD or FTD-MND (either with or without C9orf72 expansions) 

found a trend towards a lower prevalence of systemic autoimmune diseases in C9orf72 

expansion carriers than those without the expansion, particularly for gastrointestinal 

diseases (Katisko et al., 2018).   

 

To establish whether there is a gene-specific link to systemic autoimmune disease in 

individuals with genetic FTD, or if this is actually linked to FTLD-TDP, one could directly 

compare the prevalence of systemic autoimmune diseases between individuals with FTD 

due to GRN mutations versus C9orf72 expansions, as both have FTLD-TDP. However, 

this has not been done previously. It is also important to compare the prevalence of 
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autoimmune diseases between groups of individuals with definite FTLD-TDP (due to 

GRN mutations or C9orf72 expansions) and definite FTLD-tau. Although one study 

included individuals with clinically presumed tauopathy (PSPS) as a comparison group 

for C9orf72 expansion carriers (Miller et al., 2016), the underlying pathology in PSPS 

syndromes can be heterogeneous, even in those with detailed clinical phenotyping. A 

better comparison group would be individuals with FTD due to MAPT mutations, who 

have definite FTLD-tau. However, the prevalence of autoimmune disease has not been 

reported in MAPT mutation carriers previously.  

3.3 Aims and hypotheses 

This study aimed to improve upon the few previous studies of systemic autoimmune 

diseases in humans with genetic FTD (Katisko et al., 2018; Miller et al., 2013, 2016) by 

analysing prevalence of these diseases in a well-characterised cohort of individuals with 

genetic FTD due to either GRN mutations or C9orf72 expansions, with comparison 

groups of individuals with genetic FTD due to MAPT mutations and healthy controls. In 

particular, it aimed to ascertain whether total, thyroid or non-thyroid systemic 

autoimmune diseases were more prevalent in a particular genetic group, if this differed 

between different causes of FTLD-TDP (GRN mutations versus C9orf72 expansions) 

and whether individuals with FTLD-TDP (due to mutations in either GRN or C9orf72) had 

a higher prevalence of autoimmune disease than individuals with FTLD-tau (MAPT 

mutations). 

 

The hypotheses were as follows: 

1.  Individuals with FTD due to GRN mutations or C9orf72 expansions, but not 

MAPT mutations, will have a higher prevalence of systemic autoimmune disease 

(particularly non-thyroid diseases) compared with controls. 
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• This is due to a link between mutations in GRN or C9orf72 and systemic 

autoimmunity, due to alterations in adaptive immune pathways as 

demonstrated in mouse models. 

2. Individuals with FTD due to GRN mutations or C9orf72 expansions will have a 

higher prevalence of non-thyroid autoimmune diseases compared with 

individuals with FTD due to MAPT mutations. 

• This is due to a stronger link between mutations in GRN or C9orf72 and 

systemic autoimmunity than for MAPT, due to greater alterations in 

adaptive immune pathways. Alternatively, this is due to a stronger link 

between FTLD-TDP and systemic autoimmunity than for FTLD-tau. 

3. Individuals with FTD due to GRN mutations will have a higher prevalence of non-

thyroid autoimmune disease than individuals with C9orf72 expansions. 

• This is due to a more significant effect of GRN mutations than the C9orf72 

expansion on systemic adaptive immune pathways, irrespective of the 

link between FTLD-TDP and autoimmunity. 

3.4 Methods 

3.4.1 Case selection and notes review 

Data were obtained through retrospective review of clinical case report forms or medical 

notes for participants with FTD in previous or ongoing studies of individuals with FTD at 

UCL, including participants within LIFTD and GENFI (described in Chapter 2.1.2) who 

were enrolled at the time of this study. Case report forms for LIFTD and GENFI 

participants specifically included a question on whether there was a known diagnosis of 

autoimmune disease (yes or no). Available medical records of all individuals with FTD 

and a known mutation in GRN or MAPT or a C9orf72 expansion in these studies and 

previous studies of FTD at UCL were analysed for recorded diagnoses of autoimmune 

disease. Healthy controls with available clinical data, who were participants in LIFTD, 
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were used as a comparison group; all these participants had had genetic testing and 

were negative for all known FTD-associated mutations. Presence or absence of a 

systemic autoimmune disease was recorded against a list of autoimmune diseases 

(Table 3.1) adapted from Miller et al. (2013). Other autoimmune diseases that were not 

present on this list were discussed by two researchers (the author and Dr. J. Rohrer) 

and, if identified and deemed relevant, were included. The autoimmune disease was 

sub-classified into either a thyroid disease (mainly ‘hypothyroidism’ or ‘hyperthyroidism’) 

or non-thyroid (any other) autoimmune disease, and the name of the disease was 

recorded. AAO of symptoms of FTD (or age at data collection for controls), clinical 

diagnosis and sex were also recorded. AAO of the autoimmune disease was often not 

available. 

 

 

Records were identified for: 24 healthy controls, 36 individuals with a GRN mutation, 52 

with a MAPT mutation and 40 with C9orf72 expansions. However, limited clinical 

Cardiological Gastroenterological Rheumatological 

Chronic rheumatic heart disease or 
rheumatic fever 

Chronic lymphocytic colitis 
Arthritides: rheumatoid arthritis, 

psoriatic arthritis, ankylosing 
spondylitis, reactive arthritis 

Dermatological Coeliac disease Behcet’s disease 

Alopecia areata, totalis or 
universalis 

Crohn’s disease or ulcerative colitis 
Eosinophilic granulomatosis 

with polyangiitis (Churg-Strauss) 

Lichen sclerosus or localised 
scleroderma 

Lupoid hepatitis 
Granulomatosis with polyangiitis 

(Wegener’s granulomatosis) 

Pemphigus vulgaris or bullous 
pemphigoid 

Pernicious anaemia 
Polyarteritis nodosa, or other 

systemic vasculitis 

Psoriasis, vitiligo or 
discoid lupus erythematosus 

Primary biliary cirrhosis or primary 
sclerosis cholangitis 

Polymyositis or dermatomyositis 

Endocrinological Neurological 
Polymyalgia rheumatic 

Giant cell arteritis 

Addison’s disease 
Acute or chronic inflammatory 
demyelinating polyneuropathy 

Sarcoidosis 

Hyperthyroidism – cause 
documented (if known) 

Inclusion body myositis Sjogren’s syndrome 

Hypothyroidism – cause 
documented 

Myasthenia gravis Systemic lupus erythematosus 

Type 1 diabetes 
Multiple sclerosis, neuromyelitis 

optica, other demyelinating 
diseases 

Systemic sclerosis 

Haematological Sydenham’s chorea (chorea minor)  

Autoimmune haemolytic anaemia Transverse myelitis  

Immune thrombocytopaenic 
purpura 

  

Table 3.1 Autoimmune diseases analysed in case notes review 
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information was available for four individuals with GRN mutations, 12 with MAPT 

mutations and four with C9orf72 expansions, so these cases were excluded. The final 

cohort included: 24 healthy controls and 105 cases with genetic FTD: 31 with GRN 

mutations, 40 with MAPT mutations and 36 with a C9orf72 expansion. Three individuals 

had dual gene mutations: two had C9orf72/GRN mutations and one had a 

C9orf72/SQSTM1 mutation. One case in the C9orf72 group was homozygous for the 

C9orf72 expansion. Clinical data and demographics are shown in Table 3.2. 

 

3.4.2 Statistical analysis 

Analyses were performed using IBM SPSS Statistics for Windows, Version 24.0. AAO 

(or age at data collection visit for controls) was compared between groups using ANOVA 

with Bonferroni post hoc tests. The prevalence of any systemic autoimmune disease 

Group N 
Female 

(%) 

Mean age at onset 
(FTD) or visit 

(controls) in years 
(range) 

Diagnosis = N 

GRN 

31a 51.6 57.4 (45.0 - 67.0) 

bvFTD = 16 
PPA = 10  
CBS = 2 

FTD-MND = 3* 

29b 48.3 57.8 (45.0 - 67.0) 

bvFTD = 16 
PPA = 10  
CBS = 2 

FTD-MND = 1 

MAPT 40 35.0 49.3 (33.0 - 70.0) 

bvFTD = 36 
CBS = 2 

PSPS = 1 
FTD-MND = 1 

C9orf72 

36a 44.4 55.5 (40.0 - 68.0) 
bvFTD = 23 

PPA = 3 
FTD-MND = 10* 

33b 39.4 56.0 (40.0 - 68.0) 
bvFTD = 23 

PPA = 3 
FTD-MND = 7 

Healthy 
controls 

24 54.2 68.5 (52.1 - 72.9) n/a 

Table 3.2 Demographics of genetic FTD groups and healthy controls 

Data are shown for groups includinga and excludingb individuals with dual gene mutations. 
The majority of PPA cases were nfvPPA although one GRN case had mixed semantic 
and non-fluent PPA features. *Two of the FTD-MND cases with GRN mutations had 
concurrent C9orf72 expansions. 
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(‘total autoimmune disease’), and sex (proportion of females) in each group, were 

compared between groups using Chi squared tests, or Fisher’s exact tests (for cell 

counts ≤5). Similar sub-analyses were carried out for the prevalence of thyroid diseases 

and non-thyroid diseases. All analyses were then repeated across groups after excluding 

individuals with dual mutations (two with GRN/C9orf72 mutations from both the GRN and 

C9orf72 groups and one with C9orf72/SQSTM1 mutations from the C9orf72 group), to 

remove the potentially exacerbating effect of possessing a dual FTLD-TDP related 

mutation on autoimmune disease prevalence.  

3.5 Results 

Sex did not differ significantly between groups, but AAO of symptoms of FTD (or age at 

data collection for controls) significantly differed between all groups, except between 

GRN and C9orf72 groups (Table 3.2 and 3.3). The MAPT group had a significantly 

younger AAO (49.3 years) than other genetic groups. 

 

 

Table 3.3 Differences in AAO of FTD symptoms or age at data collection between groups   

Values shown are mean differences in AAO in years (SEM, P) resulting from comparisons of rows versus 

columns, after excluding dual mutation carriers 

  

Group GRN MAPT C9orf72 
Healthy 
controls 

GRN  8.4  
(1.7, P<0.001) 

2.2 
(1.8, P>0.05) 

-10.8  
(1.9, P<0.001) 

MAPT   -6.2 
(1.7, P<0.001) 

-19.2 
(1.8, P<0.001) 

C9orf72    -13.0 
(1.9, P<0.001) 

Healthy 
controls 
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Table 3.4 Prevalence of autoimmune disease across groups 

Data are shown for analyses performed first includinga and then excludingb individuals with dual gene 
mutations. 

 

The prevalence of autoimmune disease within the cohort is summarised in Table 3.4 and 

displayed in Figure 3.1. Most cases of autoimmune disease across all genetic groups, 

and all cases in the control group, were thyroid disease (either hyperthyroidism or 

hypothyroidism). Non-thyroid autoimmune diseases within the GRN group included: 

coeliac disease (n=2; both had dual GRN/C9orf72 mutations), sarcoidosis with nephritis 

(n=1), ankylosing spondylitis (n=1), recurrent polyarthritis and fever of unspecified cause 

(n=1) and persistent eosinophilia associated with pericardial effusion (n=1). The C9orf72 

group had two cases with coeliac disease (both had dual GRN/C9orf72 mutations) and 

one other case had psoriasis. The MAPT group had one case with rheumatoid arthritis.  

  

When analysis of autoimmune disease prevalence was performed on the cohort 

including the two dual GRN/C9orf72 mutation carriers in both of the GRN and C9orf72 

groups, the prevalence of total autoimmune disease in the GRN group was high (35.5%), 

although this did not quite reach significance when compared with controls (12.5%; 

P=0.052). The prevalence of total autoimmune disease in the C9orf72 and MAPT groups 

did not differ significantly from controls (C9orf72 = 22.2%; MAPT = 7.5%). Notably, there 

Group N 
Total autoimmune 

disease 
N (%) 

Thyroid disease 
N (%) 

Non-thyroid 
disease 

N (%) 

GRN 
31a 11 (35.5%) 5 (16.1%) 6 (19.4%) 

29b 9 (31.0%) 5 (17.2%) 4 (13.8%) 

MAPT 40 3 (7.5%) 2 (5.0%) 1 (2.5%) 

C9orf72 
36a 8 (22.2%) 5 (13.9%) 3 (8.3) 

33b 6 (18.2%) 5 (15.2%) 1 (3.0%) 

Healthy 
controls 

24 3 (12.5%) 3 (12.5%) 0 (0%) 
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was a much higher prevalence of non-thyroid autoimmune disease in the GRN group 

(19.4%) compared with controls (0%; P=0.03) but not in the C9orf72 (8.3%) or MAPT 

(2.5%) groups. The prevalence of thyroid disease was similar between the GRN group 

(16.1%) and controls (12.5%) and between the C9orf72 (13.9%) and MAPT (5%) groups 

and controls. When directly comparing genetic groups, there was a much higher 

prevalence of total autoimmune disease in the GRN group compared with the MAPT 

group (35.5% vs. 7.5%; P=0.003). This was the case only for non-thyroid disease (19.4% 

vs. 2.5%; P=0.038) but not for thyroid disease (16.1% vs. 5%). There was no significant 

difference in the prevalence of total, non-thyroid or thyroid autoimmune diseases 

between the GRN and C9orf72 groups, or between the C9orf72 and MAPT groups.  

 

When the two GRN/C9orf72 cases were excluded from both the GRN and C9orf72 

groups and the single C9orf72/SQSTM1 case was excluded from the C9orf72 group, 

there remained a greater prevalence of total autoimmune disease in the GRN group 

compared with the MAPT group (31.0% vs. 7.5%; P=0.011). However, the prevalence of 

non-thyroid disease in each of these groups did not differ significantly (17.2% vs. 5%; 

P>0.05). In addition, the prevalence of total autoimmune disease in the GRN mutation 

group compared with controls did not differ significantly (31.0% vs. 12.5%; P>0.05) and 

this was also the case for non-thyroid disease (13.8% vs. 0%; P>0.05). The prevalence 

of total, thyroid and non-thyroid autoimmune disease remained similar between the GRN 

and C9orf72 groups and the C9orf72 and MAPT groups, and between the C9orf72 or 

MAPT groups and controls. 
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3.6 Discussion 

This study confirms previous observations that there is a high prevalence of certain types 

of autoimmune disease in individuals with genetic FTD associated with GRN mutations 

(Miller et al., 2013). This group had a particularly high prevalence of non-thyroid 

autoimmune disease, differing from MAPT mutation carriers and controls. A higher 

prevalence of non-thyroid autoimmune disease in GRN mutation carriers compared with 

controls (Miller et al., 2013) and individuals with presumed tau pathology (PSPS) (Miller 

et al., 2016) has been described previously, but this is the first study to directly compare 

individuals with the three main genetic FTD subtypes and between those with definite 

FTLD-TDP and FTLD-tau pathology.  

 

Diseases such as ankylosing spondylitis, non-specified polyarthritis, sarcoidosis and 

coeliac disease were present in the GRN group, consistent with clusters of inflammatory 

arthritides and gastrointestinal or cutaneous disorders described previously associated 

Figure 3.1 Prevalence of total, thyroid and non-thyroid autoimmune diseases within each group 

N numbers and percentage of cases per group refer to analyses performed on groups including the 
three dual mutation carriers. 
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with GRN mutations (Miller et al., 2013). Impairment of the proposed anti-inflammatory 

and other immune functions of progranulin, due to haploinsufficiency in GRN mutation 

carriers, could cause systemic immune dysregulation from an early age, impairing 

regulation of responses to self-antigens and leading to increased risk of various clusters 

of autoimmune disease, other than thyroid diseases, which are common in the general 

population. Why progranulin haploinsufficiency is linked to these particular clusters of 

autoimmune diseases remains unclear, although these findings are consistent with 

another study linking inflammatory arthritides and various rheumatological conditions to 

reduced plasma progranulin levels (Thurner et al., 2013), and with inflammatory arthritis 

seen in GRN -/- mice (Tang et al., 2011). This could be because tissues with a high 

content of macrophages and epithelial cells (such as the gut, blood vessels and skin) 

normally express high levels of progranulin and therefore are selectively impacted on by 

its haploinsufficiency. 

 

Individuals with MAPT mutations had a similar prevalence of total, thyroid and non-

thyroid autoimmune disease to controls, consistent with reports in individuals with 

presumed FTLD-tau (PSPS) (Miller et al., 2016). In fact, prevalence was seemingly 

reduced in the MAPT group: only three out of 40 individuals had an autoimmune disease, 

compared with three out of 24 controls, although this did not reach significance. This 

suggests that individuals with FTLD-tau may not have the same degree of systemic 

immune dysfunction as individuals with FTLD-TDP and may perhaps have impaired 

immunity. However, MAPT is preferentially expressed in the central and peripheral 

nervous system, whereas progranulin and C9orf72 expression have low tissue specificity 

and both are expressed systemically, so mutations in GRN and C9orf72 may have more 

of a systemic effect than MAPT mutations. Although excessive neuroinflammation and 

microgliosis has been observed in several MAPT mouse models, dysregulated systemic 
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autoimmunity has not been demonstrated in these models or in humans with MAPT 

mutations, in contrast to several GRN and C9orf72 mouse models. 

 

There was no significant difference in the prevalence of total, thyroid or non-thyroid 

autoimmune disease between GRN and C9orf72 groups. This similarity may be because 

both GRN and C9orf72 mutation carriers have generalised immune dysfunction, as 

postulated by previous human studies (Miller et al., 2013, 2016) and mouse models. 

Alternatively, this could be due to a general link between FTLD-TDP and dysregulated 

autoimmunity. However, this study may have lacked the power to detect small 

differences in the prevalence of non-thyroid disease between GRN and C9orf72 groups, 

due to the relatively small size of each group, so it is difficult to conclude what underlies 

this. These groups have not been directly compared in previous studies, but it is notable 

that the prevalence of non-thyroid disease in the C9orf72 group did not differ significantly 

from controls (unlike the GRN group), suggesting perhaps that GRN mutations are more 

associated with autoimmunity than C9orf72 expansions, irrespective of FTLD-TDP. Of 

note, the significantly higher prevalence of total autoimmune disease in GRN mutation 

carriers compared with MAPT mutation carriers persisted even after excluding cases 

with dual mutations (two of whom had concurrent C9orf72 expansions) from the GRN 

group, suggesting that GRN mutations alone are still linked to high rates of systemic 

autoimmune disease.   

 

Although a reasonably high proportion (22.2%) of the C9orf72 group had an autoimmune 

disease, the prevalence of non-thyroid autoimmune disease in this group was not 

significantly different from healthy controls, in contrast to previous observations (Miller et 

al., 2016), but consistent with another study (Katisko et al., 2018). This may be due to 

the smaller group of C9orf72 expansion carriers analysed in the present study, which 

could have reduced power to detect this difference. Alternatively, as most of this group 
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had bvFTD rather than FTD-MND, and MND seems to be associated with more 

extensive TDP-43 pathology and a stronger link to autoimmunity, this may explain the 

lower prevalence of autoimmune disease in the present study. Inclusion in a previous 

study of many individuals with FTD-MND, both with and without C9orf72 expansions 

(Miller et al., 2016), may have augmented associations between the expansion and 

autoimmune disease, which were actually due to MND or FTLD-TDP instead. 

 

In conclusion, this study confirms that only GRN mutations are associated with an 

increased prevalence of autoimmune disease, and specifically certain clusters of non-

thyroid diseases, including inflammatory arthritides and gastrointestinal or cutaneous 

disorders. This could be due to persistent, lifelong progranulin haploinsufficiency 

affecting the function of peripheral adaptive immune pathways, particularly those 

involving self-antigen presentation by macrophages and other immune cells to T cells 

within the thymus. This may lead to impaired self-tolerance and heightened systemic 

autoimmunity. 

3.7 Limitations and future work 

This is the first study to directly compare the prevalence of systemic autoimmune disease 

across genetic FTD subtypes and with controls. However, the number of cases in each 

group (particularly controls) was not very large and diagnoses of autoimmune disease 

were based on retrospective data analysis with sometimes limited clinical case notes. 

Information available may have been affected or limited by the patient or relative not 

volunteering this information in the medical history, or clinicians not specifically asking 

about a diagnosis of autoimmune disease, particularly in historic cases where this was 

not a routine part of the clinical research assessment. This study highlighted the need 

for inclusion of dedicated questions in the clinical assessment sections of GENFI and 

LIFTD case report forms focusing not only on the presence of autoimmune disease 

(yes/no), but also the type (thyroid/non-thyroid), and name of the systemic autoimmune 
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disease, to enable better data collection going forward. Case report forms have now 

been amended accordingly. 

 

Replication of this study in a larger cohort of individuals with genetic FTD and mutations 

in GRN, C9orf72 and MAPT, as well as different forms of sporadic FTD due to FTLD-

TDP (particularly svPPA) is required to clarify the link between mutations in GRN or 

C9orf72, versus FTLD-TDP alone, and systemic autoimmune disease. Analysis of 

longitudinal data on the incidence of autoimmune diseases from PMC within GENFI 

would allow appreciation of the onset of these diseases in those who are many years 

before predicted onset of symptoms of FTD. Most young PMC will lack florid FTLD-TDP 

pathology, but already possess a causative gene mutation implicated in FTD, and this 

could lead to systemic immune dysfunction. This may help to explore the relative 

contributions of the early downstream effects of specific gene mutations (GRN or 

C9orf72 haploinsufficiency or protein dysfunction), versus presence of FTLD-TDP itself, 

to onset of autoimmune disease in genetic FTD. Analysis of mutation negative relatives 

within GENFI would also allow inclusion of a larger number of controls for comparison.  

 

Examination of systemic levels of inflammatory biomarkers such as cytokines or 

chemokines, and titres of autoantibodies involved in systemic autoimmune disease, in 

blood samples from symptomatic and presymptomatic individuals compared with 

controls, may help to elucidate whether the clinical observations from this study correlate 

with quantifiable evidence of systemic immune dysregulation.  

 

One individual in this study, who had bvFTD due to a GRN mutation, had developed an 

unusual autoimmune disease (persistent eosinophilia associated with pericardial 

effusion), and was noted to have significant white matter changes, known as white matter 

hyperintensities (WMH), on her MRI brain scans, similar to those seen in individuals with 
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CNS demyelinating diseases such as multiple sclerosis (Sarbu et al., 2016). These WMH 

have been described in several studies of GRN mutation carriers (Ameur et al., 2016; 

Caroppo et al., 2014; Kelley et al., 2009; Le Ber et al., 2008; Paternicò et al., 2016; 

Pietroboni et al., 2011; Sudre et al., 2017a, 2019) but their aetiology remained unknown. 

This led to a decision to examine the histopathological correlates of WMH in this 

individual, to explore whether dysfunction in neuroinflammatory mechanisms, such as 

microglia or astrocytes, or excessive demyelination, may have contributed to these, 

particularly given that systemic immune dysfunction was likely also present. Results of 

this study are presented within the next chapter. 

3.8 Publications relating to this chapter 

A manuscript of this study has been prepared and is awaiting review by authors before 

submission. The work within this chapter was published as abstract following 

presentation at the Alzheimer’s Association International Conference in 2017:  

 

Woollacott IOC et al. (2017) Increased prevalence of non-thyroid autoimmune disease 

in patients with familial frontotemporal dementia associated with progranulin mutations. 

Alzheimer’s and Dementia 13:Issue 7S_Part_10, P517 
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4 Histopathological correlates of white matter 

hyperintensities in GRN mutation associated FTLD 

4.1 Chapter summary 

Introduction: White matter hyperintensities (WMH) are often seen on MRI brain scans 

of presymptomatic and symptomatic individuals with GRN mutations, but they differ in 

appearance from WMH due to vascular disease, and their histopathological correlates 

are unknown. As progranulin regulates microglial function, non-vascular, 

neuroinflammatory mechanisms could contribute to white matter damage in these 

individuals. This study investigated the histopathological changes underlying WMH in an 

individual with bvFTD who had confirmed FTLD due to a GRN mutation (FTLD-GRN).  

 

Methods: Post-mortem tissue from specific brain regions was directly matched to the 

location of WMH seen on fluid-attenuated inversion recovery (FLAIR) images of a 

cadaveric MRI scan. Volumetric T1 images of in vivo and cadaveric MRI scans were 

compared to assess grey matter atrophy. Segmentation of WMH on cadaveric FLAIR 

MRI images enabled regional WMH quantification and selection of five brain regions for 

histological analysis corresponding to differing severities of WMH. 

Immunohistochemistry was used to assess histopathological changes in grey and white 

matter of: the right frontal pole (severe WMH), right anterior frontal lobe (moderate to 

severe), right temporal lobe (mild to moderate), right posterior frontal lobe (very mild), 

and right occipital lobe (none). The severity of vascular pathology, spongiosis, neuronal 

and axonal loss, demyelination, TDP-43 burden and astrogliosis, and the burden and 

morphology of CD68, CR3/43 and Iba1-positive microglia, were assessed in each region.  

 

Results: In vivo and cadaveric MRI brain scans showed progressive, asymmetric 

frontotemporal and parietal atrophy (worse on the left), and bilateral, asymmetrical WMH 
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(also worse on the left) predominantly affecting frontal mid-zones. Regions with the most 

severe WMH displayed the most severe white matter and cortical pathology, including 

demyelination, but minimal vascular pathology and only mild axonal loss. There were 

many amoeboid CD68 and CR3/43-positive microglia, but few and very dystrophic Iba1-

positive microglia, in regions with severe WMH, particularly in frontal white matter.  

 

Conclusions: This study demonstrates that the extensive WMH seen on MRI in GRN 

mutation carriers are not due to vascular pathology. Whilst axonal degeneration induced 

by cortical pathology could contribute to white matter damage and development of WMH, 

individuals with GRN mutations could develop regionally selective white matter 

vulnerability and myelin loss due to chronic, regional microglial dysfunction and 

excessive microglial senescence. 

4.2 Introduction 

Observations in Chapter 3 and previous studies (Miller et al., 2013) suggest that there is 

heightened systemic autoimmunity in individuals with FTD due to GRN mutations. This 

has strengthened evidence from GRN mouse models showing dysregulated systemic 

and CNS immune pathways. If heightened autoimmunity is also present in the CNS of 

GRN mutation carriers, this may contribute to immune-mediated neuronal and axonal 

damage. Several studies have reported significant white matter neuroimaging 

abnormalities in individuals with FTD due to GRN mutations, particularly the presence of 

cerebral white matter hyperintensities (WMH) (Ameur et al., 2016; Caroppo et al., 2014; 

Kelley et al., 2009; Le Ber et al., 2008; Paternicò et al., 2016; Pietroboni et al., 2011; 

Sudre et al., 2017a, 2019). WMH are seen on MRI brain scans as hyperintense lesions 

on T2-weighted and FLAIR sequences, reflecting an abnormal tissue fat/water ratio 

within myelinated brain areas (Wardlaw et al., 2015). They are present in healthy aging, 

appearing as lesions within the periventricular and deep white matter (Haller et al., 2013; 

Murray et al., 2012), in small vessel cerebrovascular disease, where they are more 
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extensive (Wardlaw et al., 2015), and in vascular dementia (Snyder et al., 2015) and AD 

(Lee et al., 2016; McAleese et al., 2015, 2017; Ryan et al., 2015). However, WMH are 

also present in neuroinflammatory disorders such as multiple sclerosis and neuromyelitis 

optica (Sarbu et al., 2016).  

 

The majority of GRN mutation carriers with WMH lack vascular risk factors (Ameur et al., 

2016; Caroppo et al., 2014), and the location and appearance of WMH in these 

individuals is different from WMH due to small vessel disease. WMH in GRN mutation 

carriers are located predominantly in the frontal lobes, and to a lesser extent in the 

occipital and parietal lobes, within both periventricular and medial white matter regions 

(Sudre et al., 2017a, 2019). In fact, they seem more like the WMH in neuroinflammatory 

disorders, which are due to autoimmune-mediated demyelination, rather than vascular 

disease (Sarbu et al., 2016). Symptomatic individuals with FTD due to GRN mutations 

also have significant differences in WMH compared with individuals with FTD due to 

MAPT or C9orf72 mutations, including a higher global load of WMH and more 

homogeneity in lesion appearance (Sudre et al., 2017a). WMH occur presymptomatically 

in GRN mutation carriers within parietal and occipital regions (Sudre et al., 2017a, 2019), 

accumulating over time in symptomatic individuals (Sudre et al., 2019). They may be 

directly associated with the disease process, as the burden of WMH correlates with 

frontal grey matter atrophy, impairments in executive function and plasma biomarkers of 

neuroinflammation (GFAP levels) and white matter damage (NfL levels) in GRN mutation 

carriers (Sudre et al., 2019). 

 

There is extensive research into the histopathological correlates of WMH in healthy 

aging, where they are associated with enlarged perivascular spaces, vacuolation, 

demyelination, axonal loss, microgliosis and astrogliosis (Haller et al., 2013; Murray et 

al., 2012), and in small vessel cerebrovascular disease, where they are associated with 
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demyelination, axonal loss, gliosis and arteriosclerosis (Wardlaw et al., 2015). In 

vascular dementia, these changes are more extensive due to severe ischaemic damage 

(Snyder et al., 2015). In sporadic AD, WMH are multifactorial in aetiology, including due 

to small vessel sclerosis and ischaemia (Englund, 1998) and cortical neurodegenerative 

pathology leading to secondary axonal loss and demyelination (McAleese et al., 2015, 

2017). In familial AD, the severity of WMH correlates with the burden of cerebral amyloid 

angiopathy (CAA) (Ryan et al., 2015). In multiple sclerosis, WMH are associated with 

reactive microgliosis, macrophage infiltration and demyelination but relatively preserved 

axons (Sarbu et al., 2016).  

 

The underlying histopathological correlates of WMH in cases with confirmed GRN 

mutation associated FTLD (FTLD-GRN) have not been explored in detail, and it remains 

unclear whether there are underlying vascular changes. One small study examined post-

mortem brain tissue from two FTLD-GRN cases, in brain regions broadly corresponding 

to areas of significant WMH on FLAIR imaging (frontal white matter) (Kelley et al., 2009). 

There was marked demyelination and significant astrogliosis and microglial activation in 

these regions. However, precise correlation with neuroimaging changes was not 

performed, control (unaffected) brain regions were not examined, and evidence of other 

contributory pathology, such as vascular disease, was not explored. 

 

A hypothesis of a non-vascular, inflammatory aetiology of WMH in GRN mutation carriers 

is intriguing given the role of progranulin in various inflammatory pathways. To establish 

accurately the histopathological correlates of WMH in FTLD-GRN cases, there needs to 

be precise correlation of neuroimaging abnormalities with histopathological changes in 

corresponding brain regions. However, this was previously difficult to establish through 

use of in vivo MRI in individuals who subsequently had a post-mortem examination, as 

WMH evident on the last available MRI brain scan (often carried out several years before 
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death) may not match the localisation and severity of brain tissue abnormalities seen 

post-mortem. In contrast, cadaveric brain MRI enables scanning of the intact post-

mortem brain in situ in individuals within 24 hours of death, limiting degradation of brain 

tissue (Tofts et al., 2008). It provides detailed, undistorted images of the brain, avoiding 

the changes that occur following brain removal and fixation and with post-mortem 

scanning. It therefore allows precise spatial and quantitative correlations of 

neuroimaging abnormalities with histopathological findings in brain tissue. 

4.3 Aims and hypothesis 

This study aimed to examine the histopathological changes underlying WMH in post-

mortem brain tissue from an individual with GRN mutation associated FTD (with 

confirmed FTLD-GRN), who had extensive WMH on in vivo brain MRI, and who 

underwent detailed cadaveric brain MRI examination and post-mortem brain donation. 

Vascular changes would be extensively explored using consensus guidelines for 

vascular pathology (Skrobot et al., 2016), alongside detailed histological examination of 

neuronal and axonal degeneration, myelin loss, protein aggregation, and astrocytes and 

microglia. The severity of these histopathological changes would be correlated with the 

severity of WMH and degree of grey matter atrophy on MRI. 

 

The hypothesis was that WMH seen on MRI in GRN mutation-associated FTD are not 

due to vascular pathology from ischaemia or cerebrovascular disease, but secondary to 

non-vascular processes such as immune-mediated demyelination due to altered glial 

function within white matter areas. WMH may or may not correlate regionally with the 

degree of white matter pathology, cortical pathology and grey matter atrophy, and may 

be associated with changes in microglia and astrocytes in grey or white matter. 
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4.4 Methods 

4.4.1 Case report 

A 60-year-old left-handed female developed progressive behavioural change, episodic 

memory impairment and speech disturbance. Initially she developed prominent apathy 

and flat affect, reduced social interaction, sweet tooth, laughing in inappropriate 

situations, and new obsessions. She subsequently developed reduced speech output, 

repetition of stereotypic phrases, and over the next four years eventual mutism. Two 

years after onset she had difficulty remembering recent events and conversations and 

got lost in familiar places. She then developed dyscalculia, made unwise financial 

investments and stopped all her hobbies. Her condition rapidly worsened four years after 

onset and she was admitted to a nursing home aged 65, with impaired spatial 

awareness, prosopagnosia, visual hallucinations, wandering and incontinence. She later 

developed an asymmetrical extrapyramidal syndrome with right limb dystonia. She died 

aged 68 with a final clinical diagnosis of bvFTD. She donated her brain to the QSBB for 

post-mortem analysis.  

 

Her medical history included progressive right-sided facial hemiatrophy diagnosed 15 

years prior to the onset of cognitive symptoms, with no cause identified. Two years after 

onset of cognitive symptoms she developed a persistent cough and peripheral 

eosinophilia, pericardial thickening and an anterior pericardial effusion. Bronchoscopy 

was normal and bronchial washings were negative for acid fast bacilli. Heaf test for 

tuberculosis was negative. The cause of these symptoms was not identified, but they 

were felt to be autoimmune in origin, and they improved on inhaled corticosteroids. There 

were no vascular risk factors. She was on a corticosteroid inhaler on first assessment 

but no other medications, was a non-smoker, and drank moderate amounts of alcohol. 

Her mother had developed an acute psychosis with delusions and odd behaviour aged 

65, followed by progressive cognitive decline and admission to a mental health unit for 
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20 years, with an eventual diagnosis of dementia. There was no other family history of 

dementia or neurological or vascular disease. 

 

Investigations included a volumetric 1.5T MRI brain performed 2.6 years before death. 

This showed bilateral but asymmetric frontal, temporal and parietal atrophy, worse on 

the left, and significant bilateral periventricular WMH, worst in the frontal lobes and on 

the left side. A SPECT scan showed left frontal hypoperfusion. Electroencephalogram 

was normal and CSF results, including oligoclonal bands, treponemal and viral screens 

and Whipple’s polymerase chain reaction, were normal or negative (neurodegenerative 

markers were not assessed as these tests were not widely available at that time). A wide 

variety of blood tests were normal, except for a peripheral eosinophilia of 1.11 (range 0 

to 0.4 x 109/L) and positive rheumatoid particle agglutination test (1/80 titre). DNA 

analysis identified a GRN Q130fs mutation but no other FTD-associated mutations and 

no mutations in colony stimulating factor 1 receptor (CSF1R). 

4.4.2 Imaging techniques 

The in vivo 1.5T MRI was performed on a GE Signa scanner and included volumetric T1 

and T2-weighted but not FLAIR sequences. The patient and her husband had consented 

to her participation in a cadaveric MRI study, approved by the NHNN and Institute of 

Neurology Joint Research Ethics Committee. Within 24 hours after her death, she 

underwent a cadaveric brain MRI on a 1.5T GE Signa scanner, with the brain in situ in 

the skull, including volumetric T1 and FLAIR sequences, as described previously (Tofts 

et al., 2008). The in vivo and cadaveric volumetric T1 MRI sequences were compared 

using the Statistical Parametric Mapping (SPM) 12 Serial Longitudinal Registration tool 

(www.fil.ion.ucl.ac.uk/spm) to estimate the percentage of volumetric contraction for each 

voxel between the two scans, in order to assess the degree of brain atrophy over time. 

Although WMH were present on both the in vivo and cadaveric MRI, only the cadaveric 

MRI could be segmented for further imaging analysis, due to lack of in vivo FLAIR and 
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poor quality in vivo T2-weighted imaging. This precluded quantitative comparison of the 

interval change in WMH between scans.  

 

Regional quantification of WMH was performed on the cadaveric FLAIR sequences, 

using methods described in previous studies (Sudre et al., 2015, 2017b, 2017a, 2018, 

2019). WMH were first automatically segmented using an algorithm based on outlier 

modelling in a multivariate Gaussian mixture model (Sudre et al., 2015, 2017b). 

Localisation of WMH was then performed by aggregating cortical regions into four lobes 

(frontal, temporal, parietal or occipital) and discretising the white matter into four 

equidistant layers within each lobe, based on the relative distance between the 

ventricular surface and the cortical sheet (1st layer most periventricular, 4th layer most 

juxtacortical) (Sudre et al., 2018). Infratentorial regions were excluded from analysis and 

subcortical regions (basal ganglia or thalami) were segmented separately. WMH were 

apportioned into zones based on whether they were nearest to one of the four cortical 

lobes, and whether they were in each cortical layer.  

 

This localisation and discretisation analysis produced two measures of WMH burden 

(severity) from the cadaveric MRI: lesion distribution (volume of lesion in a region divided 

by the total volume of lesion, i.e. the proportion of the lesion load present in that brain 

region) and the lesion frequency (volume of lesion in a region divided by the volume of 

this region, i.e. the proportion of the volume of a brain region taken up by the lesion) 

(Sudre et al., 2018). This enabled quantification and visual representation of WMH seen 

on the cadaveric MRI within each lobe and across different cortical layers and subcortical 

brain regions. This guided selection of brain regions for histopathological analysis, based 

on different severities of WMH in each region and layer. 
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4.4.3 Histological techniques 

The patient’s brain was donated post-mortem to the QSBB under protocols detailed in 

Chapter 2.1.2. However, in this case, both hemispheres had been fixed, using 

techniques as detailed in Chapter 2.2.1.1. Blocks of tissue from many brain regions were 

cut from 5mm fixed slices obtained from each hemisphere, processed, and used for 

tissue sectioning and diagnostic staining and immunohistochemistry, and clinical 

neuropathological analysis, as detailed in Chapter 2.2.1.1.  

 

Five brain regions within the right hemisphere were selected for further histological 

analysis for this study, as the left hemisphere was severely atrophied and so provided 

inadequate tissue for detailed imaging correlation and histological examination. 

Selection of these five regions was based on visual inspection (Figure 4.1) and imaging 

analyses (Figure 4.4) of WMH in the cadaveric MRI FLAIR images. The five regions 

corresponded anatomically to areas with differing severities of WMH: the right frontal 

pole (severe WMH), right anterior frontal lobe (moderate to severe), right temporal lobe 

(mild to moderate), right posterior frontal lobe (very mild), and right occipital lobe (none). 

Blocks of tissue were cut from these regions based on their location in coronal, sagittal 

and axial views of the cadaveric MRI FLAIR images (Figure 4.1).   

 

FFPE sections were cut from tissue blocks at 8μm (or 12 μm, for LFB stain) thickness, 

using a Thermo rotary microtome. Sections were placed onto 30% alcohol solution and 

floated onto warm water. Sections were mounted onto Plus Frost positively charged 

microslides (Solmedia) and left to dry at 37°C for several hours. Before staining or 

immunohistochemistry, slides were incubated overnight at 60°C. Sections from each of 

the five regions were stained with H&E, LFB and Perl stains to assess the degree of 

neuronal loss and spongiosis, myelin loss and haemosiderin deposition. 

Immunohistochemistry was performed on sections using antibodies to detect the 
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presence of TDP-43, Aβ, tau, alpha-synuclein, phosphorylated neurofilaments (axons) 

and activated astrocytes, using antibodies and techniques detailed in Chapter 2.2.1.1. 

To assess different microglial phenotypes and morphologies, immunohistochemistry was 

also performed on sequential sections from each region using antibodies to detect three 

different microglial markers (CD68, CR3/43 and Iba1), as detailed in Chapter 2.2.1.2. 

 

Grey and white matter from each region were assessed for histopathological changes 

through microscopic examination and consensus opinion of two neuropathologists 

blinded to the severity of WMH. Sections were qualitatively assessed for the severity of 

neuronal loss and spongiosis and semi-quantitatively assessed for the severity of axonal 

loss, myelin loss, astrogliosis, the burden of TDP-43, and the burden of CD68, CR3/43 

and Iba1-positive microglia.   

 

Axonal and myelin loss were scored in white matter of each region, neuronal loss and 

spongiosis were scored in grey matter, and both grey and white matter were assessed 

for other histopathological changes, but these were only scored separately for microglial 

markers or if significant differences in other histological changes were present.  
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Semi-quantitative assessment used a multi-tier scoring system modified from a previous 

study (Ryan et al., 2015), where: ‘0ʹ represents no axonal loss, no white matter pallor, 

Figure 4.1 Comparison of brain tissue sections with cadaveric FLAIR MRI appearances 

to enable accurate tissue block selection 

(a) right frontal pole, (b) right anterior frontal lobe, (c) right temporal lobe, (d) right posterior 
frontal lobe and (e) right occipital lobe. Images in the far left column show where tissue blocks 
(green boxes) were obtained from post-mortem brain tissue slices. Right three columns show, 
from left to right, cadaveric brain MRI images in the coronal, axial and sagittal planes. Green 
boxes indicate borders of the tissue block cut from this region, superimposed onto the 
corresponding tissue slice and MRI image. Red crosses represent the same anatomical point 

viewed across all three planes. 
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no TDP-43 present, no astrogliosis or no visible microglia; “+” or ‘1ʹ represents a mild 

degree of axonal loss, white matter pallor, TDP-43 burden, astrogliosis or presence of 

few microglia; “++” or ‘2ʹ represents a moderate degree of these changes or presence of 

moderate numbers of microglia; and “+++” or ‘3ʹ represents a severe degree of these 

changes or presence of many microglia. In addition, qualitative descriptions of microglial 

morphology were recorded, for example whether microglia appeared amoeboid (round), 

suggestive of microglial activation, or ramified (with extended processes), or any other 

atypical morphological appearances, including microglial dystrophy: thin, short and few 

distal branches, shortened tortuous or beaded cell processes, fragmented cytoplasm, or 

spheroidal inclusions (Streit et al., 2004). 

 

Vascular pathology was semi-quantitatively assessed in grey and white matter of the five 

regions of interest using a comprehensive scoring system based on the consensus 

recommendations of the Vascular Cognitive Impairment Neuropathology Guidelines 

(VCING) for staging of cerebrovascular pathology in cognitive impairment (Skrobot et al., 

2016) (Table 4.1). Leptomeningeal vessels were examined for presence of atheroma in 

all five brain regions. Presence of atheroma in the circle of Willis and vascular changes 

in other cortical and subcortical areas had been examined during diagnostic post-mortem 

analysis. Although the VCING include scores for myelin loss, all regions were also scored 

for white matter pallor using a modified multi-tier scoring system (Ryan et al., 2015) to 

allow direct comparison between this score of myelin loss and scores for non-vascular 

histopathological changes. 
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Vascular changes scoring Vessel wall pathology scoring 

Myelin loss 
0 = dense and homogeneous myelin staining 
1 = mild diffuse or focal myelin pallor 
2 = severe focal/diffuse myelin pallor with 
vacuolation or tigroid appearance of the white 
matter 
3 = total focal/diffuse destruction of the myelin, 
or white matter infarcts 

Arteriolosclerosis/arteriosclerosis 
0 = normal 
1 = mild thickening of the vessel media, 
mild fibrosis 
2 = partial loss of smooth muscle cells in 
the media, moderate hyaline fibrosis 
3 = complete loss of smooth muscle cells 
in the media, severe hyaline fibrosis, lumen 
stenosis 

Perivascular space dilatation 
0 = absent 
1 = perivascular space < artery diameter in all 
sections 
2 = perivascular space ≥ artery diameter in the 
minority of sections 
3 = perivascular space ≥ artery diameter in the 
majority of sections 

Fibrinoid necrosis or microaneurysms 
0 = absent 
1 = present 

Perivascular haemosiderin leakage 
0 = absent 
1 = <3 haemosiderin granule deposits in the 
perivascular space 
2 = 3-5 haemosiderin granule deposits in the 
perivascular space 
3 = >5 haemosiderin granule deposits in the 
perivascular space 

Cerebral amyloid angiopathy 
(leptomeningeal, cortical and capillary) 
0 = absent 
1= trace or occasional vessels affected  
2 = one or a few vessels circumferentially 
affected  
3 = widespread involvement of 
circumferentially affected vessels 
4 = as 3, with secondary changes 

Microinfarcts 
0 = absent 
1 = present 

Circle of Willis atherosclerosis 
0 = no atheroma 
1 = atheroma present but no artery >50% 
occluded 
2 = atheroma and one vessel ≥50% 
occluded 
3 = atheroma and >1 vessel ≥50% 
occluded 

Large infarcts 
0 = absent 
1 = present 

 

Lacunar infarcts 
0 = absent 
1 = solitary 
2 = 2-4 
3 = 5 or more 

 

Microhaemorrhage 
0 = absent 
1 = present 

 

Larger haemorrhage 
0 = absent 
1 = present 

 

Table 4.1 Parameters of vascular pathology analysed in brain regions of interest  

Parameters were based on recommendations of the VCING for staging of cerebrovascular 

pathology in cognitive impairment (Skrobot et al., 2016). 
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4.5 Results 

4.5.1 Imaging findings 

The in vivo MRI brain scan showed progressive, asymmetric (left worse than right) 

frontal, temporal and parietal atrophy (Figure 4.2). Between the in vivo and cadaveric 

MRI scans there had been volume loss, particularly affecting left posterior frontal and 

parietal and right frontal areas (Figure 4.2). WMH were present asymmetrically on both 

in vivo T2 (Figure 4.3) and cadaveric FLAIR (Figure 4.1 and Figure 4.3) images, 

predominantly affecting both frontal lobes, as confirmed by the localisation analysis of 

cadaveric FLAIR images (Figure 4.4). WMH were most severe in the left frontal pole and 

anterior frontal lobe (Figures 4.1, 4.3 and 4.4), matching areas of most significant cortical 

atrophy (Figure 4.2), although were also severe in the right frontal pole and anterior 

frontal lobe. WMH were present predominantly in the intermediate layers (layers two to 

three), or ‘mid-zones’, of the frontal lobes, rather than just immediately periventricularly 

or juxtacortically (Figure 4.4). WMH were also seen in the parietal lobes (more on the left 

than the right), and to a much lesser extent in the posterior frontal and temporal lobes, 

with minimal or no WMH in the occipital lobes (Figures 4.1, 4.3 and 4.4). 
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Figure 4.3 WMH are present on in vivo T2-weighted and cadaveric FLAIR MRI 

The top row shows axial sections of the in vivo T2-weighted MRI and the bottom row shows axial 
sections of the cadaveric FLAIR MRI. This demonstrates the change in severity and distribution 
of WMH in the 2.6 year interval between scans, in the rostro-caudal direction from (a) to (e). (a) 
posterior frontal lobes, (b) anterior frontal lobes, (c) frontal poles, (d) occipital lobes and (e) 

temporal lobes. R = right; L= left. 

Figure 4.2 Coronal sections of in vivo and cadaveric T1-weighted MRI and changes in grey 
matter volume between scans 

The top row shows the in vivo MRI and the middle row shows the cadaveric (post-mortem) MRI. 
The bottom row shows the longitudinal SPM overlay showing changes between these two scans 
(2.6 year interval), with 10% or greater volumetric contraction at the time of death from the in vivo 

scan shown on the corresponding colour bar scale. R = right; L = left. 
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4.5.2 Histopathological changes and correlation with imaging 

Routine diagnostic neuropathological analysis had revealed severe neuronal loss and 

spongiosis, particularly in the anterior frontal, temporal and insular cortices and caudate, 

and severe myelin loss and gliosis in the frontal and temporal lobes. There was severe 

myelin loss in the external capsule, extreme capsule and anterior internal capsule but 

comparatively milder axonal loss in the frontal and temporal lobes. The cerebellum and 

occipital lobes had minimal pathology. TDP-43 inclusions were present in neuronal 

cytoplasm and occasional neuronal nuclei, and TDP-43 positive neuropil threads were 

seen, particularly in frontal lobe grey and white matter, consistent with FTLD-TDPA 

(Mackenzie et al., 2011), which was in keeping with the patient’s GRN mutation (FTLD-

GRN). There was no Aβ, tau or alpha-synuclein pathology. There was no atheroma in 

most leptomeningeal vessels in cortical and subcortical regions (very rare vessels had 

atheroma with less than 50% vessel occlusion), and no other vascular pathology. There 

was only mild (grade 1) atheroma in the circle of Willis. 

 

Figure 4.4 Bull’s-eye schematic of WMH lesion frequency and lesion distribution within the 
cadaveric MRI in different brain regions 

Lesion frequency (a) is the proportion of the volume of a region taken up by lesion. Lesion distribution 
(b) is the proportion of the lesion load present in that region. FRONT=frontal lobe; PAR=parietal; 
TEMP=temporal; OCC=occipital; BGIT=basal ganglia and thalami. Colour bars show the burden of WMH 

(highest = red). 
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Results of detailed regional histological analyses are summarised in Tables 4.2 and 4.3. 

Representative appearances in brain regions with the most severe WMH and least 

severe WMH are presented in Figures 4.5 and 4.6. Brain regions with the most severe 

WMH (frontal pole and anterior frontal lobe) displayed the most severe white matter 

pathology, including myelin pallor and astrogliosis (Table 4.2; Figure 4.5c and 4.5g) and 

severe TDP-43 burden, but no or minimal vascular pathology (Table 4.2) and relative 

preservation of axons (Figure 4.5e). Regions with very mild or absent WMH, such as the 

posterior frontal lobe or occipital lobe, generally had very mild or no histopathological 

changes in both grey and white matter (Figure 4.5b, d, f, h). Regions with the most severe 

WMH on MRI also displayed the most severe cortical (grey matter) pathology, including 

neuronal loss, spongiosis, astrogliosis and TDP-43 burden (Table 4.2). The severity of 

cortical pathology corresponded with the degree of white matter pathology in all regions 

analysed, with the exception of axonal loss in the frontal pole (Figure 4.5e), anterior 

frontal lobe and temporal lobe, where there was notably mild axonal loss despite more 

severe degrees of other grey and white matter pathology. 

 

Except for myelin loss on LFB staining, there were minimal features of vascular 

pathology in all regions analysed (Table 4.2). There was very mild arteriolosclerosis 

present in occasional white matter vessels in all five brain regions of interest but no 

atheroma in leptomeningeal vessels.  
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Right 

frontal 
pole 

Right 
anterior 

frontal lobe 

Right 
temporal 

lobe 

Right 
posterior 

frontal 
lobe 

Right 
occipital 

lobe 

WMH severity Severe 
Moderate to 

severe 
Mild to 

moderate 
Very mild None 

Cortical spongiosis 
(None/mild/moderate/ 
full thickness) 

Full 
thickness; 
U fibres 

preserved 

Full 
thickness;  
U fibres 

preserved 

Severe Very mild None 

Cortical neuronal loss 
(No loss/mild/moderate/ 
severe)  

Severe Severe Severe Mild No loss 

White matter myelin 
pallor 
(0=none; 1=mild; 
2=moderate; 3=severe) 

3 3 3 0 0 

White matter axonal 
loss 
(0=none; 1=mild; 
2=moderate; 3=severe) 

1 1 1 0 0 

Astrogliosis 
(0=none; 1=mild; 
2=moderate; 3=severe) 

GM: 3 
WM:3 

GM:3 
WM: 3 

GM: 1 
WM: 3 

GM: 1 
WM: 3 

GM: 1 
WM:1 

TDP-43 (Type A) 
(0/+/++/+++) 

++ 
Moderate 

cytoplasmic 
and nuclear 
inclusions 

plus 
threads 

++/+++ 
Moderate 

cytoplasmic 
and nuclear 
inclusions 

plus threads 

+ 
Sparse 
nuclear 

inclusions, 
a few 

threads 

+ 
Sparse 
nuclear 

inclusions, 
a few 

threads 

+ 
Only a few 

threads 

Arteriosclerosis 
(0-3) 

1 1 1 1 1 

Fibrinoid necrosis 
(0/1) 

0 0 0 0 0 

Microaneurysms 
(0/1) 

0 0 0 0 0 

Perivascular space 
dilation 
(0-3) 

1 2 2                                                                             1 0 

Perivascular 
haemosiderin leakage 
(0-3) 

0 1 0 0 0 

Microinfarcts 
(0/1) 

0 0 0 0 0 

Large infarcts 
(0/1) 

0 0 0 0 0 

Lacunar infarcts 
(0-3) 

0 0 0 0 0 

Microhaemorrhage 
(0/1) 

0 0 0 0 0 

Larger haemorrhage 
(0/1) 

0 0 0 0 0 

Leptomeningeal CAA 
(0-4) 

0 0 0 0 0 

Cortical CAA 
(0-4) 

0 0 0 0 0 

Capillary CAA 
(0/1) 

0 0 0 0 0 

Table 4.2 Histopathological changes assessed across five brain regions with different severities of 
WMH on MRI 

CAA = cerebral amyloid angiopathy, GM = grey matter, WM = white matter.  
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   Figure 4.5 Histopathological changes in regions with severe WMH (frontal pole) and no WMH 

(occipital lobe) 

Right frontal pole (a, c, e, and g); right occipital lobe (b, d, f and h). Hematoxylin and eosin staining 
reveals severe grey matter spongiosis (**) and pallor of the white matter (*) in the frontal pole (a). In the 
occipital lobe (b) there is intact cytoarchitecture of the grey matter (**) and white matter (*). LFB staining 
demonstrates extensive myelin pallor in the white matter of the frontal pole (c) but intact myelin in the 
occipital lobe (d). SMI31 immunohistochemistry demonstrates relative preservation of axons in the white 
matter of both frontal pole (e) and occipital lobe (f). Severe astrogliosis was present in frontal pole white 
matter (g) but only mild in occipital lobe white matter (h). Scale bar in (a) represents 100μm for (a) and 
(b), and 10μm for (c) to (h). 
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4.5.3 Patterns of microglia 

Microglial burden and morphology differed between regions with severe WMH (frontal 

lobe), and those without WMH (occipital lobe) (Table 4.3; Figure 4.6). There was a higher 

burden of CD68, CR3/43 and Iba1-positive microglia in frontal and temporal grey matter 

than occipital grey matter (Table 4.3). There was also a higher burden of CD68 (Figure 

4.6a) and CR3/43 (Figure 4.6c) positive microglia present in frontal than occipital white 

matter (Figure 4.6b, d), but similarly few Iba1-positive microglia in white matter of both 

regions (Figure 4.6e, f). Although there were generally more CD68 and CR3/43-positive 

microglia present in white matter than in grey matter of all regions, there were much 

fewer Iba1-positive microglia in frontal and temporal white matter than grey matter (Table 

4.3). In contrast, in the occipital lobe, the burden of Iba1-positive microglia was similar in 

grey and white matter.  

 
In terms of morphology, CD68 and CR3/43-positive microglia were generally amoeboid 

in appearance in frontal grey and white matter (Table 4.3; Figure 4.6a, c), but ramified in 

occipital grey and white matter (Table 4.2; Figure 4.6b, d). There was a mixture of 

amoeboid and ramified CD68 and CR3/43-positive microglia in regions with intermediate 

WMH severity (posterior frontal or temporal lobe; Table 4.3). Iba1-positive microglia were 

sometimes amoeboid in appearance in frontal grey matter (Table 4.3). However, in the 

frontal pole and anterior frontal white matter, where there were severe WMH, Iba1-

positive microglia displayed punctate staining throughout microglial cell processes, and 

a fragmented appearance typical of severely dystrophic microglia (Figure 4.6e) (Streit et 

al., 2004). This contrasted with the ramified and much less dystrophic appearance of 

Iba1-positive microglia present in occipital white matter, where WMH were absent 

(Figure 4.6f). Dystrophic microglia were present but not as severely disrupted in frontal 

grey matter (despite a similar burden of TDP-43 and other pathology) or in grey matter 

of any other region analysed (Table 4.3). Microglia were less dystrophic in white matter 
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within the temporal lobe (moderate WMH) and posterior frontal lobe (mild WMH) 

compared with the frontal lobe. 

  

 Brain region 
Right frontal 

pole 

Right 
anterior 
frontal 

Right 
temporal 

Right 
posterior 

frontal 

Right 
occipital 

Microglial 
marker 

WMH severity Severe 
Moderate to 

severe 
Mild to 

moderate 
Very mild None 

 
 
 
 

CD68 
 
 

 

 
Grey matter 

+ 
Amoeboid 

++ 
Amoeboid 

+ 
Amoeboid & 

Ramified 

+ 
Ramified 

+ 
Ramified 

 
White matter 

++ 
Amoeboid 

+++ 
Amoeboid 

+++ 
Amoeboid & 

Ramified 

+++ 
Amoeboid & 

Ramified 

++ 
Ramified 

 
 
 
 

CR3/43 
 

 

 
Grey matter 

+ 
Amoeboid 

+ 
Amoeboid 

++ 
Amoeboid 

++ 
Amoeboid & 

Ramified 

+ 
Ramified 

 
White matter 

++ 
Amoeboid 

+++ 
Amoeboid 

+++ 
Amoeboid & 

Ramified 

+++ 
Ramified 

++ 
Ramified 

 
 
 

Iba1 
 

 

 
Grey matter 

+++ 
Amoeboid 

Few 
dystrophic 

+++ 
Amoeboid 

Few 
dystrophic 

++ 
Amoeboid & 

Ramified 

++ 
Amoeboid 

+ 
Ramified 

 
White matter 

+ 
Severely 

dystrophic 

+ 
Severely 

dystrophic 

+ 
Moderately 
dystrophic 

+ 
Ramified, 

few 
dystrophic 

+ 
Ramified, 
very few 

dystrophic 

Table 4.3 Microglial burden and morphology in five brain regions with different severities of 
WMH on MRI 

‘Amoeboid’: majority of microglia were round. ‘Ramified’: majority of microglia had branched 
processes. ‘Amoeboid and ramified’: a mixture of both morphologies. ‘Dystrophic’: fragmented, 
beaded appearance. + few microglia, ++ moderate numbers of microglia, +++ many microglia. 
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Figure 4.6 Microglia in white matter of right frontal pole (severe WMH) and right occipital lobe 
(no WMH) 

Right frontal pole white matter (a, c, e) and right occipital white matter (b, d, f). Images show results 
of immunohistochemistry for CD68 (a) and (b), CR3/43 (c) and (d) and Iba1 (e) and (f) positive 
microglia. There were more amoeboid microglia in the frontal versus occipital white matter detected 
using CD68 (a) versus (b), and CR3/43 (c) versus (d). Iba1-positive microglia were severely dystrophic 
in frontal white matter (e) but less dystrophic and typically ramified in occipital white matter (f). Scale 
bar in (a) represents 20μm in all panels. 
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4.6 Discussion 

Histopathological changes in white matter were observed in early studies of FTLD, 

including microgliosis, astrogliosis and demyelination (Englund and Brun, 1987) and 

several groups have observed significant WMH on MRI brain scans of GRN mutation 

carriers with FTD who lack vascular risk factors (Ameur et al., 2016; Caroppo et al., 2014; 

Kelley et al., 2009; Le Ber et al., 2008; Paternicò et al., 2016; Pietroboni et al., 2011; 

Sudre et al., 2017a, 2019). However, this is the first study to characterise the 

histopathological correlates of WMH in a case with confirmed FTLD-GRN in detail. 

Segmentation and localisation analyses of WMH present on cadaveric MRI FLAIR 

images, and careful selection of, and correlation with, multiple post-mortem brain tissue 

regions, enabled analysis of histopathological changes in grey and white matter in 

regions affected by varying severities of WMH on MRI. Histological assessment 

encompassed a wide range of morphological vascular changes using recent consensus 

guidelines (Skrobot et al., 2016) and other relevant histopathological changes examined 

in studies of WMH in other dementias and in two previous FTLD-GRN cases (Kelley et 

al., 2009). Due to the potential neuroinflammatory basis of white matter damage in 

individuals with GRN mutations, the burden and morphology of three different microglial 

phenotypes, and presence of activated astrocytes, were also analysed across multiple 

brain regions.  

 

This approach has demonstrated that WMH in GRN mutation carriers with FTD occur 

predominantly in frontal lobe mid-zones and are associated with significant cortical 

pathology and white matter demyelination and astrogliosis, but only mild axonal loss and 

minimal vascular pathology. Although there are many amoeboid CD68 and CR3/43-

positive microglia in grey and white matter regions where there are significant WMH, 

Iba1-positive microglia are severely dystrophic in white matter, particularly in the frontal 

lobe. This is suggestive of regional microglial dysfunction and associated white matter 
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vulnerability in GRN mutation carriers, which could be due to progranulin 

haploinsufficiency. 

 

Prominent, asymmetrical WMH were present on both in vivo and cadaveric brain MRI. 

Imaging analysis revealed that WMH were most severe in the middle layers of the frontal 

lobes, as well as being present in periventricular regions. WMH were present to a lesser 

degree in the parietal and temporal lobes but were minimal or absent in the occipital 

lobes. This pattern of predominantly frontal WMH, both in periventricular and ‘mid-zone’ 

(midway between the lateral ventricles and cortex) regions of white matter, is a feature 

of WMH in symptomatic GRN mutation carriers in other studies (Ameur et al., 2016; 

Caroppo et al., 2014; Sudre et al., 2017a, 2019). WMH initially form in periventricular 

white matter regions of parietal and occipital lobes in presymptomatic GRN mutation 

carriers (Sudre et al., 2019), but over time they accumulate in frontal regions and extend 

out to mid-zones within subcortical white matter (Sudre et al., 2017a, 2019). 

 

Quantitative assessment of regional WMH burden and atrophy on MRI determined that 

the severity of WMH correlated with the location and extent of cortical atrophy. This is 

consistent with correlations of grey and white matter neuroimaging changes in other 

studies of GRN mutation carriers, particularly within the frontal lobe (Ameur et al., 2016; 

Caroppo et al., 2014; Kelley et al., 2009; Sudre et al., 2017a, 2019). However, precise 

anatomical correlation of cadaveric MRI brain images with post-mortem tissue allowed 

additional clarification that regions with the most severe WMH also displayed the most 

severe cortical pathology. The severity of white matter pathology also corresponded with 

WMH severity, and the degree of cortical pathology, in most brain regions analysed. This 

could suggest that WMH in GRN mutation carriers are due to white matter pathology 

(axonal degeneration and demyelination) secondary to cortical neuronal loss, perhaps 

due to TDP-43 aggregates. In AD, cortical hyperphosphorylated tau burden is predictive 
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of the severity of WMH on MRI, independent of cortical Aβ pathology and small vessel 

disease in white matter, suggesting that cortical tau pathology contributes to white matter 

damage (McAleese et al., 2015). The degree of cortical pathology, demyelination, axonal 

loss and Wallerian degeneration in AD cases also correlates with the extent of white 

matter lesions, suggesting a link between grey matter pathology, white matter pathology 

and neuroimaging abnormalities (McAleese et al., 2015, 2017). In the present study, 

there was a significant cortical TDP-43 burden and neuronal loss in regions with severe 

WMH on MRI (such as the frontal lobe), which correlated with the severity of 

demyelination and white matter gliosis in the same region. However, surprisingly, there 

was not significant axonal loss in white matter regions with severe WMH. This suggests 

that myelin loss itself, rather than axonal degeneration due to cortical pathology, may 

have led to the appearance of WMH on MRI. This echoes findings in multiple sclerosis, 

where there is immune-mediated extensive demyelination but initially relative 

preservation of axons in white matter regions (Sarbu et al., 2016). 

 

An alternative hypothesis from immune-mediated demyelination is that WMH in GRN 

mutation carriers are secondary to small vessel disease. However, through 

comprehensive assessment of multiple brain regions this study has demonstrated that 

there was minimal vascular pathology, despite presence of significant other grey and 

white matter pathology, in regions with severe WMH. This suggests that small vessel 

disease does not underlie WMH in GRN mutation carriers with FTD. Although mild 

arteriolosclerosis was present, and there was mild atheroma in rare leptomeningeal 

vessels in subcortical regions and the circle of Willis, mild pathological changes such as 

these are commonly seen incidentally in healthy aging and in dementia. In a study of the 

pathological correlates of WMH in a mixed cohort of cases (aged controls, AD, and 

individuals with significant vascular risk factors) mild arteriosclerosis was present in 

56/57 cases and not significantly different between those with and without WMH (Shim 
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et al., 2015). A lack of correlation between markers of ischaemia and small vessel 

sclerosis and parietal white matter lesions was also observed in two studies of AD 

(McAleese et al., 2015, 2017). These findings underline the importance of not simply 

attributing cortical WMH on MRI as due to cerebrovascular disease when assessing 

patients presenting with cognitive impairment. 

 

Many sporadic FTLD cases who have significant grey and white matter spongiosis at 

post-mortem do not display WMH on MRI. In addition, although white matter pathology 

is generally more extensive in individuals with FTLD-tau than FTLD-TDP (Irwin et al., 

2018; McMillan et al., 2013), WMH are much less common on MRI scans of MAPT 

mutation carriers, who have FTLD-tau, than in GRN mutation carriers, who have FTLD-

TDP (Sudre et al., 2017a). Mechanisms independent of FTLD itself may therefore be 

responsible for white matter damage in individuals with GRN mutations. WMH are more 

extensive in symptomatic individuals with FTD due to GRN mutations than C9orf72 

expansions (Sudre et al., 2017a), despite both being associated with FTLD-TDP, 

indicating that there are mutation-specific mechanisms affecting white matter 

vulnerability in genetic FTD, irrespective of FTLD-TDP. As discussed in Chapter 1, 

increasing evidence implicates GRN in regulation of neuroinflammation, particularly in 

microglial and lysosomal function. A study of two FTLD-GRN cases observed significant 

microgliosis and astrocytosis broadly corresponding to areas of WMH on MRI (Kelley et 

al., 2009), and the extent of WMH correlates with plasma GFAP levels in symptomatic 

GRN mutation carriers (Sudre et al., 2019). White matter lesions in GRN mutation 

carriers could therefore be due to chronic excessive neuroinflammation, and microglial 

or astrocytic dysfunction. WMH would be expected to be associated with regional 

differences in microglia or astrocytes, which this study therefore explored 

comprehensively.  
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The severity of WMH correlated with severity of astrogliosis in white matter, but this study 

also used antibodies to detect three different microglial markers (CD68, CR3/43 and 

Iba1) to explore, in detail, differences in the burden and morphology of microglia between 

brain regions with and without WMH. There were many amoeboid CD68-positive 

microglia in both grey and white matter of regions with severe WMH (frontal lobe) or 

moderate WMH (temporal lobe), but particularly in white matter. This is consistent with 

the large number of highly-activated, phagocytic CD68-positive microglia in GRN -/- 

mouse models (Lui et al., 2016; Tanaka et al., 2013b, 2013a; Yin et al., 2009, 2010) and 

in frontal grey matter (Lant et al., 2014; Sakae et al., 2019b) and subcortical white matter 

(Lant et al., 2014) of individuals with FTLD-GRN. This could cause white matter damage 

through excessive phagocytosis of myelin and demyelination. There were also many 

amoeboid CR3/43-positive microglia in grey and white matter regions with severe WMH, 

suggesting that microglia with an antigen-presenting phenotype were also active in these 

regions. This is consistent with observations of many activated HLA-DR-positive 

microglia in cortical regions in FTLD-GRN cases (Chen-Plotkin et al., 2010; Kim et al., 

2016), although previous studies did not examine this phenotype in white matter. 

Activated antigen-presenting microglia could contribute to white matter damage through 

increased presentation of self-epitopes of myelin, leading to antibody-mediated 

demyelination, as seen in autoimmune diseases such as neuromyelitis optica. In the 

occipital lobe, where WMH were absent, CD68 and CR3/43-positive microglia were less 

numerous and more ramified, indicating a less active phenotype, consistent with minimal 

other pathology.  

 

In frontal and temporal grey matter, Iba1-positive microglia were typically numerous and 

often amoeboid in appearance. This is consistent with a recent study showing numerous 

amoeboid Iba1-positive microglia in the middle frontal cortex of FTLD-GRN cases (Sakae 

et al., 2019b). However, despite a similar burden of other histopathological changes 
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between frontal and temporal white and grey matter, the present study found few Iba1-

positive microglia in white matter, and much fewer in white matter than grey matter, 

particularly in frontal regions where WMH was most severe. This was because the 

morphology of Iba1-positive microglia was severely dystrophic in frontal white matter, 

with microglia displaying punctate, fragmented staining and severely disrupted cell 

structure (Streit et al., 2004). The extent of dystrophy in both grey and white matter 

correlated regionally with the presence and location of WMH, but dystrophy was 

particularly severe in white matter. This suggests that there may be region-specific 

microglial dystrophy in GRN mutation carriers, perhaps due to excessive microglial 

dysfunction or senescence secondary to progranulin haploinsufficiency. A reduction in 

Iba1-positive microglia has been observed in AD (Minett et al., 2016) and dystrophic 

microglia are present in AD cases (Bachstetter et al., 2015; Davies et al., 2017; Streit et 

al., 2009, 2018; Tischer et al., 2016), preceding the spread of tau pathology (Streit et al., 

2009) and symptom onset (Streit et al., 2018). Selectively premature or excessive 

microglial senescence within regions such as frontal white matter in GRN mutation 

carriers could reduce axonal support, leading to selective white matter vulnerability and 

development of regional WMH, even prior to symptom onset (Sudre et al., 2019).  

 

Interestingly, not all GRN mutation carriers with FTD display significant WMH: in a recent 

study 25.0% had none or a mild load, 37.5% had a medium load and 37.5% had a severe 

load (Sudre et al., 2019). There are therefore likely to be other factors affecting white 

matter vulnerability, which could affect microglial function on a background of a GRN 

mutation. Presence of a homozygous TT risk variant in the lysosomal gene TMEM106B 

was associated with accelerated accrual of WMH over time in individuals with FTD due 

to GRN mutations (Sudre et al., 2019). This is intriguing, as a polymorphism in this gene 

modifies cognitive reserve, grey matter volume, functional connectivity and AAO of 

symptoms in presymptomatic GRN mutation carriers (Cruchaga et al., 2011; Premi et 
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al., 2014, 2017). Microglial lysosomal function is also disrupted in GRN mutation carriers 

(Götzl et al., 2018) and influenced by TMEM160B (Klein et al., 2017). This suggests that 

combined microglial immune and lysosomal dysfunction may contribute to microglial 

dystrophy and white matter vulnerability and damage in GRN mutation carriers. 

 

In conclusion, presence of significant MRI WMH in someone presenting with symptoms 

of FTD, a positive family history, and no obvious vascular risk factors, particularly within 

frontal white matter, could signal an underlying GRN mutation and should prompt 

consideration of genetic testing (Paternicò et al., 2016). As WMH in this case were not 

associated with vascular pathology, they could instead be due to axonal degeneration 

secondary to cortical pathology, or due to region-specific demyelination and white matter 

vulnerability, contributed to by progranulin haploinsufficiency and microglial immune and 

lysosomal dysfunction. From a clinical trials perspective, the burden of WMH could act 

as a useful biomarker for assessment of disease progression, or treatment response, in 

presymptomatic or symptomatic GRN mutation carriers. However, variability in the 

presence of WMH between individuals ((Sudre et al., 2019) may limit this to intra-

individual monitoring. 

4.7 Limitations and future work 

As this study included only one case, exploration of the histopathological correlates of 

WMH across a larger cohort of FTLD-GRN cases is needed to confirm these findings. 

Collaboration across several brain banks would enable this, but this may be limited by 

the scarcity of centres using cadaveric MRI and the rarity of FTLD-GRN cases. Theories 

of microglial and lysosomal dysfunction due to GRN mutations require validation in 

mechanistic studies, for example using microglia derived from induced pluripotent stem 

cells (iPSCs). IPSCs can be produced from fibroblasts present within skin biopsies 

obtained from presymptomatic and symptomatic GRN mutation carriers. These could be 

obtained from individuals either with or without WMH, and with and without risk variants 
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in genetic modifiers such as TMEM106B. Quantitative assessments of microglial burden, 

activation and dystrophy across relevant brain regions in a larger number of FTLD-GRN 

cases, and in individuals with a range of different subtypes of sporadic and genetic FTLD, 

would also help to clarify whether the qualitative and semi-quantitative regional 

differences in microglia noted in this single case are recapitulated across the spectrum 

of FTLD. This was explored further in the studies in Chapters 5 and 6. 

4.8 Publications relating to this chapter 

Work presented in this chapter was published as: 

 

Woollacott  IOC et al. (2018) Pathological correlates of white matter hyperintensities in 

a case of progranulin mutation associated frontotemporal dementia. Neurocase 24:3, 

166-174.  

 

Findings and theories discussed within this chapter also contributed to neuroimaging 

studies of WMH in GRN mutation carriers at UCL, which were published as:  

 

Sudre CH et al. (2017) White matter hyperintensities are seen only in GRN mutation 

carriers in the GENFI cohort. Neuroimage Clin 15:171-180. 

 

Sudre CH et al. (2019) White matter hyperintensities in progranulin-associated 

frontotemporal dementia: A longitudinal GENFI study. NeuroImage Clin 24:102077. 

  



145 

 

5 Microglial phenotypes across the spectrum of FTLD 

5.1 Chapter summary 

Introduction: Increasing evidence implicates microglial dysfunction in the aetiology of 

neurodegenerative disease. Many histological studies have examined microglia in AD, 

but few have explored this across the spectrum of FTLD. This study examined regional 

patterns of the burden and activation state of different microglial phenotypes in post-

mortem brain tissue from a large cohort of individuals with sporadic and genetic FTLD, 

individuals with AD, and healthy controls.  

 

Methods: Immunohistochemistry was performed to detect markers present on 

phagocytic (CD68), antigen-presenting (CR3/43 (HLA-DR/DP/DQ)) and general (Iba1) 

microglia in left anterior frontal and temporal lobe FFPE sections obtained from 50 FTLD 

cases (31 sporadic and 19 genetic: 20 FTLD-tau, 26 FTLD-TDP, four FTLD-FUS), five 

sporadic AD cases and five controls. Microglia were assessed in four regions: frontal 

grey (FG), frontal white (FW), temporal grey (TG) and temporal white (TW) matter. 

Microglial burden (percentage area) and activation state (cell circularity and perimeter) 

were quantitatively assessed in each region for each marker. Microglia were compared 

in each region between FTLD, AD and controls, and between different pathological 

subtypes of FTLD overall (FTLD-tau, FTLD-TDP, FTLD-FUS), FTLD-tau (FTLD-Picks, 

FTLD-CBD, FTLD-PSP, FTLD-MAPT), FTLD-TDP (FTLD-TDPA, FTLD-TDPB, FTLD-

TDPC), FTLD-TDPA (sporadic, and genetic: FTLD-GRN and FTLD-C9orf72), and 

genetic FTLD (FTLD-GRN, FTLD-C9orf72, FTLD-MAPT). Microglia were also compared 

between grey and white matter in each lobe for each subtype.  

 

Results: The burden of phagocytic and antigen-presenting microglia was generally 

higher in FTLD and AD cases than controls, but these microglia were not more activated 



146 

 

in most regions compared with controls. Microglial burden was generally higher in white 

matter than in grey matter, but activation was greater in grey matter. Regional patterns 

of microglia differed according to pathological subtype: FTLD-tau and FTLD-TDP cases 

showed similar patterns of microglia, but only FTLD-tau cases had more Iba1-positive 

microglia than controls, and FTLD-FUS cases had few, poorly activated microglia in all 

regions. FTLD-Picks cases had many highly activated phagocytic microglia in all regions, 

particularly FW, but many poorly activated antigen-presenting microglia in white matter. 

FTLD-CBD cases had many poorly activated phagocytic microglia in the frontal lobe and 

TW, but a few highly activated antigen-presenting microglia, mainly in FG. FTLD-PSP 

cases had few microglia in all regions, whereas FTLD-MAPT cases had many activated 

phagocytic microglia in the temporal lobe, particularly in white matter. FTLD-TDPA and 

FTLD-TDPC cases had many, poorly activated phagocytic microglia in TW and the 

frontal lobe, respectively, whereas FTLD-TDPB cases had few microglia in all regions. 

Microglia also differed by underlying disease mechanism and mutation. Sporadic FTLD-

TDPA cases had few poorly activated phagocytic and antigen-presenting microglia in 

most regions, whereas FTLD-GRN cases had many poorly activated phagocytic 

microglia in the temporal lobe (especially TW), but highly activated phagocytic microglia 

in FG, and many poorly activated antigen-presenting microglia in FW. FTLD-C9orf72 

cases had many poorly activated phagocytic and general (Iba1-positive) microglia in the 

frontal lobe but few antigen-presenting microglia in all regions. 

 

Conclusions: Microglial burden and activation are altered in FTLD, but this varies 

regionally and according to the microglial phenotype, pathological subtype, disease 

mechanism and mutation. Although microglial burden is generally higher in white matter, 

activation is generally greater in grey matter. Region-specific microglial dysfunction, 

particularly in white matter, could contribute to regional vulnerabilities to 

neurodegeneration and to the clinicopathological heterogeneity of FTLD. 
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5.2 Introduction 

As discussed in Chapters 1 and 4, there is increasing evidence of microglial dysfunction 

in the pathogenesis of FTLD. Chapter 3 demonstrated an increased tendency for 

systemic autoimmune disease in GRN mutation carriers, so central immune dysfunction 

may also be present. Although microglial PET imaging can detect gross patterns of 

microglia in vivo in individuals with sporadic or genetic FTD (Bevan-Jones et al., 2020; 

Cagnin et al., 2004; Clarke et al., 2019; Kim et al., 2019) and PMC (Bevan-Jones et al., 

2019; Miyoshi et al., 2010), histological studies that use immunohistochemistry to detect 

microglial markers allow much more detailed examination of regional patterns of 

microglia. They also enable appreciation of the diversity of microglial activation states, 

phenotypes and other morphological changes in individuals with different pathological 

subtypes of FTLD and different disease mechanisms (sporadic versus genetic disease 

or different gene mutations).  

 

Observations of excessive microglial activation and dysfunction in mouse models of FTD 

(reviewed in Chapter 1) suggest that different disease mechanisms (for example 

mutations in GRN, C9orf72 or MAPT) and pathologies may differentially affect microglial 

function, but this has not been examined extensively in humans. Only one study has 

explored microglia across the spectrum of FTLD, performing a semi-quantitative 

combined assessment of the frequency and activation state of CD68-positive microglia 

in frontal and temporal grey and white matter (Lant et al., 2014). This found that there 

were more numerous and/or more activated microglia in FTLD than controls, particularly 

in frontal white matter. In subgroup analyses, FTLD-MAPT cases had more numerous 

and/or more activated microglia in the temporal lobe than a combined group of FTLD-

PSP/CBD cases, suggesting microglia may also differ regionally across FTLD subtypes. 

Since then, several small studies have examined microglia in specific subtypes of FTLD, 

mainly in combined groups of FTLD-TDPA and FTLD-TDPB cases (Kim et al., 2018a, 
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2018b; Ohm et al., 2018; Taipa et al., 2017). FTLD-TDP cases had more numerous 

and/or more activated CD68 and Iba1-positive microglia in frontal white matter compared 

with AD cases and controls, and in frontal, temporal and entorhinal white matter 

compared with grey matter (Taipa et al., 2017). In small FTLD-TDP case series, there 

were more HLA-DR-positive microglia in white matter than in grey matter (Ohm et al., 

2018), but also many microglia in grey matter regions with significant cortical atrophy on 

imaging (Kim et al., 2018b, 2018a). Sporadic FTLD-TDPA cases had numerous Iba1-

positive microglia in the hippocampal CA1 region and subiculum, but not in CA3 (Mao et 

al., 2019). FTLD-TDPA and FTLD-TDPC cases had many CD68-positive microglia in 

frontal, temporal and parietal cortices, with the density of amoeboid microglia correlating 

with the density of TDP-43 pathology (Bevan-Jones et al., 2020). These studies suggest 

that microglia are altered in FTLD-TDP in a regionally selective manner, particularly in 

white matter, but whether microglia vary across FTLD-TDP subtypes, or between other 

FTLD subtypes, has not been explored in detail.  

 

As regional pathology (Lashley et al., 2015; Mackenzie and Neumann, 2016; Rohrer et 

al., 2011) and grey and white matter neuroimaging abnormalities (Cash et al., 2018; 

Fumagalli et al., 2018; Jiskoot et al., 2018; Panman et al., 2019; Rohrer et al., 2015) vary 

across the spectrum of genetic FTLD, microglia may also differ regionally between 

genetic FTLD subtypes. However, very few studies have explored this. Only one study 

has compared microglia between the three main genetic subtypes of FTLD, showing that 

FTLD-MAPT cases had more numerous and/or more activated CD68-positive microglia 

in temporal white matter compared with FTLD-GRN, FTLD-C9orf72 and sporadic FTLD 

cases (Lant et al., 2014). A more recent study of FTLD-GRN and FTLD-C9orf72 cases 

and controls found that the burden and morphology of CD68 and Iba1-positive microglia 

varied regionally depending the mutation (Sakae et al., 2019b). FTLD-C9orf72 cases 

had more CD68-positive microglia in the hippocampus than FTLD-GRN cases, but a 
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similar burden of both microglial phenotypes in other regions, whereas FTLD-GRN cases 

had more amoeboid Iba1-positive microglia in superficial cortical layers and deep white 

matter of the middle frontal cortex compared FTLD-C9orf72 cases.  Other small studies 

of FTLD-GRN cases have found many HLA-DR-positive microglia in frontal, temporal 

and parietal grey matter (Kim et al., 2016) or frontal grey and white matter (Chen-Plotkin 

et al., 2010), and many activated Iba1-positive microglia in the frontal cortex (Lui et al., 

2016) or subiculum (Mao et al., 2019). In the FTLD-GRN case in Chapter 4, numerous, 

amoeboid CD68 and CR3/43-positive microglia were present in frontotemporal grey and 

white matter, but few Iba1-positive microglia were present in white matter, particularly in 

the frontal lobe. These studies suggest that microglial burden and activation vary 

regionally and between grey and white matter in genetic FTLD, that this depends on the 

mutation type, and that this may vary according to the microglial phenotype. Validation 

of these observations across a larger number of genetic FTLD cases and more detailed 

comparison of different microglial phenotypes between FTLD-GRN, FTLD-C9orf72 and 

FTLD-MAPT cases and compared with controls is needed. 

 

In contrast to FTLD, there have been many histological studies of microglia in humans 

with AD (Hopperton et al., 2018). As several early AD mouse models suggested there 

was widespread microglial activation, it was initially proposed that chronic excessive 

microglial activation directly results in neurodegeneration in AD. Many previous studies 

examining CD68, HLA-DR or Iba1-positive microglia in human AD cohorts have 

concluded that in sporadic AD the burden of microglia was increased, or microglia were 

more activated, or both, in regions with significant pathology, such as the hippocampus 

or frontal or temporal lobes (Felsky et al., 2019; Hopperton et al., 2018; Lant et al., 2014; 

Minett et al., 2016; Taipa et al., 2017). However,  in vitro studies or mouse models of AD 

can create high-level microglial stimulation, which is artificial and in excess of what 

occurs in vivo, so may not mimic the sequential changes in microglia and pathology seen 



150 

 

in humans (Streit et al., 2014). In fact, heightened microglial activation has not been 

identified in all human AD histological studies. Few activated microglia were associated 

with early diffuse Aβ plaques (Hendrickx et al., 2017) and few Iba1-positive microglia 

surrounded established, neuritic plaques in the hippocampus (Navarro et al., 2018) in 

other AD cohorts. Excessive microglial dystrophy, representing senescence or 

premature failure of microglia, is also emerging as a potential contributor to AD and other 

neurodegenerative diseases (Bachstetter et al., 2015; Davies et al., 2017; El Hajj et al., 

2019; Lopes et al., 2008; Navarro et al., 2018; Sanchez-Mejias et al., 2016; Streit et al., 

2009, 2014, 2018; Tischer et al., 2016). There may also be different phases of microglial 

activation and senescence at different disease stages, which may variably contribute to 

neuronal protection or neurodegeneration (Gentleman, 2013). 

 

Given that AD can overlap clinically and radiologically with FTD, it is useful to compare 

how microglia are altered in each disease. This may help to explore whether changes in 

microglia occur in general in regions involved in neurodegenerative disease or relate to 

specific underlying pathologies. Few studies have directly compared microglia in FTLD 

and AD, but these suggest that regional microglial patterns differ between these 

diseases. Microglial burden and activation differed in frontal white matter (FTLD greater 

than AD) and temporal grey matter (AD greater than FTLD) in one study (Lant et al., 

2014) and in the dentate gyrus (AD greater than FTLD-TDP) in another (Taipa et al., 

2017). Microglia also seem to be differentially affected in grey and white matter in each 

disease: FTLD cases had more numerous and/or more activated microglia in 

frontotemporal white matter than grey matter (Lant et al., 2014; Taipa et al., 2017), 

whereas in AD cases the opposite pattern was present (Lant et al., 2014). Although 

microglia have been compared between FTLD-TDP and AD cases (Taipa et al., 2017), 

FTLD-tau and AD cases have not been compared previously. As there may be different 

effects of various tau isoforms or strains on glial cells, and different contributions of 
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aberrant neuroinflammation and glial cell dysfunction to neurodegeneration in different 

tauopathies (Kahlson and Colodner, 2015; Leyns and Holtzman, 2017), this is worth 

exploring. 

 

Despite useful evidence from prior studies of microglia in FTLD and AD, they have had 

several limitations. First, most have only examined one FTLD subtype, or have pooled 

different FTLD subtypes into one group for analysis. Different pathologies may be 

associated with differing regional patterns and degrees of microglial dysfunction, and this 

approach has precluded exploration of this. Second, most studies have focused on only 

one type of dementia and have not compared cases with different neurodegenerative 

diseases (such as FTLD and AD) to see if regional microglial patterns differ depending 

on the type of pathology. Third, most studies have used a single microglial marker 

(usually CD68), so the range of microglial phenotypes assessed and morphological 

assessments for examining activation state were rather limited. Finally, the two largest 

histological studies of microglia in FTLD (Lant et al., 2014; Taipa et al., 2017) used semi-

quantitative visual rating scales rather than quantitative assessments to assess 

microglial burden and morphology (activation) and assessed these jointly to produce one 

‘microglial score’. Quantitative approaches have less of a tendency for rater bias, can 

capture more subtle information about microglial burden and morphology, and can 

assess these parameters separately. This is important, as an increase in the burden of 

microglia within a region may not necessarily be accompanied by an increase in cell 

activation. 

5.3 Aims and hypotheses 

To address these issues, there needed to be a comprehensive, quantitative assessment 

of microglial burden and activation across sporadic and genetic forms of FTLD, in 

clinically relevant brain regions, using a panel of antibodies that can detect markers 

indicative of different microglial phenotypes and morphologies. FTLD cases should be 
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compared with cognitively normal controls and with cases with another 

neurodegenerative disease affecting similar brain regions and producing clinically 

overlapping syndromes, such as sporadic amnestic AD. The full spectrum of pathological 

FTLD subtypes must be analysed and compared, and grey and white matter must be 

compared within each region.   

 

This study therefore aimed to perform a detailed histological assessment of microglial 

burden and activation within post-mortem brain tissue in a large FTLD cohort, including 

cases with the main pathological subtypes of FTLD (FTLD-tau, FTLD-TDP and FTLD-

FUS), who have either sporadic FTLD or the most common genetic forms of the disease 

(FTLD-GRN, FTLD-C9orf72, or FTLD-MAPT). Comparisons would be made with 

sporadic AD cases and cognitively normal controls and between different pathological 

and genetic FTLD subtypes. Microglia would be examined in frontal grey matter (FG), 

frontal white matter (FW), temporal grey matter (TG) and temporal white matter (TW). 

Microglia would also be compared between grey and white matter within each lobe (FG 

versus FW, and TG versus TW) for each group (FTLD, AD, controls) and FTLD subtype. 

 

Three different antibodies would be used to detect microglial markers indicative of 

different microglial phenotypes and to optimise assessment of morphology (to determine 

activation state): CD68 (detects phagocytic microglia, with expression increased by 

activation), CR3/43 (detects HLA-DR/DP/DQ molecules on antigen-presenting microglia, 

with expression increased by activation) and Iba1 (detects microglia in general and 

allows excellent assessment of cell morphology) (Boche et al., 2013). Chapter 1.3.3.2 

provides further information on each marker. The burden of each microglial phenotype 

would be quantitatively assessed in each region (FG, FW, TG, TW) by measurement of 

the percentage area of that region comprised of microglial cells stained by each antibody. 
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The degree of microglial activation would be assessed by quantitative measurement of 

aspects of the morphology of microglial cells stained using each antibody in that region. 

The key hypotheses of this study were that the burden and/or the activation of microglia 

would differ in some, or all, of the four brain regions analysed, in the following ways: 

 

• Between FTLD cases and controls, and between AD cases and controls, due to 

the role of microglial dysfunction in neurodegenerative disease. 

• Between FTLD and AD cases, due to different pathologies or disease 

mechanisms interacting with and impacting on microglia in different ways within 

the same brain regions. 

• Between different FTLD subtypes, due to different pathologies or disease 

mechanisms interacting with and impacting on microglia in different ways in the 

same regions, namely: 

o Between FTLD-tau, FTLD-TDP, FTLD-FUS, and between each of these 

subtypes and AD.  

o Between different FTLD-tau subtypes: FTLD-CBD, FTLD-MAPT, FTLD-

Picks and FTLD-PSP. 

o Between different FTLD-TDP subtypes: FTLD-TDPA, FTLD-TDPB and 

FTLD-TDPC. 

o Between cases with the same type of pathology but different disease 

mechanisms: sporadic FTLD-TDPA versus genetic FTLD-TDPA due to 

GRN mutations (FTLD-GRN) or C9orf72 expansions (FTLD-C9orf72). 

o Between genetic FTLD subtypes, due to different gene mutations 

differentially influencing microglial function: FTLD-GRN, FTLD-C9orf72 

and FTLD-MAPT. 
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In addition, this study hypothesised that microglial burden and/or activation would differ 

between grey and white matter within the frontal and temporal lobes. This may vary by 

lobe (i.e. only be the case in frontal, or temporal, or both lobes), according to the 

underlying pathology or gene mutation. This could be due to pre-existing differences in 

microglial function between grey and white matter contributing to sub-regional variations 

in neuronal or glial vulnerability, and hence evolvement of sub-regional pathologies. 

Alternatively, there may be a secondary effect of differing burdens of neurodegenerative 

pathologies present in grey versus white matter in each subtype in each lobe, which 

differentially impacts upon microglia. 

5.4 Methods 

5.4.1 Case selection and demographics 

Sixty cases were selected for analysis, including 50 FTLD cases, five sporadic amnestic 

AD cases, and five cognitively normal controls without neurodegenerative pathology. 

These were selected from the QSBB and the MRC London Neurodegenerative Diseases 

Brain Bank, Institute of Psychiatry, King’s College London, as detailed in Chapter 2.1.1. 

Case demographics and pathological subtypes are summarised in Table 2.1 (Chapter 2) 

and individual cases are detailed in Appendix 1. 

5.4.2 Tissue processing and immunohistochemistry  

All 60 cases had undergone tissue processing, immunohistochemistry and clinical 

neuropathological assessment of a wide variety of brain regions at the QSBB as detailed 

in Chapter 2.2.1.1, to confirm the neuropathological findings. Further sections were cut 

by the author from left anterior frontal lobe and left temporal lobe FFPE tissue blocks 

from all cases. Immunohistochemistry was performed sequentially on these sections by 

the author, using one of three different antibodies each time, directed against the 

microglial markers CD68, CR3/43 or Iba1. Immunohistochemistry techniques and 
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antibodies were detailed in Chapter 2.2.1.2. Figure 5.1 shows microglia in grey and white 

matter tissue sections detected using each antibody. 

 

Figure 5.1 Immunohistochemical staining of microglia using different antibodies 

Representative images of frontal grey matter (a, c, e) and subcortical white matter (b, d, f) of 
sections with CD68-positive microglia (a, b) CR3/43-positive microglia (c, d) and Iba1-positive 
microglia (e, f). Images were taken from the following cases (Appendix 1): a and b from case 
25 (FTLD-Picks); c to f from case 55 (FTLD-TDPC). Scale bar represents 50µm in all images. 
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5.4.3 Analysis of microglia 

5.4.3.1 Regions analysed 

Anterior frontal and temporal lobe sections contained both cortical grey matter (all cortical 

layers were analysed) and subcortical white matter. Four regions were selected for 

analysis for all cases: FG, FW, TG and TW. This enabled analysis of differences in 

microglia in the same region (for example FG) across groups, and comparison of 

microglia in grey matter versus white matter within the frontal lobe (FG versus FW) and 

temporal lobe (TG versus TW) within each group. 

5.4.3.2 Scanning, area selection and identification of microglia 

The sequential sections stained for each of the three microglial markers were digitally 

scanned using a Leica SCN400F scanner (Leica Microsystems) at 40x magnification and 

high resolution digital images were stored on a digital hub 

(http://slidepath.ion.ucl.ac.uk/dih/login.php). Images were loaded into Aperio 

ImageScope software (version 12.3.0.5056) and identical areas of interest for analysis 

were identified within each of the four regions (FG, FW, TG and TW) within each section 

for each case across all markers. This was to ensure that results were not influenced by 

intraregional variations in microglia.  

 

A macro using Aperio ImageScope, ImageJ and Python programming software 

developed by a collaborator (Yau Lim at King’s College London) was used to identify 

microglia in each of the four regions of interest for each marker, and to analyse the 

microglial percentage area, and morphological parameters indicating microglial shape 

and size (circularity and perimeter), for each case. First, the image of the extracted area 

of interest from a region (generated in Aperio ImageScope) was loaded into ImageJ. The 

macro allowed an area within the cortical grey matter or subcortical white matter to be 

manually selected within the image, generating its coordinates (Figure 5.2a). The same 

http://slidepath.ion.ucl.ac.uk/dih/login.php
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area was selected each time to ensure consistency. A Python script used these 

coordinates to randomly generate pairs of coordinates for ten different squares (each 

1000 x 1000 pixels in size, equivalent to 500 x 500 μm) within the selected area in order 

to give an unbiased measurement of microglia present across this area (Figure 5.2a). 

Prior to this, Bland-Altman plots with linear regression analyses had been used to 

ascertain whether analysis of five or ten random squares led to best reproducibility of 

results for microglial percentage area and circularity, using five test cases from the cohort 

(Appendix 2). Bland-Altman plots are typically used to evaluate the level of agreement 

between two similar techniques, identifying any systemic difference between 

measurements. This approach had confirmed that analysis of ten random squares was 

best. Ten random squares were therefore generated for all cases in each region and 

microglia within each square were analysed further. 

 

ImageJ was used to identify DAB staining for each marker (CD68, Iba1 and CR3/43) in 

each square, employing a pre-set colour threshold, with a hue of zero to 30 (for DAB 

detection), a saturation of 60 to 80 (adjusted according to background staining level), 

and a mean thresholding method for brightness. These settings were used to ensure 

consistent selection of only DAB stained cells rather than weaker, non-specific staining. 

Brown DAB staining was highlighted as red within the macro (Figure 5.2b). A pre-set 

diameter of ten pixels for cell selection (equivalent to five µm) was then used to exclude 

selection of any stained matter that was smaller than this, to minimise inclusion of parts 

of microglia that were predominantly on a different plane (Figure 5.2c). This diameter 

was necessarily small to ensure that the cell bodies and processes of CD68-positive 

cells, which were typically very small, were not excluded from analysis. 
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 %Area

1 1.536

2 1.061

3 0.622

4 0.783

5 0.936

6 1.232

7 0.995

8 1.53

9 0.886

10 1.118

a 

b 

d c 

Figure 5.2 Process of analysis of microglial burden and morphology (activation) 

The macro used ImageJ and Python to enable selection of an area of interest in each region and 
to generate ten random squares for analysis within this area, each of size 1000x1000 pixels 
(500µm2) (a). ImageJ and colour thresholding was used to identify all cells stained with DAB in a 
square, which were then highlighted in red (b), and to select only cells above a pre-set diameter 
of ten pixels (five µm), which were outlined in yellow (c) for further analysis. The macro calculated 
mean percentage area stained values for each of the ten squares, generating this in an Excel 
output (d), as well as circularity and perimeter values for individual cells present within each square 
(not shown). 
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5.4.3.3 Microglial percentage area 

The macro used the ImageJ measure function to determine the percentage area (areal 

fraction) of each of the ten squares in a region stained with DAB for each marker. This 

produced a percentage area value for each of the ten squares, with a higher value 

representing a higher burden of that microglial phenotype (CD68-positive, CR3/43-

positive or Iba1-positive cells) present. Percentage area values were generated by the 

macro for each of the ten squares in each region within a Microsoft Excel spreadsheet 

for that region, for each case (Figure 5.2d). These values were then imported from 

Microsoft Excel into STATA version 14 and averaged across all ten squares to give a 

mean percentage area value for each region (FG, FW, TG or TW) for each case.  

5.4.3.4 Microglial circularity and perimeter 

The macro also used ImageJ to assess microglial morphology, quantifying the circularity 

(how round a cell is) and perimeter (cell size) of every DAB stained cell (above the pre-

set diameter of ten pixels) detected within each of the ten squares. This allowed 

assessment of the degree of microglial activation: microglial circularity and perimeter 

have been shown to correlate strongly with the degree of activation as measured by 

expression of the proinflammatory cytokine IL-1β (Fernández-Arjona et al., 2019).  

 

For the circularity assessment, the shape of each cell was measured using the Hull and 

Circle function in ImageJ. A circularity value of between zero and one was calculated 

and assigned to that cell, to represent how round the cell was, with zero representing an 

imperfect shape and one representing a perfect circle. Cells that were less circular in 

shape were assigned lower circularity values, closer to zero, indicating more ramified 

morphology and less activation (Figure 5.3a). Those that were more circular in shape 

were assigned a higher circularity value, closer to one, indicating more amoeboid 

morphology and greater activation (Figure 5.3b) (Fernández-Arjona et al., 2017, 2019; 

Torres-Platas et al., 2014). For the perimeter assessment, the outline of each cell above 
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the pre-set diameter was quantified using the Hull and Circle function in ImageJ and 

each cell was assigned a perimeter value representing its size (including all ramified 

processes) in μm. Cells with larger perimeters were more ramified and less activated 

(Figure 5.3a) whereas those with smaller perimeters were less ramified (more amoeboid) 

and more activated (Figure 5.3b) (Fernández-Arjona et al., 2017, 2019).  

 

 

 

 

 

 

 

 

 

 

 

 

The macro calculated individual circularity and perimeter values for every stained cell 

(above the pre-set diameter) detected in each square. These were generated within a 

separate text file (containing values for all cells present) for each of the ten squares for 

each region. Circularity and perimeter values were imported from text files into STATA 

version 14 and averaged across individual cell values to give a mean circularity value 

and mean perimeter value per square. These were then averaged across the ten squares 

in each region to give mean circularity and perimeter values for that region (FG, FW, TG 

or TW) for each case. This was performed separately for each of the three markers 

(CD68, CR3/43 and Iba1). 

a b 

Figure 5.3 CD68-positive microglia with different circularity and perimeter 

values 

(a) One of ten squares selected from FG of a control (case 1, Appendix 1), 
showing CD68-positive microglia with a mean cell circularity value of 0.342 and 
mean perimeter value of 61.7 μm, indicating non-amoeboid, highly ramified 
microglia. (b) One of ten squares selected from FG of an FTLD-Picks case (case 
21, Appendix 1), showing CD68-positive microglia with a mean circularity value 
of 0.606 and a mean perimeter value of 46.3 µm, indicating highly amoeboid, 
poorly ramified microglia. 
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5.4.4 Statistical analysis 

STATA version 14 was used to import Excel and text file outputs of microglial parameters 

(percentage area, circularity and perimeter) generated by the macro and was also used 

to analyse data. The significance threshold was P<0.05 and confidence interval 95% for 

all statistical tests. Microglial parameters were compared between groups using a 

hierarchical, multi-level approach as detailed in Figure 5.4. This was performed to allow 

appreciation of how microglia differed between overall disease groups (FTLD, AD and 

controls) and between the various pathological and genetic subtypes of FTLD.  

 

 

 

Demographics including AAD, AAO, disease duration and post-mortem delay were 

compared between groups using non-parametric tests, given the small group sizes. Rank 

Figure 5.4 Approach to group comparisons of demographics and microglia 

Demographics and microglial parameters were compared between groups using six levels of 
comparison (numbers in circles denote level). 1: controls and different neurodegenerative diseases; 2: 
controls, main FTLD subtypes (all FTLD-FUS had aFTLD-U) and AD; 3: controls and FTLD-tau 
subtypes; 4: controls and FTLD-TDP subtypes; 5: controls and either sporadic or genetic FTLD-TDPA 
(genetic had either GRN mutations, FTLD-GRN, or C9orf72 expansions, FTLD-C9orf72); 6: controls 
and genetic FTLD subtypes (the FTLD-C9orf72 group included only FTLD-TDPA cases to ensure 
comparison of mutation rather than pathological subtype). 
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sum tests (for two groups) or Kruskal Wallis tests (for more than two groups) were used 

followed by Dunn’s post hoc test for multiple comparisons. Sex was compared between 

groups using Fisher’s exact tests.  

 

Mean and median group values for each microglial parameter were calculated for every 

region (FG, FW, TG, TW) using values from all cases within each group. Given the small 

sample size of many groups, non-parametric Kruskal Wallis tests with Dunn’s post hoc 

tests for multiple comparisons were used to compare median values of each microglial 

parameter (percentage area, circularity and perimeter) for each marker (CD68, CR3/43 

and Iba1) within each of the four regions (FG, FW, TG and TW) between each group. 

Non-parametric Wilcoxon signed rank tests for paired comparisons were used to perform 

grey versus white matter comparisons of microglial parameters within the frontal lobe 

(FG versus FW) and temporal lobe (TG versus TW) for each group, for each marker.  

 

Graphs of comparisons of microglial parameters between groups and between grey and 

white matter within each group were produced in GraphPad Prism version 7. Heat maps 

of P values for all comparisons of microglial parameters between groups and between 

grey and white matter within each group (Appendix 3) were produced in Microsoft Excel. 

5.5 Results 

5.5.1 Demographics 

Demographics of cases in each group were summarised in Table 2.1 in Chapter 2 and 

are presented for individual cases in Appendix 1. Comparisons of AAO, AAD, disease 

duration and post-mortem delay between groups are displayed in Figure 5.5.  
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Sex did not differ significantly between any group (P>0.05). Other demographics were 

similar between groups, with a few exceptions (Figure 5.5). FTLD-FUS cases had an 

earlier AAO than FTLD-TDP (P=0.004), FTLD-tau (P=0.006) and AD (P=0.022) cases. 

AAO differed across FTLD-tau subtypes (P=0.005): FTLD-PSP cases had a later AAO 

than FTLD-Picks (P=0.034) and FTLD-MAPT (P=0.0004) cases. AAO did not differ 

across FTLD-TDP subtypes or between sporadic and genetic FTLD-TDPA cases. 

However, FTLD-MAPT cases had an earlier AAO than FTLD-C9orf72 cases (P=0.025). 

AAD was matched as much as possible, but FTLD-FUS cases had a younger AAD 

compared with controls (P=0.006), FTLD-TDP (P=0.008), FTLD-tau (P=0.004) and AD 

(P=0.012) cases. FTLD-MAPT cases had a younger AAD than FTLD-PSP cases 

(P=0.004) and FTLD-TDPC cases had an older AAD than FTLD-TDPB cases (P=0.022). 

FTLD-TDPC cases had a longer disease duration than FTLD-TDPA (P=0.002) and 

Figure 5.5 Comparison of demographics between groups  

Graphs show comparisons of age at onset (a), age at death (b), disease duration (c) and post-
mortem delay (d) across groups. Bars show medians and error bars represent interquartile ranges. 
*P<0.05; **P <0.01; ***P ≤0.001; ****P ≤0.0001. 
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FTLD-TDPB (P=0.004) cases. FTLD-TDPA cases with C9orf72 expansions had a longer 

disease duration than sporadic FTLD-TDPA cases (P=0.04). FTLD-MAPT cases had a 

longer disease duration than FTLD-GRN cases (P=0.011). Post-mortem delay was 

similar across groups, except that FTLD-TDPA cases had a longer delay than FTLD-

TDPC cases (P=0.033) and controls (P=0.046), and FTLD-C9orf72 cases had a longer 

delay than controls (P=0.039). 

5.5.2 Microglial burden 

Detailed results of all group comparisons of microglial burden are presented sequentially 

in subsequent sections, for each level of group comparison performed, following the 

order in Figure 5.4. The heat maps in Appendix 3 contain P values for every comparison 

between groups and between grey and white matter within each group, so P values are 

not presented again in the text. Graphs show results from each level of group 

comparison, also corresponding to levels in Figure 5.4. 

5.5.2.1 Neurodegenerative disease comparisons 

FTLD cases had more CD68-positive microglia in FG, FW and TW compared with 

controls (Figure 5.6a). AD cases had a higher burden in FG compared with controls and 

FTLD cases, but the burden in TG did not differ significantly from controls. The burden 

of CR3/43-positive and Iba1-positive microglia was highly variable across cases within 

each group and comparisons between groups did not reach significance in any region 

(Figure 5.6b, c).  

 

Grey versus white matter comparisons revealed that the burden of CD68 and CR3/43-

positive microglia was generally higher in white matter than grey matter for all groups 

(Figure 5.6d, e). For the frontal lobe, values were significantly higher in white matter for 

FTLD cases and controls, but not for AD cases. For the temporal lobe, values were 

significantly higher in white matter for all three groups, particularly for FTLD but less so 



165 

 

for AD and controls. For Iba1-positive microglia the only significant difference was a 

higher burden of microglia in TW compared with TG in FTLD cases (Figure 5.6f). 

5.5.2.2 Main FTLD subtypes 

FTLD-tau and FTLD-TDP cases had a higher burden of CD68-positive microglia in FG 

and FW compared with controls, but there was a similar burden between these subtypes 

in all regions (Figure 5.6g). FTLD-TDP cases also had a higher burden in TW compared 

with controls and FTLD-FUS cases. In contrast, the burden of CD68-positive microglia 

in FTLD-FUS cases was low, similar to controls in all regions. AD cases had a higher 

burden of CD68-positive microglia in FG compared with controls and in FG and TG 

compared with FTLD-FUS cases. AD and FTLD-tau cases had a similar burden of this 

phenotype in all regions (Figure 5.6g). There were no significant differences in the 

burden of CR3/43-positive microglia between any group (Figure 5.6h). FTLD-tau cases 

had a particularly high burden of Iba1-positive microglia in white matter, with more cells 

in both FW and TW compared with FTLD-TDP and AD cases, but only in TW compared 

with controls (Figure 5.6i). However, FTLD-TDP and FTLD-FUS cases had a similar 

burden of Iba1-positive microglia to controls in all regions.  

 

Grey versus white matter comparisons showed a significant difference in the burden of 

CD68 and CR3/43-positive microglia between grey and white matter in frontal and 

temporal regions of FTLD-tau and FTLD-TDP cases, with a much higher burden in white 

matter (Figure 5.6j,k). Iba1-positive microglia only differed in the temporal lobe of FTLD-

tau cases, with a higher burden in white matter (Figure 5.6l). 

5.5.2.3 FTLD-tau subtypes 

FTLD-Picks cases had a higher burden of all microglial phenotypes compared with 

controls in the frontal and temporal lobes, except for Iba1-positive microglia in FW, where 

the burden was surprisingly low (Figure 5.6m-o). FTLD-CBD cases had a higher burden 
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of CD68-positive microglia in the frontal lobe and TW compared with controls, but a 

similar burden of CR3/43 and Iba1-positive microglia to controls in all regions, except for 

TW, where the burden of Iba1-positive microglia was higher than controls (Figure 5.6o). 

FTLD-PSP and FTLD-MAPT cases had a modest burden of Iba1 and CR3/43-positive 

microglia and a low burden of CD68-positive microglia, similar to controls in most regions 

(Figure 5.6m-o), although in TW FTLD-MAPT cases had a higher burden of CD68-

positive microglia compared with controls (Figure 5.6m).  

 

Comparing cases with underlying tau pathology, FTLD-Picks and FTLD-CBD cases had 

similar burdens of each microglial phenotype in each region. However, FTLD-Picks 

cases had a higher burden of CD68-positive microglia in TW and TG, and CR3/43-

positive microglia in all regions, compared with FTLD-PSP cases (Figure 5.6m,n). FTLD-

Picks cases also had a higher burden of CD68-positive microglia in FW and Iba1-positive 

microglia in TG compared with FTLD-MAPT cases, (Figure 5.6m,o). FTLD-CBD cases 

had a higher burden of CD68-positive microglia in the frontal lobe compared with FTLD-

MAPT cases and in TW compared with FTLD-PSP cases (Figure 5.6m) but a similar 

burden of CR3/43 and Iba1-positive microglia to other FTLD-tau subtypes (Figure 

5.6n,o).  

 

Grey versus white matter comparisons showed that in most FTLD-tau groups microglial 

burden was higher in white matter than grey matter, although this varied regionally by 

FTLD-tau subtype and microglial phenotype (Figure 5.6p-r). 
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Figure 5.6 Microglial burden compared between groups in each region and between grey and 

white matter in each lobe for each group (levels 1-3) 

Comparisons of the burden of CD68-positive (a, d, g, j, m, p), CR3/43-positive (b, e, h, k, n, q), and 
Iba1-positive (c, f, i, l, o, r) microglia for each group comparison level shown within Figure 5.4 (numbers 
in coloured circles on left represent level of comparison). The top row of graphs in each numbered level 
shows comparisons of microglia in each region between groups. The bottom row of graphs in each 
numbered level shows comparisons of microglia between grey and white matter within each lobe for 
each group. Graphs show median microglial burden (percentage area values) in each brain region: 
frontal grey (FG), frontal white (FW), temporal grey (TG) and temporal white (TW) matter. See legend in 
first graph on each row for bar colours. Error bars represent interquartile range. *P<0.05; **P<0.01; 
***P≤0.001; ****P≤0.0001. 
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5.5.2.4 FTLD-TDP subtypes 

FTLD-TDPA and FTLD-TDPC cases generally had a high burden of CD68-positive 

microglia, particularly in white matter, with a significant difference from controls in TW for 

FTLD-TDPA cases and in FG and FW for FTLD-TDPC cases (Figure 5.7a). The burden 

of CR3/43-positive microglia varied considerably across FTLD-TDPA and FTLD-TDPC 

cases, particularly in white matter, and overall, there was no significant difference from 

controls (Figure 5.7b). In contrast, FTLD-TDPB cases had a similar burden of CD68 and 

CR3/43-positive microglia to controls in all regions (Figure 5.7a,b).  

 

When comparing FTLD-TDP subtypes, the burden of CD68 and CR3/43-positive 

microglia did not differ between FTLD-TDPA and FTLD-TDPC subtypes in any region 

but there was a lower burden of burden of CD68 and CR3/43-positive microglia in TG of 

FTLD-TDPB compared with FTLD-TDPA cases (Figure 5.7a,b). The burden of Iba1-

positive microglia was similar between FTLD-TDP subtypes and when compared with 

controls, except for FTLD-TDPC cases, which had a higher burden in FG compared with 

controls (Figure 5.7c).  

 

Grey versus white matter comparisons revealed that FTLD-TDPA and FTLD-TDPC 

cases had a higher burden of CD68 and CR3/43-positive microglia in white than grey 

matter, particularly in the frontal lobe (Figure 5.7d,e). FTLD-TDPA cases also had a 

higher burden of these phenotypes in TW than TG. In contrast, FTLD-TDPB cases had 

similar burdens of these microglial phenotypes in grey and white matter. The burden of 

Iba1-positive microglia was similar in grey and white matter within each lobe for all FTLD-

TDP subtypes (Figure 5.7f). 
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5.5.2.5 Sporadic and genetic FTLD-TDPA subtypes 

Sporadic FTLD-TDPA cases had a similar burden of CD68-positive microglia to controls 

and FTLD-C9orf72 cases in all regions, but a lower burden of CD68-positive microglia in 

the temporal lobe compared with FTLD-GRN cases (Figure 5.7g). FTLD-GRN cases had 

a notably high burden of CD68-positive microglia in the temporal lobe and FW, differing 

significantly from controls in TW (Figure 5.7g). The burden of CD68-positive microglia 

did not differ significantly between FTLD-C9orf72 cases and controls in any region. 

Although many FTLD-TDPA cases, particularly sporadic and FTLD-GRN cases, had a 

high burden of CR3/43-positive microglia, particularly in FW, this varied considerably 

within each group and overall did not differ significantly from controls (Figure 5.7h). The 

burden of Iba1-positive microglia was only elevated in the frontal lobe of FTLD-C9orf72 

cases, differing from FTLD-GRN cases in FG and FW and from controls and sporadic 

cases in FW (Figure 5.7i).  

 

Grey versus white matter comparisons revealed that all FTLD-TDPA subtypes had a 

higher burden of CD68 and CR3/43-positive microglia in white matter than grey matter 

(Figure 5.7j,k). In contrast, the burden of Iba1-positive microglia was similar between 

white and grey matter for all groups, except for FTLD-C9orf72 cases, which had a higher 

burden in FW than FG (Figure 5.7l). 

5.5.2.6 Genetic FTLD subtypes 

FTLD-GRN cases had a high burden of CD68-positive microglia in most regions, differing 

significantly from controls in the temporal lobe, especially in TW, but in FW this did not 

reach significance, and in FG there was a notably similar burden to controls (Figure 

5.7m). In this analysis, FTLD-C9orf72 cases also had a high burden of CD68-positive 

microglia, particularly in white matter, differing from controls in all regions except TG 

(Figure 5.7m). In contrast, FTLD-MAPT cases only had a higher burden of this phenotype 

compared with controls in TW, with a lower burden compared with FTLD-C9orf72 cases 
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in FW. The burden of CR3/43-positive microglia was highly variable across cases in each 

group but was higher in FW of FTLD-GRN cases compared with controls (Figure 5.7n). 

Again, there was a particularly high burden of Iba1-positive microglia in the frontal lobe 

of FTLD-C9orf72 cases, differing significantly from controls in FG. However, there was 

a low burden of this phenotype in all regions in FTLD-GRN cases, particularly in FW.  

 

Comparisons between genetic groups revealed that FTLD-C9orf72 cases had a higher 

burden of CD68-positive microglia in FW than FTLD-MAPT cases (Figure 5.7m), and 

FTLD-GRN cases had a lower burden of Iba1-positive microglia throughout the frontal 

lobe than FTLD-C9orf72 cases, particularly in FW (Figure 5.7o).  

 

Grey versus white matter comparisons revealed that burdens of CD68 and CR3/43-

positive microglia were generally higher in white matter than grey matter in all genetic 

FTLD subtypes (Figure 5.7p-q). However, there was no significant difference in the 

burden of Iba1-positive microglia, apart from a higher burden in FW than FG in FTLD-

C9orf72 cases (Figure 5.7r). 
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Figure 5.7 Microglial burden compared between groups in each region and between grey and white 
matter in each lobe for each group (levels 4-6) 

Comparisons of the burden of CD68-positive (a, d, g, j, m, p), CR3/43-positive (b, e, h, k, n, q), and Iba1-
positive (c, f, i, l, o, r) microglia for each group comparison level shown within Figure 5.4 (numbers in 
coloured circles on left represent level of comparison). The top row of graphs in each numbered level shows 
comparisons of microglia in each region between groups. The bottom row of graphs in each numbered level 
shows comparisons of microglia between grey and white matter within each lobe for each group.  Graphs 
show median microglial burden (percentage area values) in each brain region: frontal grey (FG), frontal white 
(FW), temporal grey (TG) and temporal white (TW) matter. See legend in first graph on each row for bar 
colours. Error bars represent interquartile range. *P<0.05; **P<0.01; ***P≤0.001; ****P≤0.0001. 
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5.5.3 Microglial circularity 

Detailed results of all group comparisons of microglial circularity are presented 

sequentially in subsequent sections, for each level of group comparison performed, 

following the order in Figure 5.4. The heat maps in Appendix 3 contain P values for every 

comparison between groups and between grey and white matter within each group, so 

P values are not presented again in the text. Graphs show results from each level of 

group comparison, also corresponding to levels in Figure 5.4. 

5.5.3.1 Neurodegenerative disease comparisons 

Circularity of CD68, CR3/43 and Iba1-positive microglia was similar between all groups, 

apart from FTLD cases having more circular CD68-positive microglia in TG than AD 

cases (Figure 5.8a-c).  

 

Grey versus white matter comparisons revealed that only FTLD cases had much more 

circular CD68 and CR3/43-positive microglia in frontotemporal grey matter compared 

with white matter (Figure 5.8d,e). There were no differences between grey and white 

matter for Iba1-positive microglia in any disease group (Figure 5.8f). 

5.5.3.2 Main FTLD subtypes 

Circularity of CD68, CR3/43 and Iba1-positive microglia did not differ between the main 

FTLD subtypes and controls in any region (Figure 5.8g-i) but all three FTLD subtypes 

had more circular CD68-positive microglia in TG compared with AD cases (Figure 5.8g) 

and FTLD-tau cases had more circular CR3/43-positive microglia in FW compared with 

FTLD-TDP cases (Figure 5.8h).  

 

Grey versus white matter comparisons revealed that FTLD-tau and FTLD-TDP cases 

had more circular CD68 and CR3/43-positive microglia in grey matter than white matter 
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(Figure 5.8j,k). Circularity of Iba1-positive microglia was similar in grey and white matter 

for all main FTLD subtypes (Figure 5.8l). 

5.5.3.3 FTLD-tau subtypes 

FTLD-Picks cases had more circular CD68-positive microglia in the frontal lobe 

compared with controls and all other FTLD-tau subtypes (Figure 5.8m). Circularity of 

CD68-positive microglia in FTLD-CBD cases did not differ from controls but was lower in 

FW compared with FTLD-Picks cases and in FW and TW compared with FTLD-MAPT 

cases (Figure 5.8m). FTLD-MAPT cases had more circular CD68-positive microglia in 

TG than controls, in FW and TW compared with FTLD-CBD cases and in FG and TW 

compared with FTLD-PSP cases (Figure 5.8m). Despite a high burden of CR3/43-

positive microglia in FTLD-Picks cases in most regions, circularity of this phenotype did 

not differ significantly from other groups, apart from being lower than FTLD-CBD cases 

in FG (Figure 5.8n). FTLD-CBD cases had very circular CR3/43-positive microglia in FG, 

differing significantly from all other FTLD-tau groups (Figure 5.8n). Circularity of Iba1-

positive microglia did not differ between groups, apart from more circular microglia in FW 

of FTLD-Picks cases and controls compared with FTLD-PSP cases (Figure 5.8o).  

 

Grey versus white matter comparisons revealed that FTLD-Picks cases had similarly 

high circularity values for CD68 and CR3/43-positive microglia in both areas in both 

lobes, and FTLD-PSP cases had similarly low values in grey and white matter (Figure 

5.8p,q). In contrast, FTLD-CBD cases had more circular microglia of both phenotypes in 

grey matter of both lobes and FTLD-MAPT cases had more circular CD68-positive 

microglia in TG than TW. Circularity of Iba1-positive microglia was similar between areas 

except for more circular microglia in TW than TG in FTLD-Picks cases (Figure 5.8r). 
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Figure 5.8 Microglial circularity compared between groups in each region and between grey and 
white matter in each lobe for each group (levels 1-3) 

Comparisons of the circularity of CD68-positive (a, d, g, j, m, p), CR3/43-positive (b, e, h, k, n, q), and Iba1-
positive (c, f, i, l, o, r) microglia for each group comparison level shown within Figure 5.4 (numbers in 
coloured circles on left represent level of comparison). The top row of graphs in each numbered level shows 
comparisons of microglia in each region between groups. The bottom row of graphs in each numbered level 
shows comparisons of microglia between grey and white matter within each lobe for each group. Graphs 
show median circularity values in each brain region: frontal grey (FG), frontal white (FW), temporal grey (TG) 
and temporal white (TW) matter. See legend in first graph on each row for bar colours. Error bars represent 
interquartile range. *P<0.05; **P<0.01; ***P≤0.001; ****P≤0.0001. 
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5.5.3.4 FTLD-TDP subtypes 

There were no significant differences in the circularity of CD68 or CR3/43-positive 

microglia between any FTLD-TDP subtype and controls (Figure 5.9a,b). However, FTLD-

TDPA cases had more circular Iba1-positive microglia in TG than controls, in TW than 

FTLD-TDPB cases and in FG compared with FTLD-TDPC cases (Figure 5.9c).  

 

Grey versus white matter comparisons revealed that FTLD-TDPA cases had more 

circular CD68 and CR3/43-positive microglia in grey matter than white matter of both 

lobes (Figure 5.9d,e), and circularity of CD68-positive microglia in FTLD-TDPC cases 

was also higher in grey matter of both lobes (Figure 5.9d), but in FTLD-TDPB cases 

circularity values did not differ significantly between grey and white matter. Circularity of 

Iba1-positive microglia was similar in grey and white matter for each FTLD-TDP subtype 

(Figure 5.9f). 

5.5.3.5 Sporadic and genetic FTLD-TDPA subtypes 

FTLD-GRN cases had higher circularity values for CD68 and Iba1-positive microglia in 

FG compared with controls (Figure 5.9g,i). Sporadic FTLD-TDPA and FTLD-C9orf72 

cases had similar circularity values to other groups for all microglial phenotypes in all 

regions.  

 

Grey versus white matter comparisons revealed that circularity values for CD68-positive 

microglia were generally higher in grey matter than white matter (Figure 5.9j). CR3/43-

positive microglia were more circular in TG than TW of FTLD-C9orf72 cases (Figure 

5.9k). Circularity of Iba1-positive microglia was similar between grey and white matter in 

all groups (Figure 5.9l). 
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5.5.3.6 Genetic FTLD subtypes 

FTLD-GRN cases had more circular CD68-positive microglia than controls in FG and 

FTLD-MAPT cases had more circular CD68-positive microglia than controls in TG 

(Figure 5.9m). However, circularity of this phenotype did not differ between genetic FTLD 

subtypes in any region. Circularity of CR3/43-positive microglia did not differ between 

genetic FTLD subtypes or from controls (Figure 5.9n). Despite a low burden of Iba1-

positive microglia in all regions in FTLD-GRN cases, circularity was higher in FG and TG 

compared with controls, and in FG compared with FTLD-MAPT cases (Figure 5.9o).  

 

Grey versus white matter comparisons revealed that circularity of CD68-positive 

microglia was generally higher in grey matter than white matter, but this varied regionally 

according to the mutation: FTLD-GRN and FTLD-C9orf72 cases had more circular 

CD68-positive microglia in grey matter of both lobes, whereas FTLD-MAPT cases only 

had more circular CD68-positive microglia in TG compared with TW (Figure 5.9p). FTLD-

C9orf72 cases also had more circular CR3/43-positive microglia in FG compared with 

FW (Figure 5.9q). Circularity of Iba1-positive microglia did not differ significantly between 

grey and white matter in any group (Figure 5.9r). 
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Figure 5.9 Microglial circularity compared between groups in each region and between grey and 
white matter in each lobe for each group (levels 4-6) 

Comparisons of the circularity of CD68-positive (a, d, g, j, m, p), CR3/43-positive (b, e, h, k, n, q), and 
Iba1-positive (c, f, i, l, o, r) microglia for each group comparison level shown within Figure 5.4 (numbers 
in coloured circles on left represent level of comparison). The top row of graphs in each numbered level 
shows comparisons of microglia in each region between groups. The bottom row of graphs in each 
numbered level shows comparisons of microglia between grey and white matter within each lobe for 
each group. Graphs show median circularity values in each brain region: frontal grey (FG), frontal white 
(FW), temporal grey (TG) and temporal white (TW) matter. See legend in first graph on each row for 
bar colours. Error bars represent interquartile range. * P<0.05; **P<0.01; ***P≤0.001; ****P≤0.0001. 
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5.5.4 Microglial perimeter 

Detailed results of all group comparisons of microglial perimeter are presented 

sequentially in subsequent sections, for each level of group comparison performed, 

following the order in Figure 5.4. The heat maps in Appendix 3 contain P values for every 

comparison between groups and between grey and white matter within each group, so 

P values are not presented again in the text. Graphs show results from each level of 

group comparison, also corresponding to levels in Figure 5.4. 

5.5.4.1 Neurodegenerative disease comparisons 

FTLD cases had smaller perimeter CD68 and CR3/43-positive microglia in FG and TG 

compared with AD cases, consistent with the higher circularity values in TG, but 

perimeter did not differ significantly from controls (Figure 5.10a,b). Iba1-positive 

microglia had a larger perimeter in FTLD cases in FW and TW compared with controls 

(Figure 5.10c).  

 

Grey versus white matter comparisons revealed that FTLD cases had smaller perimeter 

CD68 and CR3/43-positive microglia in grey matter compared with white matter in both 

lobes (Figure 5.10d,e), consistent with higher circularity here. In contrast, AD cases had 

smaller perimeter CD68-positive microglia in TW than TG. Controls had smaller 

perimeter CR3/43-positive microglia in FG than FW. The perimeter of Iba-1 positive 

microglia was similar in grey and white matter in all groups, except for controls, where it 

was smaller in TW than TG (Figure 5.10f). 

5.5.4.2 Main FTLD subtypes 

All three FTLD subtypes had smaller perimeter CD68-positive microglia in TG compared 

with AD cases, and perimeter was smaller in FG of FTLD-tau and FTLD-TDP (but not 

FTLD-FUS) cases compared with AD cases (Figure 5.10g). FTLD-tau cases had smaller 

perimeter CR3/43-positive microglia in FW compared with FTLD-TDP cases, and in FG 
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compared with AD cases, whereas FTLD-FUS cases had smaller perimeter CR3/43-

positive microglia in TG compared with AD cases (Figure 5.10h). Although circularity of 

Iba1-positive microglia had been similar across groups, there were larger perimeter Iba1-

positive microglia in FW and TW of FTLD-tau cases compared with controls (Figure 

5.10h,i).  

 

Grey versus white matter comparisons revealed that FTLD-TDP cases had smaller 

perimeter CD68 and CR3/43-positive microglia in grey matter compared with white 

matter (Figure 5.10j,k), consistent with higher circularity here. FTLD-tau cases also had 

smaller perimeter CR3/43-positive microglia in grey matter (Figure 5.10k), but no 

significant differences for CD68-positive microglia. The perimeter of Iba1-positive 

microglia did not differ significantly between grey and white matter in any FTLD subtype 

(Figure 5.10l). 

5.5.4.3 FTLD-tau subtypes 

FTLD-Picks cases had smaller perimeter CD68-positive microglia in FG compared with 

FTLD-PSP and FTLD-MAPT cases (Figure 5.10m). FTLD-CBD cases had much smaller 

perimeter CR3/43-positive microglia in FG compared with FTLD-Picks and FTLD-MAPT 

cases, whereas FTLD-PSP cases had smaller perimeter CR3/43-positive microglia in 

TW than FTLD-MAPT cases (Figure 5.10n). The perimeter of Iba1-positive microglia was 

similar across groups, except for FTLD-MAPT and FTLD-PSP cases, which had a larger 

perimeter in FW than controls (Figure 5.10o).  

 

Grey versus white matter comparisons revealed that FTLD-CBD cases had smaller 

perimeter CD68 and CR3/43-positive microglia in FG than FW and smaller perimeter 

CD68-positive microglia in TG than TW (Figure 5.10p,q). In contrast, FTLD-Picks cases 

had smaller perimeter Iba1-positive microglia in TW than TG (Figure 5.10r). Perimeter 
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did not differ significantly between grey and white matter in FTLD-PSP or FTLD-MAPT 

cases.  
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Figure 5.10 Microglial perimeter compared between groups in each region and between grey and 
white matter in each lobe for each group (levels 1-3) 

Comparisons of the perimeter of CD68-positive (a, d, g, j, m, p), CR3/43-positive (b, e, h, k, n, q), and Iba1-
positive (c, f, i, l, o, r) microglia for each group comparison level shown within Figure 5.4 (numbers in 
coloured circles on left represent level of comparison). The top row of graphs in each numbered level shows 
comparisons of microglia in each region between groups. The bottom row of graphs in each numbered level 
shows comparisons of microglia between grey and white matter within each lobe for each group. Graphs 
show median perimeter values in each brain region: frontal grey (FG), frontal white (FW), temporal grey (TG) 
and temporal white (TW) matter. See legend in first graph on each row for bar colours. Error bars represent 
interquartile range. *P<0.05; **P<0.01; ***P≤0.001; ****P≤0.0001. 
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5.5.4.4 FTLD-TDP subtypes 

Like circularity, the perimeter of CD68 and CR3/43-positive microglia did not differ 

between FTLD-TDP subtypes and controls in any region (Figure 5.11a,b). The perimeter 

of Iba1-positive microglia was smaller in FG of FTLD-TDPA cases compared with FTLD-

TDPC cases but similar in other regions compared with other groups, whereas FTLD-

TDPB cases had larger perimeter Iba1-positive microglia than controls in TW (Figure 

5.11c).  

 

Grey versus white matter comparisons revealed smaller perimeter CD68 and CR3/43-

positive microglia in grey matter than white matter of both lobes in FTLD-TDPA cases 

(Figure 5.11d,e), matching circularity results. In FTLD-TDPC cases, CR3/43-positive 

microglia were of smaller perimeter in FG than FW (Figure 5.11e). The perimeter of Iba1-

positive microglia was similar in grey and white matter of each FTLD-TDP subtype 

(Figure 5.11f). 

5.5.4.5 Sporadic and genetic FTLD-TDPA subtypes 

The perimeter of CD68-positive microglia was smaller in TW of sporadic FTLD-TDPA 

cases than FTLD-GRN cases (Figure 5.11g), despite no difference in circularity between 

these groups. The perimeter of CR3/43-positive and Iba1-positive microglia did not differ 

significantly between groups (Figure 5.11h,i).  

 

Grey versus white matter comparisons showed that perimeter was often smaller in grey 

matter than white matter. There were smaller perimeter CD68 and CR3/43-positive 

microglia in FG than FW of sporadic FTLD-TDPA and FTLD-GRN cases (Figure 5.11j,k), 

and smaller perimeter CD68-positive microglia in TG than TW of FTLD-GRN and FTLD-

C9orf72 cases (Figure 5.11j). The perimeter of Iba1-positive microglia was smaller in TW 

than TG in sporadic FTLD-TDPA cases (Figure 5.11l). 
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5.5.4.6 Genetic FTLD subtypes 

Unlike circularity, perimeter did not significantly differ between genetic groups or between 

any group and controls for any microglial phenotype, apart from larger perimeter Iba1-

positive microglia in FW of FTLD-MAPT cases compared with controls (Figure 5.11m-o).  

 

Grey versus white matter comparisons generally revealed smaller perimeter microglia in 

grey matter than white matter, matching circularity results, but this varied regionally 

according to mutation. FTLD-GRN cases had smaller perimeter CD68 and CR3/43-

positive microglia in grey matter of both lobes, whereas FTLD-C9orf72 cases had smaller 

perimeter of CD68-positive microglia only in TG compared with TW (Figure 5.11p,q). In 

FTLD-MAPT cases the perimeter of CD68-positive microglia did not differ significantly, 

in contrast to the higher circularity seen in TG compared with TW. The perimeter of Iba-

1 positive microglia was similar in grey and white matter for all groups (Figure 5.11r). 
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Figure 5.11 Microglial perimeter compared between groups in each region and between grey and 
white matter in each lobe for each group (levels 4-6) 

Comparisons of the perimeter of CD68-positive (a, d, g, j, m, p), CR3/43-positive (b, e, h, k, n, q), and Iba1-
positive (c, f, i, l, o, r) microglia for each group comparison level shown within Figure 5.4 (numbers in 
coloured circles on left represent level of comparison). The top row of graphs in each numbered level shows 
comparisons of microglia in each region between groups. The bottom row of graphs in each numbered level 
shows comparisons of microglia between grey and white matter within each lobe for each group. Graphs 
show median perimeter values in each brain region: frontal grey (FG), frontal white (FW), temporal grey (TG) 
and temporal white (TW) matter. See legend in first graph on each row for bar colours. Error bars represent 
interquartile range. *P<0.05; **P<0.01; ***P≤0.001; ****P≤0.0001. 
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5.6 Discussion 

This study performed a comprehensive, quantitative assessment of the burden and 

activation state of three different microglial phenotypes (phagocytic, antigen-presenting 

and general microglia) in frontotemporal grey and white matter in post-mortem brain 

tissue from a large and diverse cohort of individuals with sporadic and genetic FTLD, 

sporadic AD and controls. This approach has demonstrated that microglia differ between 

individuals with a neurodegenerative disease (FTLD or AD) and controls, and between 

clinically overlapping neurodegenerative diseases (FTLD and AD). Regional patterns of 

microglial burden and activation differ across the spectrum of neuropathology within 

FTLD, not only between the main FTLD subtypes (FTLD-tau, FTLD-TDP and FTLD-

FUS), but also between different pathological subtypes of FTLD-tau and FTLD-TDP, 

between individuals with the same pathology due to different disease mechanisms 

(sporadic and genetic FTLD-TDPA), and between individuals with genetic FTLD due to 

different mutations (FTLD-GRN, FTLD-C9orf72 and FTLD-MAPT). Importantly, 

microglial burden and activation also vary according to the microglial phenotype and 

between grey and white matter; there were generally more phagocytic and antigen-

presenting microglia present in white matter than grey matter, but these were in a less 

activated state.  

5.6.1 Changes in microglia: a summary 

Table 5.1 summarises the significant regional changes in microglial burden, and 

activation (combining circularity and perimeter), in each group compared with controls, 

for each microglial phenotype (phagocytic, antigen-presenting and general microglia).  

Results for all group comparisons are discussed further sequentially, following the order 

in Figure 5.4, for each level of group comparison performed. 
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Microglial 
phenotype 

Phagocytic microglia  
(CD68-positive) 

Antigen-presenting 
microglia  

(CR3/43-positive) 

General microglia  
(Iba1-positive) 

Parameter Burden Activation Burden Activation Burden Activation 

Neurodegenerative disease groups and controls 

Controls ↔ ↔ ↔ ↔ ↔ ↔ 

FTLD 
↑ Fronto-
temporal 

except TG 
↔ ↔ ↔ ↔ ↔ 

AD ↑ FG ↔ ↔ ↔ ↔ ↔ 

Main FTLD subtypes 

FTLD-tau ↑ Frontal ↔ ↔ ↔ 

↑ Fronto- 
temporal 
WM esp. 

TW 

↓ Fronto-
temporal 

WM 

FTLD-TDP 
↑ Frontal + 

TW 
↔ ↔ ↔ ↔ ↔ 

FTLD-FUS ↔ ↔ ↔ ↔ ↔ ↔ 

FTLD-tau subtypes 

FTLD-Picks 
↑ Fronto-

temporal esp. 
FW 

↑ Frontal esp. 
FW 

↑ Fronto-
temporal 

WM 
↔ 

↑ Fronto-
temporal 

except FW 
↔ 

FTLD-CBD 
↑ Frontal + 

TW 
↔ ↔ ↑ FG ↑ TW ↔ 

FTLD-PSP ↔ ↔ ↔ ↔ ↔ ↓ FW 

FTLD-MAPT ↑ TW ↑ TG (+TW) ↔ ↔ ↔ ↔ 

FTLD-TDP subtypes 

FTLD-TDPA ↑ TW ↔ ↔ ↔  ↔  ↑ TG 

FTLD-TDPB ↔ ↔ ↔ ↔ ↔ ↓ TW 

FTLD-TDPC ↑ Frontal ↔ ↔ ↔ ↑ FG ↔ 

FTLD-TDPA subtypes 

Sporadic  
FTLD-TDPA  

↔ ↔ ↔ ↓ FG ↔ ↔ 

FTLD-GRN 
↑ Temporal 

esp. WM 
↑ FG ↑ FW ↔ 

↓ Fronto-
temporal  
esp. FW 

↑ FG + TG 

FTLD-C9orf72 
↑ Frontal esp. 

WM 
↔ ↔ ↔ 

↑ Frontal 
esp. WM 

↔ 

Genetic FTLD subtypes 

FTLD-GRN 
↑ Temporal 

esp. WM 
↑ FG ↑ FW ↔ 

↓ Fronto-
temporal  
esp. FW 

↑ FG + TG 

FTLD-C9orf72 
↑ Frontal esp. 

WM 
↔ ↔ ↔ 

↑ Frontal 
esp. WM 

↔ 

FTLD-MAPT ↑ TW ↑ TG (+TW) ↔ ↔ ↔ ↔ 

 

Table 5.1 Summary of changes in microglial burden and activation in each group. 

Significant regional changes in microglial parameters in each group compared with controls. ↑ = increased; 
↓ = decreased; ↔ = no significant difference; + = and; esp. = especially. Other abbreviations: see main text.  
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5.6.2 Neurodegenerative disease groups 

Controls had a low burden of all microglial phenotypes, and a particularly low burden of 

phagocytic microglia, in all regions. This was unsurprising given the young AAD of the 

control group (to match to the FTLD group) and has been shown in previous studies of 

microglia in controls, particularly using Iba1 (Torres-Platas et al., 2014). 

 

FTLD cases had a high burden of phagocytic microglia in frontotemporal grey and white 

matter, with significant differences from controls in all regions except TG. This is 

consistent with previous studies of this microglial phenotype in FTLD (Lant et al., 2014) 

and FTLD-TDP (Taipa et al., 2017). However, use of three different microglial markers 

in the present study has enabled appreciation that, overall, FTLD is associated with a 

higher burden of phagocytic microglia in these regions, without a concurrent increase in 

antigen-presenting microglia, or microglia in general. This was demonstrated by the fact 

that there was no significant difference in the burden of CR3/43-positive or Iba1-positive 

microglia between the FTLD group and controls in any region. However, the burden of 

various microglial phenotypes (including antigen-presenting microglia) did differ 

significantly between certain FTLD subtypes and controls (as discussed later). Initially, 

a high burden of phagocytic microglia within a brain region could represent a protective 

response of cells clearing soluble tau or TDP-43 oligomers, prior to the development of 

protein aggregates. However, over time, persistent phagocytosis could contribute to 

neuronal and axonal damage and neurodegeneration in FTLD. 

 

AD cases had many phagocytic microglia in most regions, with a higher burden than 

controls in FG, but a similar burden of other microglial phenotypes to controls in all 

regions. Other studies of AD cases have also found more phagocytic (CD68-positive) 

microglia in FG (Lant et al., 2014), and the middle frontal cortex (Minett et al., 2016) 

compared with controls, as well as in areas affected early on in AD, including the 



188 

 

subiculum, entorhinal cortex and CA1 hippocampal region (Taipa et al., 2017). However, 

there were many activated antigen-presenting (HLA-DR-positive) microglia in various 

cortical regions (Hendrickx et al., 2017; Minett et al., 2016; Ohm et al., 2018) and more 

Iba1-positive microglia in the frontal cortex (Nilson et al., 2017) of AD cases, which was 

not found here. However, fewer Iba1-positive microglia in the middle frontal cortex 

(Minett et al., 2016), or similar numbers of Iba1-positive microglia in inferior temporal and 

anterior cingulate cortical grey matter (Davies et al., 2017) have also been observed in 

AD cases compared with controls. Disparities in regional microglial phenotypes between 

studies may be due to clinical heterogeneity of AD cohorts or techniques used to quantify 

microglia. Alternatively, this supports emerging hypotheses that distinct microglial 

phenotypes exist within the same brain region, and that the relative functions of different 

populations of microglia contribute to regional vulnerabilities to chronic 

neuroinflammation and neurodegeneration in AD (Ayata et al., 2018; Bonham et al., 

2019; Böttcher et al., 2018; Friedman et al., 2018; Grabert et al., 2016; Keren-Shaul et 

al., 2017). In pre-clinical AD, many phagocytic microglia appear in the mesial temporal 

lobe after tau pathology but become activated only after amyloid deposition (Streit et al., 

2018). This study shows that by the end stage of disease there is also a high burden of 

phagocytic microglia in cortical regions outside the mesial temporal lobe in AD cases, 

perhaps reflecting the anatomical spread of AD pathology (Felsky et al., 2019). 

 

FTLD cases had a similar burden of all microglial phenotypes to AD cases in all regions, 

except in FG, where FTLD cases had a lower burden of phagocytic microglia. This was 

unexpected; previous studies have found more phagocytic microglia in FW of FTLD (Lant 

et al., 2014) and FTLD-TDP (Taipa et al., 2017) cases compared with AD cases, but 

more phagocytic microglia in TG of AD compared with FTLD cases (Lant et al., 2014). 

This would fit more with a predilection for most FTLD pathologies for the frontal lobe, 

particularly white matter. However, there was a suggestion of more microglia in general 
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in FG of FTLD cases compared with AD cases (although this did not reach significance), 

and later analyses demonstrated that microglial burden does vary according to FTLD 

subtype. This variability may have led to non-significance when comparing the large, 

heterogeneous FTLD group with the much smaller group of AD cases.   

 

Microglial activation was also compared between FTLD, AD and control groups. In 

controls, all microglial phenotypes had low circularity and high perimeter values in all 

regions, suggestive of limited microglial activation in both grey and white matter. This is 

consistent with presence of mainly ramified microglia in these regions in other studies 

examining controls (Lant et al., 2014; Taipa et al., 2017; Torres-Platas et al., 2014). 

Despite a higher burden of phagocytic microglia in FTLD and AD groups compared with 

controls in several regions, this phenotype was not more activated in any region in either 

group compared with controls, and other microglial phenotypes were similarly poorly 

activated. This contradicts other studies showing more activated phagocytic microglia in 

frontotemporal grey and white matter of FTLD cases (Lant et al., 2014), and in frontal 

(Lant et al., 2014) and temporal (Lant et al., 2014; Taipa et al., 2017) grey matter and 

TW (Lant et al., 2014) of AD cases compared with controls. However, the quantitative 

techniques used in the present study enabled more comprehensive characterisation of 

microglial burden and activation state (circularity and perimeter) than the visual rating 

and semi-quantitative scoring systems used in these studies. It was also possible to 

differentiate microglial burden from activation, whereas previously these were assessed 

jointly.  

 

When comparing microglial activation between FTLD and AD cases, FTLD cases 

displayed more activated phagocytic and antigen-presenting microglia in frontotemporal 

grey matter than AD cases. This suggests that FTLD pathology is associated with greater 

activation in cortical regions than AD pathology. In contrast, others have found greater 
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activation of phagocytic microglia in FW of FTLD or FTLD-TDP cases compared with AD 

cases (Lant et al., 2014; Taipa et al., 2017), implicating excessive white matter microglial 

activation in FTLD. Differences in clinical and pathological subtypes within FTLD cohorts 

and analysis techniques may underlie contrasting results between studies. Analysis of 

other affected regions such as the hippocampus and replication within a larger AD cohort 

could explore this in more detail. 

 

Comparisons of microglial burden and activation within grey versus white matter within 

each lobe revealed distinct differences according to disease group and microglial 

phenotype. Controls had a higher burden of phagocytic and antigen-presenting microglia 

in frontotemporal white matter compared with grey matter. This was unsurprising, as 

these phenotypes are more numerous in white matter in controls in other studies 

(Hendrickx et al., 2017; Mittelbronn et al., 2001; Taipa et al., 2017). In contrast, the 

burden of microglia overall (Iba1-positive) was similar in grey and white matter, as shown 

previously (Hendrickx et al., 2017). However, all microglial phenotypes were similarly 

activated in grey and white matter. This suggests that in the healthy brain, microglia with 

phagocytic and antigen-presenting functions have a predilection for white matter, but 

activation of these microglia does not usually differ significantly between grey and white 

matter.  

 

In FTLD cases, the burden of all phenotypes was also generally higher in white matter 

than grey matter, but activation of phagocytic and antigen-presenting microglia was 

greater in grey matter than white matter, whereas general microglia were similarly 

activated in both areas. These results support recent studies showing more phagocytic 

microglia in FW than FG in FTLD cases (Lant et al., 2014) and in frontal, temporal and 

entorhinal white matter than grey matter in FTLD-TDP cases (Taipa et al., 2017), 

although in these studies microglia were also more activated in white matter. It seems 
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that there is a microglial ‘white matter signal’ in FTLD, with an influx of microglial 

phenotypes with key immune functions into white matter, but with reduced activation in 

white matter by the end stage of disease. This could be due to greater activation in grey 

matter (where there is more extensive cortical pathology), or due to more extensive 

dysfunction and failed activation in white matter. Neuroimaging studies of sporadic and 

genetic FTD demonstrate early, widespread loss of white matter integrity, preceding grey 

matter atrophy, which varies by clinical and genetic phenotype (Mahoney et al., 2014; 

Sudre et al., 2017a), occurs presymptomatically (Jiskoot et al., 2018; Sudre et al., 2019) 

and progresses over time (Elahi et al., 2017; Sudre et al., 2019). There could be an initial 

influx of phagocytic and antigen-presenting microglia into white matter at early stages of 

disease, with activated microglia initiating or exacerbating white matter damage through 

direct phagocytosis of myelin or axons, recruitment of other immune cells and release of 

proinflammatory cytokines. However, gradual dysfunction and senescence of these 

microglia in white matter could over time also lead to impaired phagocytosis and debris 

clearance and reduced neuronal, axonal and immune support, despite increased 

microglial presence. This may result in excessive demyelination and white matter 

vulnerability in FTLD, as suggested in Chapter 4.  

 

In AD cases, microglia differed between grey and white matter only in the temporal lobe: 

phagocytic and overall microglia were more numerous, and phagocytic microglia were 

more activated, in TW compared with TG. Although this makes sense given the high 

burden of pathology in temporal regions in most AD cases, another study showed more 

numerous and/or more activated phagocytic microglia in frontotemporal grey matter than 

white matter of AD cases, often clustered around Aβ plaques (Lant et al., 2014). 

However, other AD studies have found similar numbers of activated CD68 and Iba1-

positive microglia in grey and white matter (Taipa et al., 2017) or more numerous 

activated antigen-presenting (HLA-DR-positive) microglia in temporoparietal white 
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matter than grey matter (Ohm et al., 2018). AD cases also have significant white matter 

pathology and early neuroimaging white matter abnormalities, particularly in the parietal 

and temporal lobes (McAleese et al., 2015, 2017), including presymptomatically (Lee et 

al., 2016). The increased activation of phagocytic microglia in TW of AD cases could 

therefore be due to a high regional burden of white matter AD pathology.  

 

In conclusion, there are changes in microglial burden and activation in FTLD and AD, 

which vary regionally. Microglia seem to play a role in both diseases but may contribute 

to regional vulnerability to the type of pathology, particularly in white matter. Significant 

variability in microglia was noted across pathological subtypes within the FTLD group 

and subsequent analyses explored this in detail. 

5.6.3 Main FTLD subtypes 

The pattern of phagocytic microglia in FTLD-tau and FTLD-TDP cases echoed those in 

the overall FTLD group; both subtypes had a higher burden of phagocytic microglia 

throughout the frontal lobe compared with controls. FTLD-TDP cases also had a higher 

burden of phagocytic microglia in TW than controls, and a similar pattern was seen in 

FTLD-tau cases, although this did not reach significance. However, phagocytic microglia 

were not more activated in any region in either FTLD-tau or FTLD-TDP groups compared 

with controls. Overall, FTLD-tau and FTLD-TDP groups had a similar burden and 

activation state of phagocytic microglia in all regions, perhaps in general response to 

excess tau or TDP-43 oligomers, then subsequently protein aggregates and dying 

neurons and axons. However, by the end stage of disease, there again appears to be 

impaired microglial activation and potentially reduced phagocytosis. In a mouse model 

of ALS and TDP-43, phagocytic (CD68-positive) microglia were initially protectively 

clearing TDP-43, rather than destructive, before microglial senescence rendered them 

ineffective (Spiller et al., 2018). This may be the case in FTLD-TDP, and perhaps in 

FTLD-tau as well. 
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Other studies of FTLD-tau and FTLD-TDP have also shown more phagocytic microglia 

in frontal grey and white matter of FTLD-tau cases (Lant et al., 2014) and in frontal (Lant 

et al., 2014; Taipa et al., 2017) and temporal (Lant et al., 2014) grey and white matter of 

FTLD-TDP cases compared with controls. Again, there were similar patterns of 

phagocytic microglia in FTLD-TDP and FTLD-tau (Lant et al., 2014). However, microglia 

were also more activated in both disease groups in these regions compared with 

controls, which was not the case here, although the semi-quantitative techniques used 

in previous studies likely prevented differentiation between microglial burden and 

activation. More nuanced patterns of microglial morphology were detected in the present 

study. 

 

Surprisingly, FTLD-FUS cases had a relatively low burden of phagocytic microglia in 

frontal and temporal lobes, with a lower burden of this phenotype in TW compared with 

FTLD-TDP cases. Activation of all microglial phenotypes was similar to controls and 

other FTLD subtypes in most regions, except for in TG, where phagocytic microglia were 

more activated than in AD cases. All FTLD-FUS cases had aFTLD-U, so this specific 

pathology may not be associated with a significant influx or activation of phagocytic 

microglia. However, aFTLD-U cases tend to have more severe pathology in the 

hippocampus and subcortical grey and brainstem nuclei, with less cortical and 

subcortical white matter involvement (Rohrer et al., 2011). The frontal and temporal 

regions chosen for analysis may have had less severe pathology in FTLD-FUS than 

FTLD-tau or FTLD-TDP cases, and this may have led to low microglial burden and 

activation here. Microglial phenotypes have not been explored in FTLD-FUS previously, 

but ALS mouse models expressing wild-type FUS display a proinflammatory microglial 

phenotype and excessive release of proinflammatory cytokines (Ajmone-Cat et al., 
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2019). Different mechanisms may be involved in FTLD-FUS or they may be altered by 

the end stage of disease.   

 

Other microglial phenotypes differed according to the FTLD subtype. Although the 

burden of antigen-presenting microglia was similar between groups, this phenotype was 

highly activated in the frontal lobe of FTLD-tau cases, where there is a high burden of 

tau pathology (McMillan et al., 2013). These microglia were more activated in FW of 

FTLD-tau compared with FTLD-TDP cases and in FG of FTLD-tau compared with AD 

cases. Others have found many activated antigen-presenting (HLA-DR-positive) 

microglia in white matter of FTLD-Picks cases (Hollister et al., 1997; Schofield et al., 

2003) and in several regions in FTLD-PSP and FTLD-CBD cases (Ishizawa and Dickson, 

2001), suggesting this phenotype is particularly prominent in tauopathies. Transfection 

of tau leads to increased microglial activation, phagocytosis and migration, which 

contributes to tau spreading, and is reduced by depletion of microglia in tau models 

(Kahlson and Colodner, 2015; Vogels et al., 2019). Activated antigen-presenting 

microglia could have a direct role in interacting with tau and propagating pathology in 

FTLD-tau cases, particularly within the frontal lobe.  

 

In FTLD-TDP cases, the burden and activation state of antigen-presenting microglia was 

overall similar to controls. However, certain FTLD-TDPA cases (sporadic FTLD-TDPA or 

FTLD-GRN cases) had a high burden of antigen-presenting microglia in white matter. 

Later analyses revealed that antigen-presenting microglia varied not only according to 

FTLD-TDP subtype but also by disease mechanism (sporadic versus genetic) and 

mutation type. Percentage area values were highly variable across cases within the 

overall FTLD-TDP group, which likely led to non-significance at an overall group level. 

This emphasises the importance of analysing pathological subtypes separately in a 

disease as heterogenous as FTLD.  
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FTLD-TDP cases had a similar burden and activation state of microglia overall (Iba1-

positive) to controls, but FTLD-tau cases had a much higher burden of this phenotype in 

white matter, differing significantly in TW compared with controls and in FW and TW 

compared with both FTLD-TDP and AD cases. However, these microglia were less 

activated in frontotemporal white matter of FTLD-tau cases compared with controls. 

Profuse microgliosis in white matter has been described in FTLD-tau previously, 

including in FTLD-Picks (Cooper et al., 1996; Hollister et al., 1997; Paulus et al., 1993; 

Schofield et al., 2003), FTLD-CBD and FTLD-PSP (Fernández-Botrán et al., 2011; 

Ishizawa and Dickson, 2001; Sakae et al., 2019a) and FTLD-MAPT (Bellucci et al., 2011; 

Lant et al., 2014) cases. FTLD-tau is associated with significant glial tau pathology in 

white matter (Komori, 1999; Lant et al., 2014), and prominent axonal degeneration 

(Kneynsberg et al., 2017; McMillan et al., 2013). FTLD-tau cases have extensive white 

matter neuroimaging abnormalities (McMillan et al., 2013), which occur 

presymptomatically (Jiskoot et al., 2018). This suggests that there is early loss of white 

matter integrity associated with FTLD-tau, which may coincide with an increased 

microglial and tau burden.  

 

Microglial burden mostly did not differ significantly between AD cases and either FTLD-

tau or FTLD-TDP cases. In FG, there was a suggestion of a higher burden of phagocytic 

microglia in AD compared with FTLD-TDP cases, although this did not reach significance 

However, there was a much higher burden of microglia overall (Iba1-positive) in 

frontotemporal white matter of FTLD-tau cases than AD cases. This is unsurprising given 

the very high burden of this phenotype in white matter in FTLD-tau cases, and it suggests 

that subcortical white matter tau pathology in FTLD-tau is associated with greater 

microglial influx than tau pathology in AD. However, all three FTLD subtypes had greater 

activation of phagocytic microglia in TG compared with AD cases, and FTLD-tau and 
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FTLD-TDP cases had greater activation of phagocytic microglia in FG than AD cases. 

This suggests there is greater microglial response associated with FTLD-tau or FTLD-

TDP than to AD pathology in frontotemporal grey matter, although this may have been 

due to the more substantial pathological involvement of these areas in FTLD than AD 

cases. Others have found more activated phagocytic microglia in FW of FTLD-TDP 

compared with AD cases (Taipa et al., 2017) but did not explore this in FTLD-tau cases. 

Interestingly, AD cases had a higher burden of phagocytic microglia than FTLD-FUS 

cases in frontotemporal grey matter, consistent with the low burden of phagocytic 

microglia (and microglia in general) observed in FTLD-FUS cases in these regions. 

 

Grey versus white matter comparisons of microglia in the main FTLD subtypes echoed 

findings in FTLD overall, with a higher burden of phagocytic and antigen-presenting 

microglia in frontotemporal white matter than grey matter in FTLD-tau and FTLD-TDP.  

FTLD-FUS cases showed a similar pattern, although this did not reach significance. 

Phagocytic and antigen-presenting microglia were more activated in grey matter than 

white matter in FTLD-tau and FTLD-TDP but did not differ between areas in FTLD-FUS 

cases. This could be due to greater microglial activation in response to cortical tau and 

TDP-43 pathology. However, given that there is extensive white matter pathology in both 

FTLD-tau and FTLD-TDP (Irwin et al., 2018), there may be selectively impaired microglial 

function in white matter, which could also contribute to white matter damage.  

 

There have been few previous comparisons of microglia between grey and white matter 

in FTLD-tau and FTLD-TDP, and none in FTLD-FUS. In other studies, both FTLD-tau 

(Lant et al., 2014) and FTLD-TDP (Lant et al., 2014; Taipa et al., 2017) cases had more 

phagocytic microglia in frontotemporal white matter compared with grey matter, but 

microglia were also more activated in white matter. A smaller study of FTLD-TDP cases 

found a higher burden of antigen-presenting microglia in white matter than grey matter, 
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but microglia were more activated in white matter (Ohm et al., 2018). Differences 

between studies may have been due to inclusion of different pathological subtypes within 

FTLD-tau or FTLD-TDP groups, or differences in analysis techniques.  

In conclusion, FTLD-tau and FTLD-TDP cases, but not FTLD-FUS cases, have a high 

burden of phagocytic microglia in frontotemporal grey matter and white matter. FTLD-

tau cases have a particularly high burden of microglia overall in white matter, more so 

than AD cases, but these are poorly activated by the end stage of disease. Although the 

burden of phagocytic and antigen-presenting microglia is higher in white matter than grey 

matter, these phenotypes are more activated in grey matter, suggesting that microglial 

dysfunction as well as activation occurs in regions with extensive TDP-43 and tau 

pathology. There was notable regional variability in microglia across different FTLD-tau 

and FTLD-TDP subtypes and subsequent analyses explored this further. 

5.6.4 FTLD-tau subtypes  

Microglia were compared between FTLD-tau subtypes and between each subtype and 

controls; such detailed comparisons have not been reported previously. This 

demonstrated that microglial burden and activation vary regionally according to FTLD-

tau subtype, and that microglia are particularly abundant and activated in frontotemporal 

regions of FTLD-Picks cases, especially in white matter.  

 

FTLD-Picks cases had a much higher burden of all microglial phenotypes in all regions 

compared with controls, particularly the frontal lobe, except for Iba1-positive microglia in 

FW, where the burden was low (similar to controls). There was a particularly high burden 

of phagocytic microglia throughout FW and the temporal lobe of FTLD-Picks cases, 

differing from FTLD-MAPT cases in FW and FTLD-PSP cases in the temporal lobe. 

However, FTLD-Picks and FTLD-CBD cases had a similarly high burden of phagocytic 

microglia all regions. FTLD-Picks cases also had highly activated phagocytic microglia 

throughout the frontal lobe, with more amoeboid morphology compared with controls and 
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FTLD-PSP cases in FG and FW, FTLD-MAPT cases in FG, and FTLD-CBD cases in 

FW. FTLD-Picks cases also had a particularly high burden of antigen-presenting 

microglia in frontotemporal white matter, differing significantly from controls and FTLD-

PSP cases here. However, activation of this phenotype was similar to other groups in all 

regions.  

 

A high burden of activated phagocytic microglia in the frontal lobe of FTLD-Picks cases, 

particularly in white matter, and the presence of numerous antigen-presenting microglia 

in frontotemporal white matter, is consistent with regional pathology and grey and white 

matter imaging patterns found in this subtype (Irwin et al., 2016; Kneynsberg et al., 2017; 

Rohrer et al., 2011). In particular, FTLD-Picks cases display extensive white matter 

axonal degeneration and demyelination, and early white matter changes on 

neuroimaging (Irwin et al., 2016; Kneynsberg et al., 2017). Intense white matter 

microgliosis may be due to high regional burdens of tau pathology: FTLD-Picks is 

associated with a high burden of tau pathology within axons in frontal subcortical and 

limbic white matter (Irwin et al., 2016; Kneynsberg et al., 2017; Komori, 1999; Mimuro et 

al., 2010; Zhukareva et al., 2002), which may upregulate phagocytic and antigen-

presenting microglia. In addition, glial tau inclusions were present in temporal white 

matter of a preclinical FTLD-Picks case before significant neurodegeneration was 

evident, suggesting early glial involvement (Mimuro et al., 2010). 

 

Extensive microglial (Bevan-Jones et al., 2020; Cooper et al., 1996; Hollister et al., 1997; 

Schofield et al., 2003) and astrocytic (Irwin et al., 2016; Kersaitis et al., 2004; Schofield 

et al., 2003) activation have been described in other histological studies of FTLD-Picks 

cases. A recent study found many, highly amoeboid phagocytic microglia in frontal, 

temporal and parietal cortices of three FTLD-Picks cases, the density of which correlated 

regionally with the density of tau pathology (Bevan-Jones et al., 2020). Others have 
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observed numerous activated antigen-presenting (HLA-DR-positive) microglia in FW at 

early stages of FTLD-Picks (Schofield et al., 2003) and upregulated HLA-DR expression 

in FTLD cases with Pick bodies (Hollister et al., 1997), so altered antigen-presentation 

may play a particular role in disease. 

 

As microglia in FTLD-Picks cases differed from most other FTLD-tau subtypes, this could 

suggest that microglia are more involved in the pathogenesis of FTLD-Picks than other 

tauopathies. However, this finding may simply have been due to the choice of brain 

regions examined and differing clinical presentations and regional burdens of tau 

pathology of cases within each group. Most FTLD-Picks cases had bvFTD, whereas 

other FTLD-tau subtypes had a range of clinical diagnoses. Only one previous study has 

compared microglia between different FTLD-tau subtypes, but this combined FTLD-CBD 

and FTLD-PSP into one group (FTLD-CBD/PSP) and only analysed phagocytic microglia 

(Lant et al., 2014). Phagocytic microglia were more numerous and/or more activated in 

FTLD-MAPT cases compared with FTLD-CBD/PSP cases in the temporal lobe, although 

there were no differences between other FTLD-tau subtypes.  

 

Although FTLD-CBD cases generally had a moderate microglial burden, there was a 

particularly high burden of phagocytic microglia in the frontal lobe and TW. This differed 

from controls in both regions, in the frontal lobe from FTLD-MAPT cases and in TW from 

FTLD-PSP cases. However, phagocytic microglia in FTLD-CBD cases were similarly 

activated to controls in all regions and were less activated in frontotemporal white matter 

compared with FTLD-MAPT cases. As FTLD-CBD pathology often targets 

frontotemporal grey and white matter (Rohrer et al., 2011), and most cases here had 

nfvPPA, patterns of phagocytic microglia may again be reflecting regional burdens or 

effects of tau pathology. In other studies, CBD more often affects cortical grey and 

subcortical white matter than PSP (Ishizawa and Dickson, 2001; Ling and Macerollo, 
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2018), and FTLD-CBD cases have less extensive pathology in the temporal lobe than 

FTLD-MAPT, particularly in TW (Pickering-Brown et al., 2002; Rohrer et al., 2011). In a 

study of antigen-presenting (HLA-DR-positive) microglia in CBD and PSP cases, 

microglial burden correlated regionally with tau pathology: CBD cases had a lower 

microglial burden in infratentorial grey and white matter than PSP cases, but there was 

a similar burden in supratentorial regions (Ishizawa and Dickson, 2001). This may 

explain regional differences in microglia between FTLD-tau subtypes. 

 

A microglial PET study of CBD cases identified increased microglial activation in the 

frontal lobe and subcortical structures (Gerhard et al., 2004). However, the limited 

activation of phagocytic microglia in most regions in FTLD-CBD cases here suggests 

there may be dysfunction of this phenotype in areas of particularly high tau burden, such 

as white matter, by the end stage of disease, and CBD is indeed associated with 

significant glial pathology, including astrocytic tau inclusions in white matter (Kneynsberg 

et al., 2017; Komori, 1999). Interestingly, in contrast to phagocytic microglia, the burden 

of antigen-presenting and overall (Iba1-positive) microglia did not differ significantly 

between FTLD-CBD cases and controls or other FTLD-tau subtypes. However, antigen-

presenting microglia were more activated in FG of FTLD-CBD cases compared with all 

other FTLD-tau subtypes (even FTLD-Picks cases). Numerous, activated antigen-

presenting (HLA-DR positive) microglia were present in superior frontal and temporal 

grey and white matter regions of CBD cases in another study (Ishizawa and Dickson, 

2001). Highly activated antigen-presenting microglia in FG could be a feature of FTLD-

CBD, although this requires confirmation in a larger cohort, with differing clinical 

presentations.  

 

FTLD-PSP cases had a low burden of all microglial phenotypes, similar to controls, and 

particularly few antigen-presenting microglia. Microglial burden was lower in FTLD-PSP 
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than FTLD-Picks cases in frontal grey and white matter (antigen-presenting microglia) 

and temporal grey and white matter (phagocytic and antigen-presenting microglia), and 

lower than FTLD-CBD cases in TW (phagocytic microglia). Activation did not differ 

significantly between FTLD-PSP cases and controls or from other FTLD-tau subtypes in 

all regions, except in FW, where Iba1-positive microglia were less activated than controls 

and FTLD-Picks cases. This low level of microgliosis was initially surprising given the 

extensive neuronal and glial tau pathology and white matter involvement historically seen 

in PSP (Kneynsberg et al., 2017; Komori, 1999; Sakae et al., 2019a). Numerous 

activated antigen-presenting (HLA-DR positive) microglia were present in cortical and 

subcortical brain regions in other studies of PSP (Fernández-Botrán et al., 2011; 

Ishizawa and Dickson, 2001). However, most cases in the present study had the PSP-

Richardson syndrome variant of PSPS rather than bvFTD or PPA, and hence were likely 

to have more significant tau pathology in deeper subcortical structures and less in 

frontotemporal grey and subcortical white matter regions. Supporting this hypothesis, 

other studies of PSPS cases with this variant show that microgliosis is most pronounced 

in subcortical and infratentorial structures, correlating with tau burden (Fernández-Botrán 

et al., 2011; Ishizawa and Dickson, 2001), and that activation detected using microglial 

PET is upregulated in subcortical but not cortical regions (Passamonti et al., 2018). 

 
Surprisingly, FTLD-MAPT cases only had a modest microglial burden in most regions, 

except for TW, where there was a much higher burden of phagocytic microglia compared 

with controls. FTLD-MAPT cases had a lower burden of this phenotype throughout the 

frontal lobe compared with FTLD-CBD cases and in FW compared with FTLD-Picks 

cases. However, phagocytic microglia were more activated throughout the temporal lobe 

of FTLD-MAPT cases compared with controls and FTLD-PSP cases, in FW and TW 

compared with FTLD-CBD cases, and in FW compared with FTLD-PSP cases. Another 

study identified significant temporal lobe microgliosis in FTLD-MAPT cases, with more 

numerous, activated phagocytic microglia in TW (but not FW) compared with FTLD-
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PSP/CBD cases, and proposed that this was due to a high regional burden of tau 

pathology (Lant et al., 2014).  

MAPT 10+16 mutation carriers display significant neuronal and glial tau inclusions in 

frontotemporal grey and white matter (Lant et al., 2014; Pickering-Brown et al., 2002; 

Rohrer et al., 2011) and several MAPT mutation models support a link between microglial 

activation and tau pathology. Many activated phagocytic microglia were present in 

hippocampal and cortical regions of a MAPT P301S mutation carrier, clustered around 

tau-positive neurons (Bellucci et al., 2011). In MAPT P301S mice, numerous 

proinflammatory microglia surrounded tau-positive neurons (Bellucci et al., 2004; Nilson 

et al., 2017), directly stimulating microglia to phagocytose them through production of 

reactive oxygen species (Brelstaff et al., 2018). Microglial activation preceded tau 

aggregation in one MAPT P301S mouse model (Yoshiyama et al., 2007) but followed 

aggregation in another (van Olst et al., 2020). Suppression of neuroinflammation 

ameliorated tau pathology and improved survival in P301S mice, suggesting microglial 

activation may directly contribute to tau pathology and neurodegeneration (Yoshiyama 

et al., 2007), although whether this is the case in MAPT 10+16 mutation carriers remains 

unclear.  

 

In a microglial PET study of a presymptomatic MAPT 10+16 mutation carrier, increased 

binding in the temporal lobe preceded significant tau PET ligand binding, grey matter 

atrophy and symptom onset (Bevan-Jones et al., 2019). Another study of three 

presymptomatic MAPT N279K mutation carriers showed increased binding in frontal, 

occipital or posterior cingulate cortices, although not in the temporal cortex (Miyoshi et 

al., 2010). This suggests that regionally selective microglial activation occurs several 

years before other neuroimaging changes and symptom onset in MAPT mutation 

carriers, preceding tau pathology, and this may vary regionally according to the specific 

MAPT mutation. The present study confirms this remains the case by the end stage of 
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disease in the temporal lobe of MAPT 10+16 mutation carriers, but whether this occurs 

in other MAPT mutation carriers, or in other regions, was not explored. 

Grey versus white matter comparisons of microglial burden in each FTLD-tau subtype 

generally showed a higher burden in white matter than in grey matter, and greater 

activation in grey matter, consistent with findings in FTLD and FTLD-tau overall. 

However, burden varied regionally and according to microglial phenotype for each 

subtype: FTLD-Picks cases had a higher burden of all microglial phenotypes in TW than 

TG, and of antigen-presenting microglia in FW than FG, but a similarly high burden of 

phagocytic microglia in FW and FG. FTLD-CBD and FTLD-PSP cases had a higher 

burden of phagocytic microglia in FW than FG and of phagocytic and antigen-presenting 

microglia in TW than TG. FTLD-MAPT cases had a higher burden of phagocytic microglia 

in TW than TG and of antigen-presenting microglia in FW and TW compared with FG 

and TG.  

 

This white matter ‘microglial signal’ in all FTLD-tau subtypes is unsurprising, as extensive 

white matter microgliosis has been demonstrated in histological studies of FTLD-tau 

previously (Bellucci et al., 2011; Cooper et al., 1996; Hollister et al., 1997; Ishizawa and 

Dickson, 2001; Lant et al., 2014; Paulus et al., 1993; Schofield et al., 2003). FTLD-Picks 

and FTLD-MAPT are particularly associated with a high burden of tau pathology in white 

matter (Lant et al., 2014; Pickering-Brown et al., 2002; Zhukareva et al., 2002) and early 

white matter tract degeneration on neuroimaging (Chen et al., 2019; Irwin et al., 2016; 

Jiskoot et al., 2018). FTLD-CBD and FTLD-PSP cases also have significant white matter 

pathology (Kneynsberg et al., 2017; Komori, 1999). It is possible that the regional 

distribution of changes for specific microglial phenotypes correlates with regional 

patterns of different tau pathologies in white matter, but this was not specifically explored.  
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Microglial activation also varied between grey and white matter, differing regionally by 

FTLD-tau subtype. In contrast to other subtypes, FTLD-Picks cases had greater 

activation of general microglia in TW than in TG and similarly high activation of other 

phenotypes in grey and white matter, perhaps due to significant tau pathology in both 

areas (Irwin et al., 2016). FTLD-CBD cases had greater activation of phagocytic and 

antigen-presenting microglia in grey matter (FG and TG) and FTLD-MAPT cases had 

more activated phagocytic microglia in TG than TW. This suggests that microglia are 

more activated in the presence of cortical grey matter tau pathology, despite more 

microglia being present in white matter. In FTLD-PSP cases, activation was similarly low 

in frontotemporal grey and white matter, perhaps due to a relatively low burden of tau 

pathology in both areas. A previous study comparing microglia between grey and white 

matter in FTLD-tau found more activated phagocytic microglia in frontotemporal grey 

matter compared with white matter in FTLD-Picks cases, but in white matter of FTLD-

MAPT and FTLD-PSP/CBD cases (Lant et al., 2014). However, their FTLD-tau cohort 

differed significantly from the current cohort, FTLD-CBD and FTLD-PSP cases were 

combined, and semi-quantitative techniques could not separate scores for microglial 

burden and activation. 

 

In conclusion, regional patterns of microglial burden and activation vary according to 

FTLD-tau subtype, and different microglial phenotypes seem involved in each subtype. 

Microglial burden is typically higher in white matter, but activation generally greater in 

grey matter. FTLD-Picks cases have numerous phagocytic and antigen-presenting 

microglia in frontotemporal regions, and particularly significant activation of phagocytic 

microglia in white matter. FTLD-CBD cases have intermediate levels of microgliosis but 

significant activation of phagocytic and antigen-presenting microglia in the frontal lobe, 

particularly in grey matter. FTLD-PSP cases have fewer and less activated microglia. 

FTLD-MAPT cases have a modest burden of microglia in most regions, but numerous 
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activated phagocytic microglia in the temporal lobe, particularly in white matter. These 

different microglial patterns may be due to, or contribute to, regional differences in tau 

pathology, especially different tau strains or cell-specific tau burdens. 

5.6.5 FTLD-TDP subtypes 

Microglia were next compared between FTLD-TDP subtypes and controls, which has not 

been performed previously. This demonstrated that regional patterns of microglial 

burden and activation also differ according to FTLD-TDP subtype.  

 

FTLD-TDPA cases had a particularly high burden of phagocytic microglia in the temporal 

lobe and in white matter. A larger study found more phagocytic microglia in 

frontotemporal grey and white matter of FTLD-TDP cases (19 FTLD-TPDA, 18 FTLD-

TDPB and seven FTLD-TDPC) overall compared with controls, but each FTLD-TDP 

subtype was not compared individually with controls (Lant et al., 2014). A more recent 

study found numerous phagocytic microglia in frontal, temporal and entorhinal grey and 

white matter regions of FTLD-TDP cases, with the topographic distribution of microglia 

matching pathological changes, although cases only differed significantly from controls 

in FW (Taipa et al., 2017). Although most of their FTLD-TDP group had FTLD-TDPA, 

several FTLD-TDPB and FTLD-TDPC cases were also included, which may have 

affected results.  

 

Many individuals with FTLD-TDPA (particularly FTLD-GRN) have significant 

frontotemporal grey and white matter pathology (Mackenzie, 2007; Rohrer et al., 2011), 

and out of 16 FTLD-TDPA cases included in the present study, 11 had mutations in 

genes linked to aberrant microglial phagocytosis (five GRN, five C9orf72 and one TBK1). 

It is therefore unsurprising that there was a high burden of phagocytic microglia in this 

group. Many FTLD-TDPA cases also had a high burden of antigen-presenting microglia, 

particularly in FW and TG, but this was rather variable and overall did not differ 
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significantly from controls. The burden of all microglia (Iba1-positive cells) did not differ 

significantly between FTLD-TDPA cases and controls in any region, and Iba1 staining 

was notably very low in many cases, particularly in the frontal lobe.  

Although FTLD-TPDA cases had more activated microglia overall (Iba1-positive cells) in 

TG compared with controls, activation of phagocytic and antigen-presenting microglia 

did not significantly differ from controls in any region, again suggesting these phenotypes 

are poorly activated by the end stage of disease. In contrast, a recent study found many 

amoeboid phagocytic microglia in frontal, temporal and parietal regions of three FTLD-

TDPA cases, with the density of microglia correlating with the density of TDP-43 

pathology (Bevan-Jones et al., 2020). Other small studies have shown many, activated 

antigen-presenting (HLA-DR positive) microglia in grey and white matter of sporadic 

FTLD-TDP cases (Kim et al., 2018b, 2018a; Ohm et al., 2018) and in grey matter of 

FTLD-TDPA cases with GRN mutations (Kim et al., 2016), as described in Chapter 4. 

However, sporadic FTLD-TDPA and FTLD-TDPB cases were often included in the same 

group, precluding assessment of whether different FTLD-TDP subtypes were associated 

with differential activation of microglia. Subsequent analyses in this study revealed that 

regional activation patterns within FTLD-TDPA subtypes differed according to underlying 

disease mechanism and gene mutation, which was undetectable at the group level. 

 

FTLD-TDPB cases had a low but variable microglial burden of all microglial phenotypes, 

with similar burdens and activation states to controls in all regions, except for less 

activated Iba1-positive microglia in TW. Another study found a similar burden of 

phagocytic microglia between FTLD-TDPB cases and other FTLD-TDP subtypes in 

frontotemporal regions, but did not directly compare FTLD-TDPB cases with controls 

(Lant et al., 2014). Other studies have found many activated antigen-presenting microglia 

in small FTLD-TDP cohorts containing a few FTLD-TPDB cases (Kim et al., 2018a; Ohm 

et al., 2018) but these also included FTLD-TDPA cases, which may have contributed to 



207 

 

this. Different mechanisms may affect microglia in sporadic versus genetic FTLD-TDPB, 

particularly as most genetic FTLD-TDPB cases have C9orf72 expansions and C9orf72 

mouse models show extensive microglial activation or dysfunction, as discussed in 

Chapter 1. However, small group sizes meant it was not possible to compare microglia 

between sporadic and genetic FTLD-TDPB cases in this study. 

 

FTLD-TDPC cases had a much higher burden of phagocytic microglia throughout the 

frontal lobe, and a higher burden of microglia overall in FG, compared with controls. 

Although several FTLD-TDPC cases had many phagocytic and antigen-presenting 

microglia in the temporal lobe, this varied considerably between cases, and the overall 

burden did not differ from controls in this region. This was unexpected, given all cases 

had svPPA and hence severe temporal lobe pathology. However, there is also significant 

frontal TDP-43 pathology by the end stage of disease in svPPA cases (Acosta-

Cabronero et al., 2011; Lam et al., 2014; Landin-Romero et al., 2016; Rohrer et al., 

2011). Another study found similar burdens of activated phagocytic microglia in 

frontotemporal grey and white matter of FTLD-TDPC cases compared with other FTLD-

TDP subtypes (Lant et al., 2014). However, FTLD-TDPC cases were not directly 

compared with controls. A more recent study found many amoeboid phagocytic microglia 

in cortical regions of three FTLD-TDPC cases, with the density of microglia correlating 

with the density of TDP-43 pathology, although results in frontal regions were not 

specifically reported (Bevan-Jones et al., 2020). In contrast, in the present study, all 

microglial phenotypes were similarly poorly activated in all regions in FTLD-TDPC cases 

and controls, suggesting microglial dysfunction by the end stage of disease. 

 

Comparison of microglia between FTLD-TDP subtypes showed that although FTLD-

TDPA cases had prominent temporal microgliosis and FTLD-TDPC cases had prominent 

frontal microgliosis when compared with controls, both groups had a similar burden of 
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each microglial phenotype in each region. However, FTLD-TPDA cases had more 

activated microglia overall (Iba1-positive cells) compared with FTLD-TDPC cases in FG. 

Although FTLD-TDPC cases typically have more pronounced temporal lobe pathology 

than FTLD-TDPA cases (Rohrer et al., 2011), and both subtypes have significant frontal 

pathology by the end stage of disease (Landin-Romero et al., 2016; Rohrer et al., 2011), 

FTLD-TDPA has been associated with more glial pathology than FTLD-TDPC (Geser et 

al., 2009), so perhaps this is unsurprising. FTLD-TDPA cases had a higher burden of 

phagocytic and antigen-presenting microglia in TG than FTLD-TDPB cases and more 

activated microglia overall (Iba1-positive) in TW. This could have been due to less 

extensive temporal lobe pathology in FTLD-TDPB cases, as all had clinical syndromes 

associated with predominant frontal or motor cortex pathology (bvFTD and FTD-MND). 

Alternatively, different TDP-43 strains may exert differential effects on microglial 

proliferation and function in each region. Only one study has compared microglia 

between all FTLD-TDP subtypes, and this found no differences in the burden or 

activation state of phagocytic microglia in frontal or temporal lobes between groups (Lant 

et al., 2014). However, different techniques were used, and other microglial phenotypes 

were not examined. 

 

Grey versus white matter comparisons confirmed that FTLD-TDPA and FTLD-TDPC 

cases had a higher burden of phagocytic and antigen-presenting microglia in FW than 

FG, and FTLD-TDPA cases also had a higher burden of these phenotypes in TW than 

TG. FTLD-TDPC cases echoed these findings when comparing TW and TG, but this did 

not reach significance. In contrast, FTLD-TDPB cases had a similar burden of these 

phenotypes in frontotemporal grey and white matter. The burden of microglia in general 

(Iba1-positive) was similar between grey and white matter in all FTLD-TDP subtypes. 

Phagocytic and antigen-presenting microglia were more activated in frontotemporal grey 

matter of FTLD-TDPA and FTLD-TDPC cases, but similarly activated in grey and white 
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matter in FTLD-TDPB cases. This dissociation between microglial burden and activation 

was identified in FTLD-TDP in general and in FTLD overall. However, it seems that 

FTLD-TDPA and FTLD-TDPC, but not FTLD-TDPB, are associated with a profuse influx 

of phagocytic and antigen-presenting microglia into white matter, which are poorly 

activated by the end stage of disease.  

 

Another study also found more phagocytic microglia in white matter than grey matter in 

FTLD-TDPA and FTLD-TDPC (but not FTLD-TDPB) cases, but in contrast to the present 

results, activation was also greater in white matter (Lant et al., 2014). A smaller, 

combined cohort of FTLD-TDPA and FTLD-TDPB cases had more antigen-presenting 

microglia in white matter than grey matter, also with greater activation in white matter 

(Ohm et al., 2018). Despite extensive cortical TDP-43 pathology in FTLD-TDP cases, 

TDP-43 deposition also occurs in many subcortical white matter regions, and FW 

pathology has been shown to be highest in FTLD-TDPA, then FTLD-TDPB, then FTLD-

TDPC (Geser et al., 2009). FTLD-TDPA cases have significant neuroimaging 

abnormalities in FW tracts, including the superior and inferior longitudinal fasciculi and 

corpus callosum (Rohrer et al., 2011) and svPPA cases (with FTLD-TDPC) have early 

neuroimaging changes in frontotemporal white matter pathways including the uncinate 

and inferior longitudinal fasciculi and fornix (Acosta-Cabronero et al., 2011; Elahi et al., 

2017; Lam et al., 2014). As FTLD-TDPA and FTLD-TDPC target white matter early on in 

disease, regionally impaired microglial activation could contribute to the development of 

white matter pathology in these subtypes.  

 

In conclusion, microglial burden and activation vary regionally according to FTLD-TDP 

subtype and differ between grey and white matter. A recent microglial PET study using 

11C-PK-11195 showed that binding correlates regionally with binding of a radioligand 

(18F-AV-1451) which localises to TDP-43 (and tau) pathology (Bevan-Jones et al., 2020). 
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Longitudinal microglial PET studies which also use radioligands against specific TDP-43 

strains (once developed) could explore how microglia correlate with the development of 

regional TDP-43 pathology and disease progression.  

5.6.6 Sporadic and genetic FTLD-TDPA subtypes 

Microglia were next compared between FTLD-TDPA cases with different disease 

mechanisms: sporadic FTLD-TDPA cases, and genetic FTLD-TDPA cases with different 

underlying mutations (FTLD-GRN and FTLD-C9orf72). Each group was also compared 

with controls. This established that different causes of the same pathology were 

associated with different microglial patterns in each region. 

 

Several sporadic FTLD-TDPA cases had a very high burden of antigen-presenting 

microglia in white matter, especially in FW, although this did not reach significance when 

compared with controls overall. This could be due to a high burden of pathology in frontal 

regions in these cases (Rohrer et al., 2011). However, the burden of phagocytic microglia 

and overall microglia was similar to controls in all regions, so it seems an antigen-

presenting phenotype is prominent in white matter of some cases with sporadic disease. 

Microglial activation in sporadic FTLD-TDPA cases was similar to other groups in most 

other regions, except for antigen-presenting microglia. Surprisingly, this phenotype was 

less activated in FG of sporadic cases compared with FTLD-GRN cases, and perhaps 

less activated in FW compared with controls (although this did not reach significance). 

This is interesting given the high burden of this phenotype in some sporadic cases; this 

suggests these microglia may be dysfunctional in areas of TDP-43 abundance.  

 

Although the cause of sporadic FTLD-TDPA remains unknown, upregulated or 

dysfunctional antigen presentation by microglia could predispose an individual to TDP-

43 aggregation. A proportion of FTLD-TDP cases with no known pathogenic mutations 

have variants in TBK1-related immune pathway genes that affect autophagy or cytokine 
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signaling, or variants in HLA-DQA2, which is involved in antigen presentation (Pottier et 

al., 2019). Additionally, a proportion of FTLD-TDPA patients without GRN mutations have 

a risk variant in GRN (Pottier et al., 2019; Rademakers et al., 2008) leading to reduced 

progranulin expression in brain, plasma and CSF, albeit to a less severe extent than 

GRN mutation carriers (Rademakers et al., 2008). These variants could potentially 

influence the phenotype or function of microglia, and the regulation of innate and 

adaptive immune pathways in certain individuals, leading to sporadic FTLD-TDPA. The 

mechanistic effects of these genetic variants on microglial function, particularly antigen 

presentation, need to be explored further.  

 

FTLD-GRN cases had a higher burden of phagocytic microglia in TW, and greater 

activation in FG, compared with controls. This may be due to significant TDP-43 

pathology in frontotemporal regions associated with GRN mutations (Mackenzie, 2007; 

Rohrer et al., 2011) and this also echoes the many phagocytic microglia observed in 

GRN -/- mice as discussed in Chapter 1. Interestingly, FTLD-GRN cases also had a 

higher burden of phagocytic microglia than sporadic FTLD-TDPA cases throughout the 

temporal lobe. This could be due to differing clinical presentations: all FTLD-GRN cases 

had frontotemporal involvement (four bvFTD and one nfvPPA) whereas most sporadic 

cases had predominantly frontal involvement (two FTD-MND, one nfvPPA and one 

bvFTD). Alternatively, given that the burden and activation of antigen-presenting 

microglia was similar between FTLD-GRN cases and controls in all regions, GRN 

mutations could predispose an individual to regionally selective upregulation of 

phagocytic microglia in the temporal lobe, which could explain the extensive, 

asymmetrical temporoparietal pathology seen in GRN mutation carriers (Rohrer et al., 

2011). Consistent with this, regional variation in microglia has been seen in another study 

comparing FTLD-TDPA subtypes: FTLD-GRN cases had more Iba1-positive microglia in 
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the subiculum but fewer Iba1-positive microglia in the hippocampal CA1 region 

compared with sporadic FTLD-TDPA cases (Mao et al., 2019).  

 

FTLD-C9orf72 cases had a much higher burden of microglia overall (Iba1-positive) in the 

frontal lobe of compared with controls, sporadic FTLD-TDPA and FTLD-GRN cases, but 

a similar burden of phagocytic microglia. This suggests that the C9orf72 expansion is 

associated with an increased influx of microglia overall, particularly into white matter. 

Others have shown many phagocytic microglia in white matter (corticospinal tracts) of 

C9orf72 expansion cases with ALS (Cooper-Knock et al., 2012), but Iba1-positive 

microglia and FTD cases were not examined. Surprisingly, microglial activation in FTLD-

C9orf72 cases did not significantly differ from controls or sporadic FTLD-TDPA cases in 

any region, in contrast to the highly activated microglia seen in C9orf72 mouse models 

discussed in Chapter 1. However, most mouse models were homozygous knockouts, so 

may not recapitulate the more subtle disease processes occurring in heterozygous 

C9orf72 expansion carriers.  

 

All FTLD-TDPA subtypes had a higher burden of phagocytic and antigen-presenting 

microglia in frontotemporal white matter than in grey matter, consistent with the pattern 

seen in FTLD and FTLD-TDP overall. In contrast, the burden of Iba1-positive microglia 

was similar (and very low) in white and grey matter of FTLD-GRN and sporadic FTLD-

TDPA cases, whereas FTLD-C9orf72 cases had a higher burden of Iba1-positive 

microglia in FW than FG. On visual inspection, Iba1 staining was minimal in white matter 

of many FTLD-GRN and sporadic FTLD-TDPA cases, due to extensive dystrophy 

(particularly in FW) leading to apparently low percentage area values. There was 

generally greater activation of microglia in grey than white matter, but this was regionally 

variable depending on the disease mechanism: phagocytic microglia were more 

activated in FG than FW in all FTLD-TDPA subtypes, but only genetic FTLD-TDPA 
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subtypes also had more activated phagocytic microglia in TG than TW, and only FTLD-

C9orf72 cases had more activated antigen-presenting microglia in TG than TW. The 

greater activation of microglia in grey matter could be due to greater microglial response 

to cortical TDP-43 pathology, or reduced activation in white matter due to increased 

microglial dysfunction.  

 

Overall, these results suggest that sporadic FTLD-TDPA is associated with an 

abundance of poorly activated antigen-presenting microglia in white matter, particularly 

in the frontal lobe, whereas genetic FTLD-TDPA due to GRN mutations is associated 

with an abundance of phagocytic microglia in the temporal lobe, especially TW, but these 

are only well activated in FG. Genetic FTLD-TDPA due to C9orf72 expansions is 

associated with a relatively high burden of Iba1-positive microglia, particularly in the 

frontal lobe, but not other phenotypes. Although GRN mutations and C9orf72 expansions 

are clearly linked to microglial dysfunction based on evidence from mouse models, 

mechanisms in sporadic FTLD-TDPA remain unclear. However, regional and phenotypic 

variability in microglial dysfunction could contribute to the clinicopathological 

heterogeneity of FTLD-TDPA. 

5.6.7 Genetic FTLD subtypes 

Few other studies have examined microglia in humans with genetic FTLD, and this study 

performed a more comprehensive assessment than those previously, revealing distinct 

regional patterns of microglia according to the underlying mutation.  

 

Again, FTLD-GRN cases had abundant phagocytic microglia in the temporal lobe, 

especially in TW. There were also abundant antigen-presenting microglia in FW, but a 

low burden of Iba1-positive microglia in the frontal lobe, particularly in FW. This time, 

FTLD-C9orf72 cases had abundant phagocytic and Iba1-positive microglia within the 

frontal lobe, but few antigen-presenting microglia (similar to controls). FTLD-MAPT cases 
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generally had a low microglial burden, except in TW, where there were abundant 

phagocytic microglia compared with controls.  

 

Despite these patterns, the burden of each microglial phenotype was similar between all 

genetic groups in each region, except for phagocytic microglia, which were more 

abundant in FW of FTLD-C9orf72 than FTLD-MAPT cases, and Iba1-positive microglia, 

which were significantly reduced in the frontal lobe of FTLD-GRN compared with FTLD-

C9orf72 cases. Microglial activation was similar between each group and when 

compared with controls in most regions, apart from phagocytic microglia, which were 

more activated in FG of FTLD-GRN cases and TG of FTLD-MAPT cases compared with 

controls, and Iba1-positive microglia, which were more activated in frontotemporal grey 

matter of FTLD-GRN cases compared with controls and in FG of FTLD-GRN than FTLD-

MAPT cases. All genetic groups generally had a higher burden of microglia in white 

matter than grey matter, and greater activation of microglia in grey matter.  

 

The numerous phagocytic and antigen-presenting microglia in frontotemporal regions of 

FTLD-GRN cases, particularly in white matter, fits with the presence of abundant TDP-

43 aggregates and other pathology in these regions in GRN mutation carriers 

(Mackenzie, 2007; Rohrer et al., 2011; Woollacott et al., 2018). Although other brain 

regions were not analysed, this microgliosis appears to be regionally selective, as few 

phagocytic and antigen-presenting microglia were found in unaffected occipital regions 

in the FTLD-GRN case in Chapter 4 (Woollacott et al., 2018). As discussed in Chapter 

1, GRN -/- mice have abundant activated phagocytic microglia in cortical areas, but these 

have aberrant properties, including excessive phagocytosis and heightened 

complement-mediated synaptic pruning (Lui et al., 2016). The many activated phagocytic 

microglia in FG of FTLD-GRN cases could represent a persistently overactive response 

to TDP-43 inclusions in this region, with failed activation elsewhere.  
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No previous studies have compared antigen-presenting microglia across genetic FTLD 

groups, but this phenotype seems particularly altered in GRN mutation carriers in FW. 

This may be due to the combined role of progranulin in lysosomal and immune pathways, 

which are involved in antigen processing and presentation. Smaller studies have 

identified many antigen-presenting microglia in frontotemporal grey matter (Kim et al., 

2016) and white matter (Chen-Plotkin et al., 2010) of FTLD-GRN cases, and these were 

numerous in these regions in the FTLD-GRN case in Chapter 4 (Woollacott et al., 2018). 

As in Chapter 4 the distribution of antigen-presenting microglia correlated with severity 

of TDP-43 pathology, neuronal loss and regional atrophy patterns and presence of white 

matter pathology and WMH, this suggests that the regional burden of antigen-presenting 

microglia is linked to regional burdens of pathology in both grey and white matter. Despite 

limited activation of antigen-presenting microglia in most FTLD-GRN cases within the 

present study, there were numerous amoeboid antigen-presenting microglia in 

frontotemporal lobes of the case in Chapter 4, so this may vary between individuals. If 

initially highly activated, antigen-presenting microglia could excessively present TDP-43 

and other cellular antigens to other microglia and other immune cells. Increased 

microglial presentation of internalised TDP-43 propagates TDP-43 spread in ALS models 

(Spiller et al., 2018) and directly activates, and recruits, microglia to affected regions, 

worsening neuroinflammation (Zhao et al., 2015). Dysfunctional presentation and 

targeting of self-antigens (such as myelin) by many antigen-presenting microglia in white 

matter could also contribute to the prominent demyelination seen in humans with GRN 

mutations (Chapter 4) and GRN -/- mouse models (Tanaka et al., 2014). Systemically 

altered antigen presentation by macrophages in GRN mutation carriers could also 

underlie the increased prevalence of systemic autoimmune diseases in this group 

demonstrated in Chapter 3 and previously (Miller et al., 2013). 
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Surprisingly, the burden of microglia overall (Iba1-positive) was low in all regions in 

FTLD-GRN cases, and lower than FTLD-C9orf72 cases in the frontal lobe. In contrast, 

another study found fewer amoeboid Iba1-positive microglia in superficial layers of the 

middle frontal cortex in FTLD-C9orf72 cases compared with FTLD-GRN cases (Sakae 

et al., 2019b). However, on visual inspection of Iba1 stained sections of FTLD-GRN 

cases in the present study, there was minimal staining of Iba1-positive microglia and 

severely disrupted morphology, particularly in FW, suggestive of extensive microglial 

dystrophy (Streit et al., 2004). Microglial dystrophy has been observed in another study 

of FTLD-GRN cases (Sakae et al., 2019b), and was prominent in FW in the case in 

Chapter 4 (Woollacott et al., 2018). This could represent impaired activation of microglia, 

or premature microglial senescence, and may explain the poor activation of phagocytic 

and antigen-presenting phenotypes in most regions by the end stage of disease. In 

contrast, FTLD-GRN cases appeared to have greater activation of Iba1-positive 

microglia in frontotemporal grey matter compared with controls. However, morphology 

of this phenotype may have been altered due to extensive dystrophy, leading to loss of 

cell processes and punctate staining, and more circular or less ramified cells. This may 

have produced higher circularity and lower perimeter values in quantitative analyses of 

activation of Iba1-positive microglia in cases with severe dystrophy, when in fact these 

cells were not truly more activated. Microglial dystrophy was explored further in a 

subsequent study (Chapter 6). 

 

FTLD-GRN cases had a higher burden of phagocytic and antigen-presenting microglia 

in frontotemporal white matter than in grey matter, but these were poorly activated. In 

aged GRN -/- mice, many phagocytic microglia colocalise with impaired myelination in 

cortical and thalamic areas (Tanaka et al., 2014), and in Chapter 4, severe dystrophy of 

Iba1-positive microglia in white matter correlated with marked demyelination and WMH 

(Woollacott et al., 2018). GRN mutations may therefore particularly affect white matter 
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integrity due to focal dysfunction of microglia, perhaps underlying the significant frontal 

MRI WMH seen in presymptomatic and symptomatic GRN mutation carriers, as 

discussed in Chapter 4. However, as not all GRN mutation carriers display WMH (Sudre 

et al., 2019), white matter vulnerability may be modified by genetic or other factors which 

affect microglial function, such as variants in TREM2 or TMEM106B, which may 

contribute to the heterogeneity of disease. 

 

FTLD-C9orf72 cases had many phagocytic microglia in frontal regions, particularly in 

FW, where the burden was higher than both FTLD-MAPT cases and controls. However, 

unlike in FTLD-GRN cases, the burden of antigen-presenting microglia was not 

increased in FTLD-C9orf72 cases. There were also many microglia in general (Iba1-

positive) in the frontal lobe of FTLD-C9orf72 cases, particularly in FW, consistent with 

significant frontal pathology associated with the C9orf72 expansion (Mahoney et al., 

2012; Snowden et al., 2012) and the clinical syndromes of the five cases analysed (three 

FTD-MND, two nfvPPA). Compared with sporadic ALS cases, individuals with ALS due 

to C9orf72 expansions have increased microglial (Umoh et al., 2017) and immune 

pathway (O’Rourke et al., 2016) genes in the frontal cortex. Many phagocytic microglia 

are also present in corticospinal tracts of ALS cases with C9orf72 expansions (Cooper-

Knock et al., 2012), implicating microglial dysfunction in frontal grey and white matter in 

C9orf72 expansion carriers, irrespective of clinical phenotype.  

 

Although mouse models of the C9orf72 expansion display numerous activated 

phagocytic microglia (Atanasio et al., 2016; Burberry et al., 2016, 2020; O’Rourke et al., 

2016; Schludi et al., 2017; Sudria-Lopez et al., 2016; Sullivan et al., 2016), in this study, 

all microglial phenotypes were similarly activated in FTLD-C9orf72 cases and controls in 

all regions. This suggests that impaired microglial activation is present by the end stage 

of disease in humans with FTLD-C9orf72, although earlier excessive activation or 
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heightened activation in other regions cannot be ruled out given the nature of this study. 

Regional microglial dysfunction in C9orf72 expansion carriers could be modified by 

environmental, genetic or epigenetic factors, leading to regional differences in 

vulnerability to onset of pathology. A recent study showed that microglial activation in the 

spinal cord of C9orf72 -/- mice was modified by the mouse gut microbiome (Burberry et 

al., 2020). This suggests that environmental factors substantially modulate microglial 

function in the presence of the expansion, and this could also be the case in FTLD-

C9orf72 cases, perhaps contributing to the heterogeneity in clinical syndromes observed 

in families with similar expansions (Woollacott and Mead, 2014). 

 

Although FTLD-C9orf72 cases had a higher burden of phagocytic and antigen-

presenting microglia in frontotemporal white matter than in grey matter, this difference 

was less pronounced than seen in FTLD-GRN cases. The burden of Iba1-positive 

microglia in FTLD-C9orf72 cases was also higher in FW than FG, due to apparently less 

severe dystrophy. However, FTLD-C9orf72 cases had greater microglial activation in 

grey matter than white matter, as seen in FTLD-GRN cases. Although early white matter 

abnormalities are present in neuroimaging studies of C9orf72 expansion carriers, these 

predominantly affect thalamic and posterior white matter tracts (Jiskoot et al., 2018; 

Mahoney et al., 2014; Panman et al., 2019; Papma et al., 2017), and only GRN mutation 

carriers have prominent frontal WMH on MRI (Sudre et al., 2017a). C9orf72 expansion 

carriers may therefore have less microglial dysfunction in FW than GRN mutation 

carriers, but more dysfunction in other regions that were not analysed in this study.  

 

FTLD-MAPT cases only had moderate microgliosis, primarily in the temporal lobe. In TW 

the burden of phagocytic microglia was significantly higher than in controls, perhaps due 

to extensive tau pathology in this region, as described in other studies of MAPT 10+16 

carriers (Lant et al., 2014; Pickering-Brown et al., 2002; Rohrer et al., 2011) . Phagocytic 
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microglia were more activated in TG of FTLD-MAPT cases compared with controls, 

consistent with a microglial PET study of a presymptomatic MAPT 10+16 mutation 

carrier, which showed early temporal microglial activation (Bevan-Jones et al., 2019), 

although another histological study showed greater activation of phagocytic microglia in 

TW of FTLD-MAPT cases (Lant et al., 2014). Antigen-presenting microglia did not differ 

significantly between FTLD-MAPT cases and controls, suggesting that phagocytic 

microglia are selectively altered in the temporal lobe of MAPT 10+16 mutation carriers. 

FTLD-MAPT cases had more microglia in white matter than grey matter, but activation 

of phagocytic microglia was higher in grey matter within the temporal lobe. White matter 

neuroimaging changes occur presymptomatically within the temporal lobes of MAPT 

mutation carriers, increasing as they approach expected symptom onset and tracking 

with disease progression (Chen et al., 2019; Jiskoot et al., 2018), suggesting early white 

matter involvement and pathology. Evidence for heightened microglial activation 

associated with tau pathology in MAPT P301S mutation models was discussed in 

Section 5.6.3, but it remains unclear whether other MAPT mutations would lead to similar 

mechanisms. A microglial PET study of three presymptomatic MAPT N279K mutation 

carriers found increased binding in frontal, occipital or posterior cingulate cortices, and 

not in the temporal cortex (Miyoshi et al., 2010), suggesting regional microglial activation 

patterns may well vary according to MAPT mutation subtype. 

 

When comparing microglia across genetic groups, FTLD-C9orf72 cases had a higher 

burden of phagocytic microglia in FW compared with FTLD-MAPT cases, perhaps due 

to more frontal pathology. There was a higher burden of microglia overall (Iba1-positive) 

in the frontal lobe (particularly in FW) of FTLD-C9orf72 cases compared with FTLD-GRN 

cases, likely due to less severe frontal microglial dystrophy. Another study found fewer 

activated phagocytic microglia in TW of FTLD-C9orf72 and FTLD-GRN cases than in 

FTLD-MAPT cases, but no differences within FW (Lant et al., 2014). However, their 
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FTLD-C9orf72 group also contained FTLD-TDPB cases (which have few phagocytic 

microglia, as identified in this study) and Iba1-positive microglia were not examined. 

Another recent study found similar densities of phagocytic and general (Iba1-positive) 

microglia in FTLD-GRN and FTLD-C9orf72 cases in middle frontal, superior temporal, 

inferior parietal and motor cortices (Sakae et al., 2019b). However, FTLD-GRN cases 

had fewer CD68-positive microglia in the hippocampus and more amoeboid Iba1-positive 

microglia in superficial layers of the middle frontal cortex and deep white matter 

compared with FTLD-C9orf72 cases. This suggests that microglia vary regionally and 

sub-regionally across genetic FTLD subtypes and this varies by microglial phenotype. 

This seems to be linked to the mutation itself, rather than differences in pathology, as 

both groups had FTLD-TDPA (Sakae et al., 2019b). This is supported by results in the 

present study, which also extends this to FTLD-MAPT cases.  

 

In conclusion, there are distinct patterns of microglial burden and activation in genetic 

FTLD subtypes, which differ regionally and by microglial phenotype, and differ between 

grey and white matter. These patterns may underlie different regional vulnerabilities to 

pathology and differences in grey and white matter pathology, neuroimaging changes 

and clinical presentations between GRN, C9orf72 and MAPT mutation carriers. 

Observations of severe dystrophy of Iba1-positive microglia in certain regions, 

particularly in FW of FTLD-GRN cases, prompted a more comprehensive study of 

patterns of microglial dystrophy in FTLD, presented in Chapter 6. 

5.7 Limitations and future work 

This study has several advantages compared with previous studies of microglia in FTLD. 

First, the cohort encompassed a wide variety of FTLD subtypes, with extensive clinical, 

neuropathological and genetic phenotyping, which aided reliable correlation of changes 

in microglia with pathological and genetic subtype. Second, it compared FTLD and 

FTLD-subtypes with AD cases to determine associations of microglia with differing 
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pathologies affecting similar regions and performed detailed subgroup analyses of 

FTLD-tau and FTLD-TDP subtypes, which few studies have done previously. This 

allowed more detailed insights into microglial involvement across the spectrum of FTLD 

than those available previously. Third, it performed separate analyses of grey and white 

matter, demonstrating that microglial activation in white matter is surprisingly limited in 

FTLD, despite many microglia being present in these regions. This hints at possible 

microglial dysfunction in white matter, extending previous observations of significant 

white matter pathology and early white matter neuroimaging changes in FTLD. Fourth, it 

compared different microglial phenotypes across all three main genetic FTLD subtypes, 

which no studies have described previously, revealing distinct regional patterns of 

different microglial phenotypes according to the underlying mutation. Fifth, three different 

markers (CD68, CR3/43 and Iba1) were used to examine different microglial phenotypes 

(phagocytic microglia, antigen-presenting microglia and general microglia), combined 

with quantitative assessments of percentage area stained, and a separate quantitative 

assessment of two aspects of microglial morphology (cell shape and size, through 

circularity and perimeter). This allowed appreciation of both the microglial burden, and 

degree of microglial activation, for each microglial phenotype. 

 

Such a comprehensive phenotypic analysis has not been performed in previous studies 

of microglia in FTLD. This approach has enabled appreciation that distinct phenotypes 

of microglia are altered in each region, and that this varies according to FTLD subtype: 

some subtypes displayed many phagocytic microglia, others many antigen-presenting 

microglia, others both, and others neither. Abnormal, disrupted morphology of Iba1-

positive microglia observed in certain FTLD subtypes also suggested that microglial 

dystrophy is present in FTLD and that this may also vary across the spectrum of 

pathology. This led to a further study of microglial dystrophy within this cohort, presented 

in Chapter 6. Previously, microglial activation in FTLD was assessed by visual inspection 
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and semi-quantitative scoring of cell frequency and morphology, or by qualitative 

assessment of morphology alone. These scoring systems often combined assessment 

of cell frequency with morphological signs of activation to generate one score (Lant et 

al., 2014; Taipa et al., 2017), precluding appreciation of how burden and activation state 

differed separately within a region. This study has shown that these parameters are 

differentially altered in each region, so should be assessed separately. 

 

There were several potential limitations. The small sizes of some subgroups (particularly 

controls and AD cases) and small number of brain regions analysed may have limited 

appreciation of the full extent of microglial changes in FTLD. However, small group sizes 

(particularly for rarer pathologies such as FTLD-FUS or sporadic FTLD-TDPB) are 

inherent to human histological studies of a disease as diverse and rare as FTLD. More 

controls and AD cases would have been useful to increase power, but these were very 

difficult to find given the need for a similar AAD to the FTLD cohort, who were much 

younger than most controls and AD cases in the QSBB. Hence, a practical approach 

was taken to allow analysis of a wide selection of cases with different pathologies, 

balanced with a reasonable number of cases in each subgroup to allow comparisons. 

Analysis of a larger cohort and more cortical and subcortical regions, including typically 

involved regions (hippocampus or basal ganglia) and less involved regions (cerebellum) 

in FTLD would have been useful, but this was outside the time and manpower constraints 

of this study.   

 

The composition of cases with various clinical syndromes differed between pathological 

and genetic subtypes, so differences in regional microglial patterns could purely be due 

to regional differences in the burden of pathology (rather than the type of pathology or 

disease mechanism) influencing microglia. Ideally, all cases in each subtype would have 

had the same clinical diagnosis and pathologically affected regions, to allow analysis of 
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whether microglia are altered in association with pathological subtype alone. For 

example, all FTLD-PSP or FTLD-CBD cases ideally should have had bvFTD, allowing 

regional comparisons with FTLD-Picks or FTLD-MAPT cases (which more typically have 

this syndrome). However, such cases are rare, and were not available in the QSBB.  

 

Given the small group sizes in the FTLD-TDPA subtype and genetic FTLD analyses, and 

the potential implications of these initial findings regarding effects of disease 

mechanisms on different phenotypes of microglia, replication should be carried out in a 

larger cohort. Ideally the effects of different types of mutations and different sub-

pathologies (such as dipeptide repeat proteins versus TDP-43 in FTLD-C9orf72 cases) 

on microglial burden and activation should be assessed. It would also be useful to 

examine a wider range of brain regions in genetic FTLD cases, to understand how 

microglia vary alongside regional pathology burdens and clinical phenotypes (for 

example PPA subtypes versus bvFTD versus FTD-MND) across these notoriously 

diverse genetic entities.  

 

All three markers (CD68, HLA-DR/DP/DQ [detected using CR3/43] and Iba1) are 

expressed mainly by microglia, but also to a certain extent by peripheral macrophages 

(Boche et al., 2013; Hopperton et al., 2018). It is possible that this led to detection of 

some perivascular or infiltrating macrophages (which had breached the BBB) within 

sections, rather than just microglia. The macro used for analysis was unable to remove 

such cells from calculations, but on visually inspecting sections, perivascular cells were 

scarce and unlikely to have impacted substantially on results. Additional use of more 

specific microglial markers, such as P2RY12 (which detects predominantly ramified 

microglia) (Butovsky et al., 2014) may have been useful, but was not possible during the 

timescale of this study.  
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The CD68 marker is more readily expressed by lysosomes near the nuclei of microglia 

than by ramified cell processes (Boche et al., 2013), so CD68-positive microglia all 

tended to look rather small and circular in both activated and ramified states. It is possible 

that this led the software to find similar circularity and perimeter values for most CD68-

positive cells in each group and hence failed to detect differences in activation state for 

phagocytic microglia. Against this, there were no significant group differences in the 

activation state of microglia detected using CR3/43 and Iba1 between FTLD and AD 

groups, and these markers adequately detect cell processes. There is also good 

correlation between microglial scores for CD68 and Iba1-positive microglia in other 

studies (Taipa et al., 2017). In addition, the software was able to detect significant 

differences in the activation state of CD68-positive microglia between FTLD and AD 

cases and between various FTLD subtypes.  

 

The question remains as to whether different markers expressed by microglia truly 

indicate the predominant function of those cells present within a region, particularly as 

one cell is likely to express a variety of markers at one time, which may change rapidly 

over time. It is difficult to prove through histological assessments alone that a 

morphological appearance represents a particular activation state, function or 

dysfunction of that cell, how that relates to nearby pathology, or when this played a role 

in disease (if at all). Future correlation of these findings with regional microglial PET 

imaging changes in presymptomatic and symptomatic individuals with different clinical 

phenotypes or gene mutations could aid differentiation of pathology based on regional 

microglial patterns in vivo.  

 

5.8 Publications relating to this chapter 

The work presented in this chapter, combined with the work in Chapter 6, has been 

published as: 
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Woollacott IOC et al. (2020) Microglial burden, activation and dystrophy patterns in 

frontotemporal lobar degeneration. Journal of Neuroinflammation.17:234 
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6 Microglial dystrophy across the spectrum of FTLD 

6.1 Chapter summary 

Introduction: Increasing evidence implicates premature microglial dysfunction and 

senescence in the aetiology of neurodegenerative disease. Many studies of AD have 

identified morphological changes suggestive of microglial senescence (microglial 

dystrophy) and cells with other unusual morphologies such as rod-shaped or 

hypertrophic microglia, but no studies have explored these across the spectrum of FTLD. 

This study examined regional patterns of microglial dystrophy and rod-shaped and 

hypertrophic microglia in post-mortem brain tissue from a large cohort of individuals with 

sporadic and genetic FTLD, sporadic AD and cognitively normal controls.  

 

Methods: Immunohistochemistry was performed to detect Iba1, expressed by microglia, 

in left anterior frontal and temporal lobe FFPE sections obtained from 50 FTLD cases 

(31 sporadic and 19 genetic: 20 FTLD-tau, 26 FTLD-TDP, four FTLD-FUS (all aFTLD-

U), five sporadic AD cases and five controls. Morphology of Iba1-positive microglia was 

visually assessed in four regions in each case: frontal grey (FG), frontal white (FW), 

temporal grey (TG) and temporal white (TW) matter. Dystrophy severity was rated in 

each region using semi-quantitative scores, ranging from 1 (no/minimal) to 5 (very 

severe). Presence of rod-shaped and hypertrophic microglia was qualitatively assessed 

in each region in each case. Dystrophy scores were compared in each region between 

FTLD, AD and controls, and between different pathological subtypes of FTLD, including 

main subtypes (FTLD-tau, FTLD-TDP, FTLD-FUS), and FTLD-tau (FTLD-Picks, FTLD-

CBD, FTLD-PSP, FTLD-MAPT), FTLD-TDP (FTLD-TDPA, FTLD-TDPB, FTLD-TDPC), 

FTLD-TDPA (sporadic and genetic [FTLD-GRN and FTLD-C9orf72]) and genetic (FTLD-

GRN, FTLD-C9orf72, FTLD-MAPT) subtypes. Dystrophy scores were also compared 

between grey and white matter within each lobe for each subtype.  
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Results: Microglial dystrophy was more severe in FTLD and AD compared with controls, 

but similar in FTLD and AD, in all regions. FTLD-TDP cases had more severe dystrophy 

than FTLD-tau cases in all regions except in TW. Dystrophy varied regionally by subtype: 

FTLD-TDPA, FTLD-TDPC and FTLD-Picks cases had more severe dystrophy than 

controls in all regions, whereas dystrophy in FTLD-TDPB and FTLD-CBD cases only 

differed from controls in FW and dystrophy in FTLD-PSP cases differed from controls 

only in FG. Sporadic FTLD-TDPA, FTLD-GRN and FTLD-C9orf72 cases had much more 

severe dystrophy than controls in all regions, but dystrophy in FTLD-MAPT cases only 

differed from controls in FG and TW. There was a suggestion of more severe dystrophy 

in FW of FTLD-GRN cases compared with FTLD-C9orf72 cases, although this did not 

reach significance. Dystrophy was more severe in frontotemporal white matter than grey 

matter in FTLD overall and in FTLD-tau, FTLD-TDP and FTLD-Picks cases. In FTLD-

CBD, FTLD-TDPA and FTLD-GRN cases, dystrophy was more severe in FW than FG, 

whereas in AD and FTLD-PSP cases, dystrophy was more severe in TW than TG. Rod 

shaped microglia were present in FTLD and AD, but most prominent in FTLD-CBD and 

FTLD-MAPT cases and in FTLD-TDPA or FTLD-TDPB cases with C9orf72 expansions. 

Hypertrophic microglia were prominent in FTLD-Picks and FTLD-TPDC cases. 

 

Conclusions: Microglial dystrophy is present in FTLD, but its severity varies regionally 

according to pathological subtype and disease mechanism. Dystrophy is more severe in 

white than grey matter, but this also varies regionally, and is particularly severe in FW of 

FTLD-GRN cases. Rod-shaped and hypertrophic microglia are present in FTLD, but this 

varies by pathological subtype. Region-specific differences in the severity of microglial 

senescence could contribute to regional patterns of grey and white matter pathology, 

and to the clinicopathological heterogeneity of FTLD. 
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6.2 Introduction 

As discussed in Chapter 5, microglial activation was not as florid as expected by the end 

stage of disease in AD cases or in most FTLD subtypes. Chronic microglial activation 

may therefore not be the only contributor to neurodegeneration over time, as a build-up 

of protein inclusions in the aging human brain may contribute to, or be due to, premature 

microglial failure, or senescence of microglial cells. In certain individuals this may lead 

to neurodegenerative disease (Streit et al., 2004). Several groups have therefore shifted 

their focus away from studying microglial activation and towards detecting premature or 

heightened microglial senescence in neurodegenerative disease cohorts. 

 

In the AD field a hypothesis has arisen that after initial microglial activation and attempts 

to clear amyloid fibrils or early aggregates of insoluble Aβ, and due to repeated mitotic 

self-renewal and increasing exposure to free radicals, iron molecules and the toxic 

effects of Aβ, microglia may become exhausted and disintegrate. These dysfunctional, 

senescent microglia are thought to fail to support neurons that are degenerating in the 

context of ensuing tau pathology, and under-perform their usual roles including 

phagocytosis (Streit et al., 2014, 2018). Chronic microglial dysfunction therefore likely 

contributes significantly to neuronal loss in AD through lack of neuronal support, rather 

than just due to sustained cytotoxic damage to neurons within a proinflammatory milieu 

(Gentleman, 2013). As dystrophic microglia, which are the morphological correlate of 

senescent cells (Streit et al., 2004), cluster around Aβ aggregates in individuals with pre-

clinical AD pathology (Streit et al., 2018), microglial dysfunction, senescence and failed 

attempts to clear inclusions start well before symptom onset. 

 

Dystrophic microglia display thin, short and few distal branches, shortened tortuous or 

beaded cell processes, fragmented cytoplasm, and spheroidal inclusions (Streit et al., 

2004). With increasing dystrophy there is increasing disintegration of cell integrity and 
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structure, or ‘cytorrhexis’, which likely impacts significantly on microglial motility and 

function (Tischer et al., 2016). Extremely dystrophic microglia are visualised as sparse 

but diffuse punctate Iba1 staining (due to generalised distribution of microglial debris). 

These are present in individuals with advanced AD pathology, for example due to Down’s 

syndrome (Streit et al., 2009). Although dystrophic microglia are present in hippocampal 

and cortical regions of aged controls, they are more prominent in individuals with AD 

(Bachstetter et al., 2015; Davies et al., 2017; El Hajj et al., 2019; Lopes et al., 2008; 

Navarro et al., 2018; Sanchez-Mejias et al., 2016; Streit et al., 2009, 2014, 2018; Tischer 

et al., 2016). They are also present in DLB cases (Bachstetter et al., 2015), models of 

MND (Fendrick et al., 2007) and HD (Ma et al., 2003; Simmons et al., 2007) and aged 

individuals with hippocampal sclerosis (Bachstetter et al., 2015). 

 

Other unusual morphological changes, such rod-shaped microglia, which are cells with 

an elongated, thin, narrow cell body with few processes, have been noted in the 

hippocampus of individuals with AD, DLB, or hippocampal sclerosis (Bachstetter et al., 

2015) and in frontal, temporal and parietal cortices of individuals with AD (Bachstetter et 

al., 2017). They are also present in the hippocampus (Bachstetter et al., 2015, 2017) and 

frontal, temporal and parietal cortices (Bachstetter et al., 2017) of individuals without 

dementia, increasing with age. The relevance of rod-shaped microglia is not understood, 

but they may represent cells in an intermediate state between ramified and amoeboid 

morphology responding to axonal transport deficits (Au and Ma, 2017) . As they are seen 

in rodent models of traumatic brain injury and humans with chronic viral and post-viral 

encephalitides (Au and Ma, 2017), development of rod-shaped morphology may be a 

protective response by microglia, promoting neuronal survival in response to chronic 

neuronal injury, although the mechanisms behind this remain unclear. Hypertrophic 

microglia, which are hyper-ramified and have short, thickened, bushy processes, are 

also increased in AD cases compared with controls (Bachstetter et al., 2015). Although 
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these may be primed microglia with an increased tendency for activation (Bachstetter et 

al., 2015), their role in the healthy brain and in neurodegenerative disease remains 

unclear. 

 

Microglial dystrophy and rod-shaped microglia have only been examined in three small 

studies of FTLD, all of which have focused on genetic FTLD (Mao et al., 2019; Sakae et 

al., 2019b; Woollacott et al., 2018). In Chapter 4 (Woollacott et al., 2018), the FTLD-GRN 

case had profoundly dystrophic Iba1-positive microglia in FW, more severe than in FG, 

which correlated regionally with the severity of WMH on MRI. A subsequent semi-

quantitative study by another group, which examined microglia in several FTLD-GRN 

and FTLD-C9orf72 cases, demonstrated that both genetic subtypes had more dystrophic 

Iba1-positive microglia than controls in the middle frontal cortex, but that FTLD-GRN 

cases had more Iba1 and CD68-positive rod-shaped microglia than FTLD-C9orf72 cases 

and controls in this region (Sakae et al., 2019b). Another study found that FTLD-TDPA 

cases with GRN mutations had more rod-shaped Iba1-positive microglia in the CA1 

hippocampal region compared with sporadic FTLD-TDPA cases, but dystrophy was not 

evaluated (Mao et al., 2019).  

 

These few studies suggest that microglial dystrophy and rod-shaped microglia are 

present in individuals with FTLD, particularly in GRN mutation carriers, but that this varies 

regionally between cases with the same pathology but different disease mechanisms, 

and between grey and white matter. It was noted by the author during analysis for the 

study in Chapter 5 that Iba1 staining was rather variable across FTLD subtypes and in 

fact was markedly reduced, almost down to control levels, in some cases, particularly in 

FTLD-GRN and FTLD-Picks cases. On visual inspection of these cases, microglial cell 

structure was often severely disrupted, with scanty, punctate staining, suggestive of 

extensive dystrophy, but this seemed to vary regionally and seemed worse in white 
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matter. In some cases, multiple rod-shaped microglia were observed, and in others these 

were not visible. This led to a hypothesis that extensive microglial dysfunction and 

senescence could explain the lack of microglial activation in some FTLD cases by the 

end stage of disease, particularly in white matter. 

 

Microglial dystrophy and rod-shaped and hypertrophic microglia clearly occur in aged 

individuals and in a range of neurodegenerative diseases, but it remains unclear if 

microglial senescence or adoption of these unusual morphologies relates to 

development of pathology in FTLD, and how this contributes to neurodegeneration. 

Premature microglial senescence could contribute to neurodegeneration through 

impaired neuronal support or clearance of protein aggregates. This may occur many 

years prior to symptom onset, as seen in pre-clinical AD (Streit et al., 2018), and vary 

regionally, potentially contributing to the clinicopathological heterogeneity of FTLD.  

 

Comparison of the severity and regional distribution of microglial dystrophy and rod-

shaped and hypertrophic microglia between individuals with different neurodegenerative 

pathologies such as AD and various FTLD subtypes may further understanding of 

whether different disease processes have a similar effect on microglial senescence or 

morphology. This may indicate whether therapies aimed at preserving microglial integrity 

or clearing senescent cells (Bussian et al., 2018) could be useful for individuals with 

different FTLD subtypes, and in PMC of FTD-associated mutations.  

6.3 Aims and hypotheses 

This study aimed to perform a histological assessment of microglial dystrophy within 

post-mortem brain tissue in a large FTLD cohort, including all the main pathological 

subtypes (FTLD-tau, FTLD-TDP and FTLD-FUS) and both sporadic and the most 

common genetic (FTLD-GRN, FTLD-C9orf72, FTLD-MAPT) forms of the disease. 

Comparison groups would be sporadic amnestic AD cases and cognitively normal 
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controls. In addition, an exploratory, qualitative assessment would be performed to 

identify rod-shaped and hypertrophic microglia in each group. 

 

A similar approach to the study in Chapter 5 would be employed, analysing microglia in 

grey and white matter of four clinically relevant brain regions (FG, FW, TG and TW) within 

the same cohort. Microglial dystrophy would be compared between FTLD cases, 

sporadic AD cases and controls, and between different FTLD subtypes. Given the 

differences in microglial burden and activation between grey and white matter identified 

in Chapter 5, microglial dystrophy would also be compared between grey and white 

matter within each lobe for each group.  

 

As Iba1 detects all microglia and allows most reliable assessment of cell morphology 

and dystrophy (Streit et al., 2009) the severity of dystrophy in each region and the 

presence of rod-shaped and hypertrophic microglia would be assessed through 

morphological characterisation of Iba1-positive microglia only, a technique used in 

Chapter 4 (Woollacott et al., 2018) and in multiple other studies (Bachstetter et al., 2015, 

2017; Davies et al., 2017; Mao et al., 2019; Sakae et al., 2019b; Streit et al., 2004, 2009; 

Tischer et al., 2016). The severity of dystrophy would be rated using a semi-quantitative 

scoring system, due to the complexity of performing a quantitative assessment of the full 

range of morphological changes seen in dystrophic cells (El Hajj et al., 2019). The 

presence of any rod-shaped and hypertrophic microglia would be qualitatively assessed 

and recorded for each case in each region.  

 

The key hypotheses of this study were that the severity of microglial dystrophy would 

differ in some, or all, of the four brain regions analysed, in the following ways: 

• Between FTLD and controls, and between AD and controls, due to excessive 

microglial senescence in individuals with neurodegenerative diseases. 
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• Between FTLD and AD, due to different pathologies or disease mechanisms 

being associated with differing degrees of microglial senescence within the same 

brain regions. 

• Between different FTLD subtypes, and between each subtype and controls, due 

to different pathologies or disease mechanisms being associated with differing 

degrees of microglial senescence in the same regions, namely: 

o Between FTLD-tau, FTLD-TDP and FTLD-FUS, and between each of 

these subtypes and AD.  

o Between different FTLD-tau subtypes: FTLD-CBD, FTLD-MAPT, FTLD-

Picks and FTLD-PSP. 

o Between different FTLD-TDP subtypes: FTLD-TDPA, FTLD-TDPB and 

FTLD-TDPC. 

o Between individuals with the same pathology but different disease 

mechanisms: sporadic FTLD-TDPA, and genetic FTLD-TDPA due to 

GRN mutations (FTLD-GRN) or a C9orf72 expansion (FTLD-C9orf72). 

o Between genetic FTLD subtypes: FTLD-GRN, FTLD-C9orf72 and FTLD-

MAPT. 

 

In addition, this study hypothesised that microglial dystrophy would be more severe in 

white matter than grey matter (as activation had been less in white matter in Chapter 5), 

but that this may also vary regionally according to the underlying pathology or disease 

mechanism. This could be due to differing burdens of neurodegenerative pathology 

present in white versus grey matter impacting on microglial function and senescence, or 

pre-existing differences in the function or senescence of microglia present in white 

versus grey matter contributing to development of neuronal or glial vulnerability and 

subsequent regional variations in pathology and neurodegeneration.   
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Finally, this study hypothesised that rod-shaped and hypertrophic microglia would be 

more commonly seen in FTLD and AD cases than controls, but that their presence may 

vary across FTLD subtypes, due to a potential link between alterations in microglial 

morphology and different causes of neuronal or axonal dysfunction. 

6.4 Methods 

6.4.1 Case selection and demographics 

Sixty cases were selected for analysis, including 50 FTLD cases, five sporadic AD cases 

and five cognitively normal controls of a similar AAD to the other groups. These were 

selected from the QSBB and the MRC London Neurodegenerative Diseases Brain Bank, 

Institute of Psychiatry, King’s College London, as detailed in Chapter 2.1.2. Case 

demographics and histological subtypes are summarised in Table 2.1 (Chapter 2) and 

individual cases are detailed in Appendix 1. 

6.4.2 Tissue processing and immunohistochemistry  

All 60 cases had undergone tissue processing and clinical neuropathological 

assessment of a wide variety of brain regions at the QSBB using immunohistochemistry 

as detailed in Chapter 2.2.1.1. For the study in Chapter 5, further FFPE sections had 

been cut from left anterior frontal lobe and left temporal lobe blocks for all cases, and 

immunohistochemistry had been performed using techniques detailed in Chapter 2.2.1.2 

to detect CD68, CR3/43 and Iba1-positive microglia. However, only Iba1-positive 

microglia were assessed for this study. 

6.4.3 Analysis of microglia 

6.4.3.1 Regions analysed 

Anterior frontal and temporal lobe sections contained both cortical grey matter (all cortical 

layers were analysed) and subcortical white matter. Four regions were selected for 

analysis for all cases: FG, FW, TG and TW. This enabled comparisons of microglial 
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dystrophy in the same region (for example FG) across groups, and comparison of 

microglial dystrophy in grey matter versus white matter within the frontal lobe (FG versus 

FW) and temporal lobe (TG versus TW) within each group. 

6.4.3.2 Scanning, area selection and identification of microglia 

Slides were scanned, areas of interest were selected within each region and Iba1-

positive microglia were identified in ten randomly selected squares within each region for 

each case, as detailed in Chapter 5.4.3.2. 

6.4.3.3 Microglial dystrophy scoring 

All cases were examined for the morphology of microglial cells using Iba1 stained 

sections. Microglial dystrophy was assessed by visually inspecting Iba1-positive 

microglia in each of the ten squares that had been randomly generated in each region. 

Dystrophy was determined as the presence of cells with loss of fine branches 

(deramification), or thin, shortened, beaded, tortuous or fragmented processes or 

cytoplasm, or all of these changes (Streit et al., 2004). The severity of dystrophy was 

assessed using a semi-quantitative, ordinal scoring system to score the typical 

morphology of visualised microglial cells observed across the ten squares in that region. 

This was adapted from the semi-quantitative scoring system used to assess the burden 

and morphology (activation) of CD68 or Iba1-positive microglia in other histological 

studies of FTLD cases (Lant et al., 2014; Taipa et al., 2017). 

 

Dystrophy scores were allocated as follows:  

• 1 = no dystrophy: microglia were of normal morphology (ramified or amoeboid) 

and not dystrophic. 

• 2 = mild dystrophy: some dystrophic microglia seen, but at least half present were 

of non-dystrophic morphology. 
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• 3 = moderate dystrophy: most microglia had dystrophic morphology, but some 

were of non-dystrophic, normal morphology. 

• 4 = severe dystrophy: all microglia had dystrophic morphology, but some cell 

bodies or processes were still visible. 

• 5 = very severe dystrophy: all microglia were severely dystrophic, with few or no 

intact cell bodies or processes, or only generalised punctate staining was 

present.  

 

Each case was assigned an overall ‘dystrophy score’ for each region (FG, FW, TG and 

TW), which was used in group analyses. Examples of sections containing microglia with 

each dystrophy score are shown in Figure 6.1a-e. 

6.4.3.4 Rod-shaped and hypertrophic microglia 

Presence of any rod-shaped microglia (Figure 6.1f) or hypertrophic microglia (Figure 

6.1g) was noted qualitatively in each region for each case. The frequency of cells with 

these morphologies was not quantified given the exploratory nature of this part of the 

study; if at least one cell with this morphology was visible in at least one of the ten 

squares, this was recorded as being present, but if many were present this was also 

noted. 
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Figure 6.1 Scoring of the severity of microglial dystrophy and examples of rod-shaped and hypertrophic microglia 

Iba1 immunohistochemical staining showing representative images of the semi-quantitative analysis of microglial dystrophy and the different microglial morphologies. 
Grey matter sections from a healthy control (a, case 2, Appendix 1) and four different FTLD cases (b case 44; c case 22; d case 42; e case 37), show appearances of 
dystrophic microglia, graded in severity, from a (1 = no dystrophy), b (2 = mild dystrophy), c (3 = moderate), d (4 = severe), e (5 = very severe). f Several rod-shaped 
microglia in FG of an FTLD-TDPB case with the C9orf72 expansion (case 48; black arrows point to these cells). g Multiple hypertrophic microglia throughout FG of an 
FTLD-Picks case (case 25; most cells present have a bushy appearance with short, thick processes). 
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6.4.3.5 Statistical analysis 

Microsoft Excel was used for inputting dystrophy scores, which were exported to STATA 

version 14 for analysis. The significance threshold was P<0.05 and confidence interval 

95% for all statistical tests. Groups were compared using a hierarchical, multi-level 

approach as detailed in Figure 6.2. This echoed the approach in Chapter 5 and allowed 

appreciation of how dystrophy severity differed between overall disease groups 

(controls, FTLD and AD) and between the various subtypes of FTLD.  

 

Given that dystrophy scores were generated using an ordinal scoring system with five 

categories (1 to 5), this required tests for a non-parametric distribution, so Kruskal-Wallis 

tests with Dunn’s tests for post hoc comparisons were used to compare median 

dystrophy scores between groups for each of the four regions. Dystrophy scores were 

also compared between grey and white matter areas within the frontal lobe (FG versus 

FW) and temporal lobe (TG versus TW) for each of the groups using Wilcoxon signed 

Figure 6.2 Approach to group comparisons of microglial dystrophy scores 

Microglial dystrophy scores were compared between groups using six levels of comparison (numbers 
in circles denote level). 1: controls and neurodegenerative disease groups; 2: controls, main FTLD 
subtypes and AD; 3: controls and FTLD-tau subtypes; 4: controls and FTLD-TDP subtypes; 5: 
controls and FTLD-TDPA subtypes; 6: controls and genetic FTLD subtypes. The FTLD-C9orf72 
groups included only FTLD-TDPA cases, in order to compare mutations rather than different 
pathological subtypes. All FTLD-FUS cases had aFTLD-U. 
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rank tests for paired comparisons. Heat maps of P values for all comparisons were 

produced in Microsoft Excel. 

6.5 Results 

6.5.1 Demographics 

Group demographics were summarised in Table 2.1 (Chapter 2) and demographics of 

individual cases are in Appendix 1. Results of group demographic comparisons were 

presented in Chapter 5.5.1. 

6.5.2 Microglial dystrophy  

Results are presented sequentially, following the order in Figure 6.2 for each level of 

group comparison performed. Presence of rod-shaped and hypertrophic microglia is 

described qualitatively for groups within each level. Comparisons of dystrophy scores 

between groups and between grey and white matter within each lobe for each group are 

shown in Figure 6.3. For P values for all comparisons of dystrophy scores between 

groups, and between grey and white matter within each group, see heat maps in Figure 

6.4 (frontal lobe) and Figure 6.5 (temporal lobe); these are not repeated in the text. 
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Figure 6.3 Comparisons of dystrophy scores across groups and between grey and white matter 

Graphs show comparison of dystrophy scores in each region between groups (a, c, e, g, i, k) and between grey and white matter within each lobe for each group (b, d, 
f, h, j, l) for control, FTLD and AD groups (a, b), main FTLD subtypes (c, d), and subtypes of FTLD-tau (e, f), FTLD-TDP (g, h), sporadic and genetic FTLD-TDPA (i, j) 
and genetic  FTLD (k, l). Bars show median dystrophy scores and error bars show interquartile range. FG = frontal grey; FW = frontal white; TG = temporal grey; TW = 
temporal white matter. *P<0.05; **P<0.01; ***P≤0.001; ****P≤0.0001. 
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Controls FG

Controls FW 0.0833

FTLD FG 0.0005

FTLD FW 0.0004 0.00001

AD FG 0.0028 0.5749

AD FW 0.004 0.7465 0.1573

FTLD-tau FG 0.0084 0.2533

FTLD-tau FW 0.0092 0.3031 0.0066

FTLD-TDP FG 0.0001 0.9569 0.0445

FTLD-TDP FW 0.0001 0.8309 0.0374 0.0008

FTLD-FUS FG 0.0554 0.3675 0.9514 0.2401

FTLD-FUS FW 0.0067 0.9982 0.3458 0.8482 0.0918

FTLD-Picks FG 0.0014

FTLD-Picks FW 0.0002 0.0455

FTLD-CBD FG 0.0892 0.1348

FTLD-CBD FW 0.0271 0.1213 0.0455

FTLD-PSP FG 0.0487 0.2211 0.7857

FTLD-PSP FW 0.1386 0.0227 0.466 0.3173

FTLD-MAPT FG 0.008 0.5866 0.3412 0.4966

FTLD-MAPT FW 0.0256 0.1269 0.9818 0.4522 0.8759

FTLD-TDPA FG 0.0001

FTLD-TDPA FW 0.0002 0.0196

FTLD-TDPB FG 0.0664 0.1037

FTLD-TDPB FW 0.0475 0.1889 0.0833

FTLD-TDPC FG 0.0289 0.2314 0.7272

FTLD-TDPC FW 0.0255 0.3162 0.8008 0.0833

FTLD-TDPA sporadic FG 0.0102

FTLD-TDPA sporadic FW 0.0074 0.1573

FTLD-TDPA GRN FG 0.0006 0.1519 0.4442

FTLD-TDPA GRN FW 0.0001 0.0334 0.2939 0.0833

FTLD-TDPA C9orf72 FG 0.0472 1 0.4774 0.1519

FTLD-TDPA C9orf72 FW 0.0383 0.7612 0.4231 0.0683 0.3173
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Figure 6.4 Heat map of P values for comparisons of microglial dystrophy scores in the frontal lobe 

P values are presented in each box and represent results of comparisons between groups listed on vertical versus horizontal axes (between groups in FG and FW and 
between FG and FW within each group). The colour of each box represents the degree of statistical significance in the difference between groups, with red indicating a 
highly significant difference, blue a non-significant difference and white borderline (trend) or moderately significant difference, with gradations in between. FG = frontal grey 
matter; FW = frontal white matter 
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Controls TG

Controls TW 0.1573

FTLD TG 0.0008

FTLD TW 0.0004 0.0001

AD TG 0.0197 0.8369

AD TW 0.0117 0.8693 0.0833

FTLD-tau TG 0.0379 0.382

FTLD-tau TW 0.0023 0.8911 0.0002

FTLD-TDP TG 0.0001 0.3286 0.0021

FTLD-TDP TW 0.0002 0.6754 0.3587 0.0833

FTLD-FUS TG 0.0084 0.664 0.1835 0.7296

FTLD-FUS TW 0.0191 0.9741 0.9321 0.6735 0.3173

FTLD-Picks TG 0.0088

FTLD-Picks TW 0.0002 0.0339

FTLD-CBD TG 0.0581 0.4683

FTLD-CBD TW 0.062 0.0653 0.0833

FTLD-PSP TG 0.2516 0.1405 0.454

FTLD-PSP TW 0.1226 0.0303 0.747 0.0455

FTLD-MAPT TG 0.004 0.7969 0.3258 0.0834

FTLD-MAPT TW 0.0053 0.3567 0.3567 0.2134 0.1599

FTLD-TDPA TG 0.0002

FTLD-TDPA TW 0.0002 0.1797

FTLD-TDPB TG 0.0504 0.1703

FTLD-TDPB TW 0.1034 0.0974 0.5637

FTLD-TDPC TG 0.0223 0.3346 0.7421

FTLD-TDPC TW 0.0118 0.5747 0.3744 0.3173

FTLD-TDPA sporadic TG 0.0177

FTLD-TDPA sporadic TW 0.0286 0.3173

FTLD-TDPA GRN TG 0.0005 0.1103 0.2698

FTLD-TDPA GRN TW 0.0004 0.2368 0.2385 1

FTLD-TDPA C9orf72 TG 0.0276 0.762 0.7826 0.1956

FTLD-TDPA C9orf72 TW 0.0194 1 0.9106 0.2368 0.1573
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Figure 6.5 Heat map of P values for comparisons of microglial dystrophy scores in the temporal lobe 

P values are presented in each box and represent results of comparisons between groups listed on vertical versus horizontal axes (between groups in TG and TW and  
between TG and TW within each group). The colour of each box represents the degree of statistical significance in the difference between groups, with red indicating a 
highly significant difference, blue a non-significant difference and white borderline (trend) or moderately significant difference, with gradations in between. TG = temporal 
grey matter; TW = temporal white matter 

 

 

 



243 

 

6.5.2.1 Neurodegenerative disease groups 

Dystrophy scores differed significantly between controls, AD cases and FTLD cases in 

all regions (Figure 6.3a). Controls had no or mild dystrophy in most regions, with most 

cells appearing intact and ramified. AD cases had more severe dystrophy than controls 

in all regions, with moderate dystrophy in FG, TG and TW, and severe dystrophy in FW. 

FTLD cases had more severe dystrophy than controls in all regions, with moderate 

dystrophy in grey matter and severe dystrophy in white matter. However, within the FTLD 

group, dystrophy scores were variable across subtypes. There was no significant 

difference in the severity of dystrophy between FTLD and AD cases in any region.  

 

Grey versus white matter comparisons revealed that controls had similarly minimal 

dystrophy in grey and white matter within each lobe, and AD cases had similarly severe 

dystrophy in FG and FW, with a suggestion of more severe dystrophy in TW than TG, 

although this did not reach significance (Figure 6.3b). In contrast, FTLD cases had much 

more severe dystrophy in white matter than grey matter, particularly in the frontal lobe 

but also in the temporal lobe, although this varied across the different FTLD subtypes.  

 

Rod-shaped and hypertrophic microglia were infrequent in controls: three had a single 

rod-shaped cell present in one of the ten squares analysed in FG or TG. Rod-shaped 

microglia were more common in AD cases: three out of five AD cases had several rod-

shaped microglia in grey matter, mainly in TG (but also in FG), but the other two cases 

had such severe dystrophy that normal cell structures were barely visible. Rod-shaped 

microglia were present in FTLD cases, but this varied by FTLD subtype. Hypertrophic 

microglia were not seen in controls or AD cases, and in FTLD cases their presence varied 

by subtype. 
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6.5.2.2 Main FTLD subtypes 

FTLD-tau, FTLD-TDP and FTLD-FUS cases had more severe dystrophy than controls in 

most regions but dystrophy did not differ significantly between any of these FTLD 

subtypes and AD cases (Figure 6.3c). FTLD-TDP cases had more severe dystrophy than 

FTLD-tau cases in the frontal lobe and in TG, but not in TW, where dystrophy was 

particularly severe in many FTLD-tau cases.  

 

Grey versus white matter comparisons revealed that dystrophy was more severe in white 

matter than grey matter for FTLD-tau and FTLD-TDP cases, but this varied regionally 

according to subtype (Figure 6.3d). FTLD-tau cases had much more severe dystrophy 

in TW than TG but only slightly more severe dystrophy in FW than FG. FTLD-TDP cases 

had much more severe dystrophy in FW than FG, whereas dystrophy in TW did not differ 

significantly from TG. In contrast, FTLD-FUS cases had similar dystrophy scores in grey 

and white matter.  

 

Rod-shaped and hypertrophic microglia were present in FTLD-tau and FTLD-TDP cases 

but varied according to the specific subtype. Two of the four FTLD-FUS cases had 

several rod-shaped microglia in FG. Two other FTLD-FUS cases had no rod-shaped 

microglia but had several hypertrophic microglia, particularly in frontotemporal white 

matter.  

6.5.2.3 FTLD-tau subtypes 

Dystrophy was more severe in most FTLD-tau subtypes compared with controls, but this 

varied regionally by pathological subtype (Figure 6.3e). FTLD-Picks cases had more 

severe dystrophy than controls in all regions, with moderate to severe dystrophy in grey 

matter and severe dystrophy in white matter. FTLD-CBD cases differed from controls 

only in FW, with mild to moderate dystrophy in grey matter but moderate to severe 

dystrophy in white matter. FTLD-PSP cases had slightly more severe dystrophy than 
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controls in FG, but scores were otherwise similar to controls, with only mild to moderate 

dystrophy in all regions. Dystrophy was rather variable across FTLD-MAPT cases, but 

overall dystrophy was more severe than controls in all regions. Despite these subtype 

specific patterns, there were no significant differences in dystrophy in any region 

between the four FTLD-tau subtypes, except for in TW, where FTLD-Picks cases had 

more severe dystrophy than FTLD-PSP cases.  

 

Grey versus white matter comparisons revealed that dystrophy was generally more 

severe in white than grey matter but again this varied regionally according to pathological 

subtype (Figure 6.3f). FTLD-Picks cases had more severe dystrophy in frontotemporal 

white than grey matter, whereas FTLD-CBD cases had more severe dystrophy only in 

FW than FG and FTLD-PSP cases only in TW than TG. FTLD-MAPT cases had similar 

dystrophy scores in grey and white matter of both lobes.  

 

Rod-shaped microglia were notably scarce in FTLD-Picks cases (present in TG of two 

cases only) and FTLD-PSP cases (in TG of one case). In contrast, all FTLD-CBD cases 

and four out of five FTLD-MAPT cases had multiple rod-shaped microglia in FG and TG, 

and all FTLD-MAPT cases had multiple rod-shaped microglia in FW or TW. Most FTLD-

Picks cases had numerous hypertrophic microglia in FG and TG, but these were typically 

not visible in FW or TW, where there was more severe dystrophy. Hypertrophic cells 

were infrequent or absent in other FTLD-tau subtypes. 

6.5.2.4 FTLD-TDP subtypes 

Dystrophy was more severe in most FTLD-TDP subtypes compared with controls in most 

regions, but this varied by pathological subtype (Figure 6.3g). FTLD-TDPA cases had 

more severe dystrophy than controls in all regions, but dystrophy was particularly severe 

in FTLD-GRN cases and in the FTLD-TDPA case with a TBK1 mutation, which had 

severe or very severe scores in all regions. Dystrophy in FTLD-TDPB cases differed from 
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controls only in FW and was more variable between cases. The sporadic FTLD-TDPB 

cases had moderate to severe dystrophy in all regions, worse in white matter. Of the 

three genetic FTLD-TDPB cases with C9orf72 expansions, one (with bvFTD) had mild 

dystrophy in three out of four regions but moderate dystrophy in TW, and the other two 

(bvFTD or FTD-MND) had moderate dystrophy in three regions but severe dystrophy in 

the remaining region (FW for bvFTD and TG for FTD-MND). FTLD-TDPC cases had 

more homogeneous dystrophy scores, with moderate to severe dystrophy, differing from 

controls in all regions. Although many FTLD-TDPA and FTLD-TDPC cases appeared to 

have more severe dystrophy in most regions than FTLD-TDPB cases, this was variable 

within each group and did not reach significance at a group level in any region.  

 

Grey versus white matter comparisons showed that dystrophy was generally more 

severe in FW than FG, but similar in TW and TG, in all FTLD-TDP subtypes (Figure 

6.3h). This difference was most noticeable for FTLD-TDPA cases, who typically had 

severe or very severe dystrophy in FW.  

 

The presence of rod-shaped microglia varied according to pathological subtype: several 

FTLD-TDPA cases had rod-shaped microglia, mainly those with C9orf72 expansions or 

sporadic cases. Occasional rod-shaped microglia were present in grey matter of sporadic 

FTLD-TDPB cases, but they were frequent in grey matter of all FTLD-TDPB cases with 

C9orf72 expansions. One FTLD-TDPC case had rod-shaped microglia in FG, but these 

were infrequent. All FTLD-TDPC cases had many hypertrophic microglia in 

frontotemporal grey and white matter (particularly white matter), whereas these were not 

seen frequently in FTLD-TDPA or FTLD-TDPB cases. 

6.5.2.5 Sporadic and genetic FTLD-TDPA subtypes 

Dystrophy was more severe in sporadic FTLD-TDPA and FTLD-GRN cases than 

controls in all regions, whereas FTLD-C9orf72 cases had more severe dystrophy than 
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controls only in the temporal lobe (Figure 6.3i). There was a suggestion of more severe 

dystrophy in FW of FTLD-GRN cases compared with FTLD-C9orf72 cases, although this 

did not reach significance, and dystrophy scores were otherwise similar between FTLD-

TDPA subtypes. However, dystrophy in sporadic cases was rather variable: three out of 

five cases (two FTD-MND and one nfvPPA) had moderate dystrophy in most regions but 

the other two cases (bvFTD) had severe or very severe dystrophy in all regions. In 

contrast, FTLD-GRN cases were more homogeneous, displaying severe or very severe 

dystrophy in all regions. 

 

Grey versus white matter comparisons revealed that all FTLD-TDPA subtypes had 

similarly severe dystrophy scores in grey and white matter, except for perhaps more 

severe dystrophy in FW than FG of FTLD-GRN cases, although this did not reach 

significance (Figure 6.3j).  

 

Occasional rod-shaped microglia were seen in FG of three out of five sporadic FTLD-

TDPA cases, but these were frequent in grey matter of FTLD-C9orf72 cases, particularly 

in FG. Rod-shaped microglia were not visible in any FTLD-GRN cases as extensive 

dystrophy disrupted cell structure. Hypertrophic microglia were not observed in any 

group. 

6.5.2.6 Genetic FTLD subtypes 

Dystrophy in FTLD-GRN cases differed significantly from controls in all regions, 

especially in white matter (Figure 6.3k; Figure 6.6). Although in this analysis FTLD-

C9orf72 cases had more severe dystrophy than controls in all regions (rather than just 

the temporal lobe), dystrophy appeared less consistently severe on an individual case 

basis than for FTLD-GRN cases (Figure 6.6). Dystrophy was also rather variable across 

FTLD-C9orf72 cases: out of three with FTD-MND, one had mild dystrophy in FG and TG 

but moderate dystrophy in FW and TW, the second had severe dystrophy throughout the 
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frontal lobe but moderate dystrophy in the temporal lobe, and the third had moderate 

dystrophy in FG but severe dystrophy in all other regions. The remaining two FTLD-

C9orf72 cases had nfvPPA; one had severe dystrophy in all regions except FW 

(moderate) and the other had mild dystrophy in FG, moderate in FW and TG and severe 

in TW. FTLD-MAPT cases had much more severe dystrophy in TW and more severe 

dystrophy in FG than controls (Figure 6.3k), although dystrophy was rather variable 

across cases. One FTLD-MAPT case had severe dystrophy in all regions, but others had 

either mild to moderate dystrophy or moderate to severe dystrophy in all regions.  

 

When comparing dystrophy across genetic subtypes, there was a suggestion of more 

severe dystrophy in FW of FTLD-GRN cases compared with FTLD-C9orf72 cases, 

although this was not significant (Figure 6.6). Although most FTLD-MAPT cases 

appeared to have less severe dystrophy than most FTLD-GRN or FTLD-C9orf72 cases, 

at the group level this did not reach significance in any region.   

 

Grey versus white matter comparisons revealed that dystrophy was similarly severe in 

grey and white matter in all genetic subtypes (Figure 6.3l; Figure 6.6). Although there 

was a suggestion of more severe dystrophy in FW than FG of FTLD-GRN cases, this did 

not reach significance.  

 

Frequent rod-shaped microglia were present in grey matter (FG and TG) of C9orf72 

expansion carriers with FTLD-TDPA. Although not included in the FTLD-C9orf72 group 

for the semi-quantitative dystrophy analysis, all three FTLD-TDPB cases with C9orf72 

expansions also had numerous rod-shaped microglia in grey matter. All five FTLD-MAPT 

cases had several rod-shaped microglia in white matter, and in four cases, these were 

also seen in grey matter. Rod-shaped microglia were not visible in any FTLD-GRN 

cases. Hypertrophic microglia were not observed in any genetic FTLD cases. 
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Control FTLD-GRN FTLD-C9orf72 FTLD-MAPT 

FG 

FW 

Figure 6.6 The severity of microglial dystrophy differed between controls and genetic FTLD subtypes 

Iba1-positive microglia with varying severities of dystrophy are visible in frontal grey matter (FG) and frontal white matter (FW) of controls and different genetic FTLD 
subtypes. In the FTLD-GRN case, there is particularly sparse, generalised punctate Iba1 staining, especially in FW, consistent with severe cellular disruption due to 
extensive dystrophy. Images were taken from the following cases (Appendix 1): control (case 4), FTLD-GRN (case 40, FTLD-TDPA), FTLD-C9orf72 (case 42, FTLD-
TDPA) and FTLD-MAPT (case 16). Several rod-shaped microglia can also be seen in FG of the FTLD-MAPT case (black arrows). Scale bar represents 50µm in all 
images. 
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6.6 Discussion 

This study is the first reported comprehensive assessment of microglial dystrophy and 

other microglial morphologies (rod-shaped and hypertrophic microglia) across the full 

spectrum of FTLD, in comparison with AD cases and controls. Dystrophy is more severe 

in FTLD and AD cases compared with controls, but similarly severe in FTLD overall and 

AD, and generally more severe in white than grey matter. However, the severity of 

dystrophy in FTLD and presence of rod-shaped and hypertrophic microglia varies 

regionally according to the underlying pathology, disease mechanism and gene 

mutation. Results are discussed sequentially, following the order in Figure 6.2, for each 

level of group comparison. 

6.6.1 Neurodegenerative disease groups 

Microglia in controls typically had ramified morphology and no or mild dystrophy in all 

regions, with continuous Iba1 staining along processes, as described previously (Davies 

et al., 2017; Streit et al., 2004). This ramified morphology is consistent with the low level 

of activation identified in controls in Chapter 5. Microglial dystrophy is present up to a 

mild degree in healthy individuals in their 60s (Bachstetter et al., 2015; Davies et al., 

2017; Streit et al., 2004) but increases with age. As the control group was relatively 

young (to match the FTLD group), the presence of minimal dystrophy is unsurprising. 

Age is thought to accelerate microglial senescence by leading to telomere shortening 

and cell disintegration (Streit et al., 2004). This impairs functions essential for microglia 

to support neurons, through changes in microglial morphology, motility, migration, 

intercellular communication, phagocytosis and proteostasis (Gentleman, 2013; Streit et 

al., 2009, 2014). In certain individuals with pre-existing genetic or environmental risk 

factors for protein aggregation or immune dysfunction, premature or excessive microglial 

senescence may occur earlier on during the aging process, perhaps initiating or 

compounding protein aggregation and neurodegeneration. This could initially occur in 

certain regions which are more sensitive to microglial dysfunction (Ayata et al., 2018; 
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Bonham et al., 2019; Böttcher et al., 2018; Friedman et al., 2018; Grabert et al., 2016; 

Keren-Shaul et al., 2017), perhaps underlying regional specificity for onset of certain 

neurodegenerative pathologies.   

 

FTLD and AD cases had more severe dystrophy than controls in all regions but, as 

predicted, the severity of dystrophy in FTLD varied regionally according to underlying 

pathology and disease mechanism. As demonstrated by later analyses, some FTLD 

subtypes (particularly FTLD-PSP) displayed only mild dystrophy in most regions, and 

others (such as FTLD-GRN and FTLD-Picks) displayed severe or very severe dystrophy 

in most regions. Few studies have examined dystrophy in FTLD, and these focused on 

genetic cases (Sakae et al., 2019b; Woollacott et al., 2018), so this is the first study to 

explore dystrophy across the full spectrum of disease. Several histological studies have 

described more severe dystrophy in AD than controls (Bachstetter et al., 2015; Davies 

et al., 2017; El Hajj et al., 2019; Lopes et al., 2008; Navarro et al., 2018; Sanchez-Mejias 

et al., 2016; Streit et al., 2009, 2014, 2018; Tischer et al., 2016) but these mostly 

analysed microglia in hippocampal regions. The present study extends this observation 

to frontotemporal regions, suggesting that by the end stage of AD, dystrophy has spread 

to other regions. 

 

Microglial dystrophy has not been compared previously between FTLD and AD, but as 

dystrophy was similarly severe in all regions in both groups, this suggests that there is a 

common mechanism of excessive microglial senescence in FTLD and AD, despite 

different pathologies. However, the variability in scores across cases within the large 

FTLD group may have led to a non-significant difference between FTLD and AD overall. 

Whether certain FTLD subtypes were associated with more severe microglial dystrophy 

compared with AD pathology was explored in later analyses. 
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The more significant dystrophy in frontotemporal white matter than grey matter of FTLD 

cases could be due to significant white matter pathology associated with FTLD. 

Alternatively, more pronounced microglial senescence in white matter could have itself 

contributed to pathology, leading to white matter vulnerability in FTLD. Significant 

dystrophy in white matter may explain the high burden of minimally activated phagocytic 

and antigen-presenting microglia present within white matter of FTLD cases identified in 

Chapter 5, as these were poorly functioning. In addition, more severe dystrophy in white 

matter likely underlies the similar burden of Iba1-positive microglia in frontal grey and 

white matter in most FTLD cases in Chapter 5, whereas other microglial phenotypes had 

a higher burden in white matter than grey matter. This is because extensive dystrophy 

severely disrupts the structure of Iba1-positive microglia, leading to very limited, patchy 

Iba1 staining and therefore low percentage area values in white matter. Using CD68 and 

CR3/43 (or other markers) to detect microglia, rather than Iba1, may therefore be a more 

reliable way to assess microglial burden in future histological studies where cases have 

significant dystrophy. The more severe dystrophy seen in TW than TG of AD cases could 

be related to a high burden of AD pathology in TW, as seen in histological and imaging 

studies (Lee et al., 2016; McAleese et al., 2015, 2017). 

 

AD cases had more severe dystrophy in all regions than controls. Although post-mortem 

studies generally examine individuals at the end stage of AD, numerous dystrophic 

microglia are also present in individuals with pre-clinical AD in the context of 

neurofibrillary tau pathology (Streit et al., 2018). Dystrophic microglia colocalise with tau 

deposition and precede the spread of tau pathology in established AD (Streit et al., 

2009). They appear early on related to phosphorylated tau aggregates in MAPT P301S 

models (van Olst et al., 2020), and microglial senescence is induced very early on by 

intraneuronal soluble phospho-tau in tau models (Sanchez-Mejias et al., 2016). This links 

tau, rather than Aβ, to widespread microglial dysfunction, senescence and dystrophy, 

and suggests microglial senescence may be an early contributor to neurodegeneration. 
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Aging microglia develop lipofuscin-like lysosomal inclusions arising from myelin 

fragmentation and accumulate lipid droplets (El Hajj et al., 2019; Marschallinger et al., 

2020). In mouse models of AD, aged microglia display reduced phagocytosis of Aβ and 

reduced motility and migration towards sites of injury (Spittau, 2017). This suggests that 

microglial lipid mishandling during aging may contribute to senescence, which directly 

impacts on microglial function, and this may be exacerbated in neurodegenerative 

disease cohorts. When senescent microglia are cleared pharmacologically, this reduces 

development of tau pathology (Bussian et al., 2018; Musi et al., 2018) and cortical 

atrophy (Musi et al., 2018), further strengthening a link between microglial failure, tau 

and neurodegeneration. Targeting lipid handling, lysosomal function or senescent 

microglia could therefore be useful therapeutic avenues in AD and other tauopathies. 

 

Rod-shaped microglia were infrequent in controls, which was unsurprising, as although 

rod-shaped microglia are present in cognitively normal controls in other studies, they 

increase with age (Bachstetter et al., 2017). Rod-shaped microglia in aged controls are 

thought to indicate attempts at protective remodeling of neuronal and synaptic circuitry 

following chronic, low-level neuronal injury that occurs with aging, to modify and protect 

surviving neurons via contact-dependent trophic support or mitochondrial transfer 

(Bachstetter et al., 2017). Genetic or environmental factors could modify microglial 

adoption of rod-shaped morphology in certain regions, which may impact on protection 

of neuronal function and regional vulnerability or resilience to neurodegenerative disease 

in aging individuals.   

 

Rod-shaped microglia were frequent in AD cases and have been observed in other 

studies of AD in the hippocampus (Bachstetter et al., 2015) and parietal cortex 

(Bachstetter et al., 2017), co-located with Aβ and tau pathology (Bachstetter et al., 2017). 

In the present study, rod-shaped microglia were frequently present in grey matter, 

particularly TG (but also FG), of AD cases, perhaps as AD pathology is commonly seen 
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in TG. However, rod-shaped microglia were not present in all AD cases, consistent with 

other studies (Bachstetter et al., 2015). Their presence may be region-specific in different 

individuals (Bachstetter et al., 2017), perhaps contributing further to the heterogeneity of 

pathology and clinical presentations in individuals with similar burdens of AD pathology.   

 

Rod-shaped microglia were variably present in FTLD cases, typically in grey matter, with 

certain subtypes such as FTLD-TDPA or FTLD-TDPB cases with C9orf72 expansions, 

FTLD-CBD cases and FTLD-MAPT cases displaying many rod-shaped microglia, and 

others few or none. Only two studies have examined rod-shaped microglia in FTLD (Mao 

et al., 2019; Sakae et al., 2019b). Both found many rod-shaped microglia in FTLD-TDPA 

cases with GRN mutations, more so than sporadic FTLD-TDPA cases (Mao et al., 2019) 

or cases with C9orf72 expansions (Sakae et al., 2019b), but other FTLD subtypes were 

not explored, and the link between rod-shaped microglia and specific pathologies 

remains unclear. Certain FTLD subtypes (mainly FTLD-Picks and FTLD-TDPC) had very 

hypertrophic microglia in frontotemporal grey matter, suggestive of primed, activated 

microglia, but these were not present in other subtypes or in AD cases. The role of 

hypertrophic versus amoeboid microglia remains unclear, but variability in microglial 

morphology across the spectrum of FTLD may be due to different pathologies or gene 

mutations being associated with differing degrees of microglial activation, as discussed 

in Chapter 5.  

6.6.2 Main FTLD subtypes 

FTLD-tau, FTLD-TDP and FTLD-FUS cases had more severe dystrophy than controls 

in most regions, and dystrophy was similar severe between AD cases and each FTLD 

subtype in each region. This suggests that tau, TDP-43 and FUS pathology are 

associated with similar degrees of microglial dysfunction as AD pathology in these 

regions. However, the severity of microglial dystrophy differed in frontal regions and TG 

between FTLD-TDP and FTLD-tau cases, and (in later analyses) between various FTLD-
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tau and FTLD-TDP subtypes, particularly in white matter, which was not detectable at 

the group level, so there still seems to be pathology-related differences in microglial 

senescence. Dystrophy in FTLD-FUS cases appeared homogeneous, which was 

unsurprising given that this group had more homogeneous pathology (aFTLD-U) and 

clinical syndromes (bvFTD) than the diverse FTLD-TDP and FTLD-tau groups.  

 

The more extensive dystrophy in the frontal lobe and TG of FTLD-TDP compared with 

FTLD-tau cases likely arose from the FTLD-TDPA cases, especially genetic cases with 

FTLD-GRN or FTLD-C9orf72, which had severe dystrophy. This suggests that TDP-43 

pathology is particularly associated with microglial senescence in frontal regions. 

However, dystrophy did not significantly differ between FTLD-TDP and FTLD-tau cases 

in TW, most likely as certain FTLD-tau subtypes (particularly FTLD-Picks or FTLD-

MAPT) had extensive dystrophy in this region. This may relate to a high tau burden in 

TW, especially in FTLD-MAPT cases with 10+16 mutations (Lant et al., 2014; Pickering-

Brown et al., 2002), and an association of tau with significant microglial dysfunction and 

senescence (Bussian et al., 2018; Musi et al., 2018; Sanchez-Mejias et al., 2016; Streit 

et al., 2009, 2018; van Olst et al., 2020). 

 

Dystrophy was more severe in white than grey matter in FTLD-tau and FTLD-TDP, as 

seen in FTLD overall. This supports findings of poor activation of all microglial 

phenotypes in white matter in FTLD-tau and FTLD-TDP cases in Chapter 5, and 

hypotheses of greater microglial dysfunction in white matter. In contrast, dystrophy was 

similarly severe in grey and white matter in FTLD-FUS cases, perhaps due to less severe 

white matter pathology (Rohrer et al., 2011). 

 

Rod-shaped microglia were variably present according to FTLD-tau or FTLD-TDP 

subtype; they were prominent in FTLD-CBD and FTLD-MAPT cases and in FTLD-TDPA 

or FTLD-TPDB cases with C9orf72 expansions. They were also present in FG of two of 
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the four FTLD-FUS cases, where pathology is often severe (Rohrer et al., 2011). 

Hypertrophic microglia were seen in grey and white matter of the other two FTLD-FUS 

cases (which lacked rod-shaped microglia) suggesting that unknown factors differentially 

influence microglia even in individuals with the same pathology and clinical presentation. 

Hypertrophic microglia were prominent in FTLD-Picks and FTLD-TDPC cases but not 

present in other FTLD-tau or FTLD-TDP subtypes. It remains unclear what determines 

development and maintenance of microglia with rod-shaped or hypertrophic morphology 

and how these are linked to pathology, neuronal remodeling or neurodegeneration. 

6.6.3 FTLD-tau subtypes  

Dystrophy was more severe in most FTLD-tau subtypes compared with controls in most 

regions and was generally more severe in white than grey matter. However, this varied 

regionally according to FTLD-tau subtype, matching regional pathology patterns 

described in other histological studies of tauopathies (Irwin et al., 2016; Ishizawa and 

Dickson, 2001; Komori, 1999; Pickering-Brown et al., 2002; Rohrer et al., 2011; Schofield 

et al., 2003; Zhukareva et al., 2002). Surprisingly, there was no significant difference in 

dystrophy scores between the four FTLD-tau subtypes in each region, except for in TW, 

where FTLD-Picks cases had more severe dystrophy than FTLD-PSP cases. However, 

there was large variability in dystrophy scores within certain subtypes such as FTLD-

MAPT cases, which may have limited power to detect subtle differences when compared 

with other subtypes, given the small number of cases in each group.  

 

FTLD-Picks cases had much more severe dystrophy than controls in all regions, 

particularly in FW. This is consistent with florid frontotemporal grey and white matter 

pathology and common bvFTD presentations in FTLD-Picks cases (Irwin et al., 2016; 

Mimuro et al., 2010; Zhukareva et al., 2002). Profound selective microglial dysfunction 

or senescence may underlie particular white matter vulnerability to pathology in FTLD-

Picks cases (Kneynsberg et al., 2017; Zhukareva et al., 2002). In Chapter 5, a particularly 
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high burden of phagocytic and antigen-presenting microglia was noted in FW of FTLD-

Picks cases, with florid activation of phagocytic microglia but limited activation of antigen-

presenting microglia in FW and TW. However, the severe dystrophy observed here 

suggests that microglia (and perhaps antigen-presenting cells in particular) are very 

dysfunctional. The very severe dystrophy in FW also explains the apparently low burden 

of Iba1-positive microglia in this region in Chapter 5.   

 

FTLD-CBD cases had less pronounced dystrophy, but dystrophy was severe in FW, 

differing significantly from controls in this region. This pattern is consistent with significant 

pathology in FW in CBD studies (Ishizawa and Dickson, 2001; Komori, 1999). In Chapter 

5, phagocytic microglia were not more activated (despite a higher burden) than controls 

in the frontal lobe, and antigen-presenting microglia were poorly activated in FW. It is 

possible that FTLD-CBD is associated with premature failure of phagocytic or antigen-

presenting microglia in frontal regions, particularly in white matter, leading to frequent 

frontal pathology and presentations with nfvPPA or bvFTD (Lashley et al., 2015).  

 

FTLD-PSP cases had mild to moderate dystrophy in most regions, differing significantly 

from controls only in FG. This may have been due to less regional tau pathology, as most 

cases had the PSP-Richardson syndrome variant of PSPS and hence greater subcortical 

pathology. Alternatively, cortical microglial dysfunction may not play a major role in 

development of FTLD-PSP, as suggested by other histological (Fernández-Botrán et al., 

2011; Ishizawa and Dickson, 2001) and microglial PET (Passamonti et al., 2018) studies. 

It would be useful to study microglial dystrophy in other subcortical and deep white matter 

regions in FTLD-PSP cases, to see if the extent of dystrophy correlates with pathology 

here. 

 

Dystrophy in the FTLD-MAPT group was more variable across cases than for other 

FTLD-tau subtypes. However, overall, FTLD-MAPT cases had more severe dystrophy 
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than controls in all regions, particularly in TW. Dystrophy has not been explored in MAPT 

10+16 mutation carriers previously, but dystrophy may be particularly severe in TW as 

tau burden is high here (Lant et al., 2014; Pickering-Brown et al., 2002), and tau is closely 

linked to microglial senescence, as discussed above. It remains unclear why dystrophy 

was so variable between cases; there may be environmental or genetic factors which 

impact on the transition from heightened microglial activation, which occurs 

presymptomatically in MAPT 10+16 mutation carriers (Bevan-Jones et al., 2019), to 

microglial dysfunction and senescence.  

 

All FTLD-tau subtypes except FTLD-MAPT cases had more severe dystrophy in white 

matter than grey matter. However, this varied regionally according to subtype: in FTLD-

Picks cases, dystrophy was more severe in both FW and TW, in FTLD-CBD cases only 

in FW, and in FTLD-PSP cases only in TW, and in FTLD-MAPT cases, scores were 

similarly severe in grey and white matter. Microglial senescence in white matter may vary 

regionally due to differential effects of the various tau isoforms (including the extent of 

glial involvement) in each region. Alternatively, pre-existing regional vulnerability in 

microglia and differential senescence rates could contribute to regional development of 

specific tau pathologies in certain cell types. This could be explored in cell models, 

including microglia derived from iPSCs obtained from individuals with each FTLD-tau 

subtype and different MAPT mutations. 

 

Other morphologies such as rod-shaped or hypertrophic microglia also varied between 

FTLD-tau subtypes. Rod-shaped microglia were scarce in FTLD-Picks and FTLD-PSP 

cases, but all FTLD-CBD and most FTLD-MAPT cases had several rod-shaped microglia 

in grey matter, with additional rod-shaped microglia in white matter of all FTLD-MAPT 

cases. This suggests that certain tauopathies are associated with persistent attempts at 

neuronal repair in highly affected areas. This has not been explored in FTLD-tau 

previously, although other studies have found that presence of rod-shaped microglia 
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varies between individuals with FTLD-TDPA due to different disease mechanisms (Mao 

et al., 2019; Sakae et al., 2019b). Most FTLD-Picks cases had numerous hypertrophic 

microglia in grey matter, but these were not present in other FTLD-tau subtypes. This 

suggests that FTLD-Picks pathology is associated with heightened activation of certain 

microglial phenotypes, as supported by analyses of phagocytic microglia in Chapter 5. 

6.6.4 FTLD-TDP subtypes 

Microglial dystrophy was present in all FTLD-TDP subtypes but was particularly severe 

in the frontal lobe of FTLD-TDPA and FTLD-TDPC cases and in the temporal lobe of 

FTLD-TDPC cases. FTLD-TDPA and FTLD-TDPC cases had more severe dystrophy 

than controls in all regions, whereas FTLD-TDPB cases only differed from controls in 

FW. Although several FTLD-TDPA and FTLD-TDPC cases appeared to have much more 

severe dystrophy than FTLD-TDPB cases, overall dystrophy did not significantly differ 

between FTLD-TDP subtypes in any region. This may have been due to significant 

intragroup variability in dystrophy scores, particularly within the large and diverse FTLD-

TDPA group, and inclusion of both sporadic and genetic cases within FTLD-TDPA and 

FTLD-TDPB groups. This emphasises the importance of analysing cases with different 

disease mechanisms separately in histological studies wherever possible.  

 

FTLD-TDPA was associated with particularly severe dystrophy in all regions, but this 

varied according to the disease mechanism, as explored later. The single TBK1 mutation 

case (which was not included in group analyses) had extensive dystrophy in all regions, 

perhaps due to the combined role of this gene in immune and lysosomal pathways 

(Ahmad et al., 2016). In contrast, dystrophy in FTLD-TDPB cases only differed from 

controls in FW, perhaps due to significant frontal pathology (three had FTD-MND and 

two bvFTD). Although dystrophy was not compared semi-quantitatively between FTLD-

TDPB subtypes due to small numbers, the two sporadic cases, both of whom had FTD-

MND, had moderate to severe dystrophy in all regions, worse in white matter. This was 
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unsurprising given that MND is associated with significant microglial dysfunction in both 

grey and white matter (Brettschneider et al., 2012). However, surprisingly, dystrophy 

severity varied considerably in each region across the three genetic FTLD-TDPB cases 

with the C9orf72 expansion. Microglial dystrophy has not been explored previously in 

sporadic or genetic FTLD-TDPB, but regional variations in dystrophy could be due to 

different clinical syndromes and regional pathology burdens, or may be affected by 

genetic or other factors influencing regional effects of the C9orf72 expansion on 

microglial function (Burberry et al., 2020).  

 

FTLD-TDPC cases had more severe dystrophy than controls in all regions. 

Unsurprisingly, this was less variable across cases than in FTLD-TDPA or FTLD-TDPB, 

given the similar clinical presentations (all svPPA) and pathology patterns within this 

group. Dystrophy was particularly severe in the temporal lobe; early microglial 

senescence here could underlie an initial predilection for FTLD-TDPC pathology in this 

region (Rohrer et al., 2011), or could have developed due to a high burden of focal TDP-

43 pathology. Dysfunction of the many antigen-presenting microglia present in these 

cases (which were poorly activated in Chapter 5) could lead to altered presentation of 

self-antigens in the CNS and altered TDP-43 clearance. If dysfunction of systemic 

macrophages presenting self-antigens to T cells in the thymus also occurs early on, this 

could be linked to the increased prevalence of systemic autoimmune disease seen in 

svPPA (Miller et al., 2013) due to reduced development of immune tolerance.  

 

Dystrophy was more severe in white than grey matter for all FTLD-TDP subtypes, but 

only within the frontal lobe. Extensive dystrophy in FW of the five FTLD-GRN cases, one 

TBK1 case, and most sporadic FTLD-TDPA cases likely contributed to this pattern for 

the FTLD-TDPA group. This may underlie the many poorly activated phagocytic and 

antigen-presenting microglia in FW of FTLD-TDPA cases in Chapter 5. Pathology is 

particularly severe in FW of FTLD-TDPA cases, more so than in other FTLD-TDP 
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subtypes (Geser et al., 2009), and this could be due to, or contribute to, greater microglial 

senescence.  Both sporadic (Rohrer et al., 2011) and genetic (Jiskoot et al., 2018; Sudre 

et al., 2017a, 2019; Woollacott et al., 2018) FTLD-TDPA cases have significant 

neuroimaging abnormalities in FW, including presymptomatic GRN mutation carriers 

(Jiskoot et al., 2018; Sudre et al., 2019). These results support the hypothesis in Chapter 

4 that early white matter changes in the frontal lobes of GRN mutation carriers may be 

due to early, regionally selective microglial senescence, and extends this to other causes 

of FTLD-TDPA.  

 

Rod-shaped microglia were present in grey matter of FTLD-TDP cases, but this varied 

according to subtype and disease mechanism. They were numerous in grey matter of 

FTLD-TDPA and FTLD-TDPB cases with C9orf72 expansions, occasionally present in 

FG of sporadic FTLD-TDPA cases and FG or TG of some sporadic FTLD-TDPB cases, 

but rare in FTLD-TDPC cases. They were not seen in any FTLD-TDPA cases with GRN 

or TBK1 mutations, although extensive dystrophy likely precluded their detection. Other 

studies of FTLD-TDPA have shown rod-shaped microglia in the hippocampi of sporadic 

cases and genetic cases with GRN mutations (Mao et al., 2019) and in cortical areas of 

cases with GRN or C9orf72 mutations (Sakae et al., 2019b), but rod-shaped microglia 

have not been examined previously in FTLD-TDPB or FTLD-TDPC cases. The relevance 

of variations in presence of these cells across the spectrum of FTLD-TDP remains 

unclear, although their prominence in C9orf72 expansion carriers is intriguing. All FTLD-

TDPC cases had several hypertrophic microglia in grey and white matter, which were 

not prominent in FTLD-TDPA or FTLD-TDPB cases. Why hypertrophic cells would be 

particularly upregulated in association with FTLD-TDPC remains unclear. 

6.6.5 Sporadic and genetic FTLD-TDPA subtypes 

Most FTLD-GRN cases and several sporadic FTLD-TDPA cases had very severe or 

severe dystrophy in all regions, particularly in FW, with severe cytorrhexis similar to 
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Down’s syndrome cases (Streit et al., 2009). Several FTLD-TDPA cases had such faint 

Iba1 staining that new sections were re-stained several times in different experiments in 

case immunohistochemistry had failed (despite positive controls staining well). However, 

the same staining pattern appeared, confirming that severe cellular disruption was 

present. Extensive dystrophy could explain findings in Chapter 5 of many poorly 

activated antigen-presenting microglia in sporadic FTLD-TDPA cases, and many poorly 

activated phagocytic microglia in FTLD-GRN cases, especially in FW. It may also explain 

the relatively high burden of Iba1-positive microglia in the frontal lobe of FTLD-C9orf72 

cases, as dystrophy was less severe here, only differing from controls in the temporal 

lobe. 

 

Dystrophy was variable in each region across cases within the sporadic FTLD-TDPA 

group, perhaps due to differences in the location of pathology or other factors (such as 

unknown genetic variants) differentially influencing microglial senescence in apparently 

sporadic disease. Variability was also seen in the FTLD-C9orf72 group, perhaps due to 

modification of the effects of the C9orf72 expansion on microglia by other environmental 

or genetic factors. In contrast, in the FTLD-GRN group, dystrophy was much more 

homogeneous, suggestive of extensive microglial senescence in frontotemporal regions 

associated with this mutation, particularly in white matter, as hypothesised in Chapter 4. 

Dystrophy did not differ significantly between genetic and sporadic FTLD-TDPA 

subtypes, although as many had maximally severe dystrophy scores, this was 

unsurprising. Although several FTLD-GRN cases appeared to have more severe 

dystrophy in FW compared with FTLD-C9orf72 cases, at the group level, scores did not 

differ significantly.  

 

Despite more severe dystrophy in FW than FG of FTLD-TDPA cases overall, this was 

not seen in the FTLD-TDPA subtype analysis. Although several FTLD-GRN cases 

appeared to have more severe dystrophy in FW than FG, this did not reach significance 
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at the group level. Small group sizes and more variability in scores across cases may 

have reduced power to detect more subtle differences between areas in each group, 

although as dystrophy in FW of most FTLD-GRN cases was particularly severe, perhaps 

GRN mutations are associated with a regional predilection for microglial senescence and 

pathology in FW. This could explain the prominence of frontal WMH on MRI in 

symptomatic GRN mutation carriers, which is not seen in symptomatic C9orf72 

expansion carriers (Sudre et al., 2017a). 

 

Occasional rod-shaped microglia were seen in FG of most sporadic FTLD-TDPA cases, 

but these were numerous in grey matter of most FTLD-C9orf72 cases and not seen in 

any FTLD-GRN cases. Although dystrophy has not been previously been explored in 

sporadic FTLD-TDPA, rod-shaped microglia do vary within hippocampal sub-regions 

between sporadic FTLD-TDPA and FTLD-GRN cases, with the former having frequent 

rod-shaped microglia in the subiculum and few in CA1, and the latter, the opposite 

pattern (Mao et al., 2019). This suggests that different disease mechanisms affect 

microglial morphology at the sub-regional level within the same pathological subtype. 

Others have found more rod-shaped microglia in the middle frontal cortex of FTLD-GRN 

cases compared with controls and FTLD-C9orf72 cases (Sakae et al., 2019b), but FTLD-

GRN cases had extensive dystrophy in the present study, which may have precluded 

their detection. Hypertrophic microglia were not present in any FTLD-TDPA subtype; this 

may have been due to extensive dystrophy precluding identification, or, given that 

hypertrophic cells were still seen in FTLD-TDPC cases (who also had severe dystrophy), 

there may be a true lack of hypertrophic microglia in individuals who develop FTLD-

TDPA, although reasons for this remain clear. 

6.6.6 Genetic FTLD subtypes 

This study extends the very few previous studies of microglial dystrophy in genetic FTLD, 

which have focused on FTLD-GRN (Sakae et al., 2019b; Woollacott et al., 2018) or 



264 

 

FTLD-C9orf72 (Sakae et al., 2019b) cases, and describes dystrophy and rod-shaped 

microglia in FTLD-MAPT cases for the first time.  

 

FTLD-GRN cases had much more severe dystrophy than controls in all regions, 

particularly in FW, where there was typically punctate, diffuse Iba1 staining consistent 

with total loss of cell integrity (Streit et al., 2009). In the single FTLD-GRN case in Chapter 

4, dystrophy severity varied regionally and was worst in FW, correlating with the severity 

of histopathological changes in grey and white matter (TDP-43 burden, neuronal loss 

and demyelination) and neuroimaging changes in grey and white matter (cortical atrophy 

and WMH) (Woollacott et al., 2018). Inclusion of further cases in this study has allowed 

confirmation that extensive dystrophy in FW is a typical pattern in GRN mutation carriers. 

Another study found more severe dystrophy in middle frontal cortical grey matter of 

FTLD-GRN cases compared with controls, but dystrophy was similar between FTLD-

GRN and FTLD-C9orf72 cases, although subcortical white matter was not examined 

(Sakae et al., 2019b). In the present study, there was particularly severe dystrophy in 

FW of FTLD-GRN cases, with a suggestion of slightly less severe dystrophy in FW of 

FTLD-C9orf72 cases. This highlights FW as a region that is particularly vulnerable to 

microglial senescence in GRN mutation carriers, and this is likely to be due to the 

mutation itself (rather than differences in pathology) as both groups had FTLD-TDPA.  

 

Recently, lipid droplet accumulating microglia have been implicated in the pathogenesis 

of FTLD due to GRN mutations. Although these were previously identified in aging 

(Marschallinger et al., 2020) and AD (El Hajj et al., 2019; Srinivasan et al., 2020), 

microglia in GRN -/- mice display severe accumulation of lipids, significant defects in 

phagocytosis, and excessive proinflammatory cytokines (Marschallinger et al., 2020). 

There is also microglial lipofuscin accumulation (Tanaka et al., 2014) and foam cell 

formation in progranulin deficient macrophages (Nguyen et al., 2018) and accumulation 

of triacylglycerides in fibroblast and lysosomal lipidomes in humans and mice with GRN 
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mutations (Evers et al., 2017). Impaired lipid handling likely contributes to the significant 

lysosomal dysfunction observed in progranulin deficient microglia (Evers et al., 2017; 

Tanaka et al., 2014; Ward et al., 2017; Wils et al., 2012). Profound microglial dystrophy 

in FTLD-GRN cases could therefore arise from regionally altered microglial lipid 

metabolism contributing to, or exacerbated by, microglial lysosomal failure. Ameliorating 

these processes and reducing premature microglial senescence should be key 

therapeutic targets for study in GRN cell and mouse models, particularly in microglia 

derived from iPSCs obtained from human GRN mutation carriers. 

 

Although dystrophy in FTLD-C9orf72 cases was overall more severe than controls in all 

regions, dystrophy was rather variable between cases. Another study has found that 

FTLD-C9orf72 cases had more severe dystrophy than controls in the middle frontal 

cortex, but dystrophy was not explored in subcortical white matter or other regions 

(Sakae et al., 2019b). Interestingly, individuals with MND due to C9orf72 expansions 

have microglial dysfunction in the frontal cortex, even in clinically unaffected regions  

(Cooper-Knock et al., 2012; O’Rourke et al., 2016; Umoh et al., 2017), suggesting this 

occurs before significant neurodegeneration. Multiple mouse models indicate that 

C9orf72 expansions cause microglial dysfunction through altered immune pathways, or 

lysosomal or autophagy mechanisms (Amick and Ferguson, 2017; Rostalski et al., 

2019). However, microglial senescence may be modified by variants in genes that affect 

microglial lysosomal pathways in the presence of a C9orf72 expansion, such as 

TMEM106B (Busch et al., 2016). A recent study showed that microglia in the spinal cord 

of a C9orf72 mutant mouse model of ALS were modified by the mouse gut microbiome, 

with two identical mouse models at different institutions displaying completely different 

degrees of microglial activation, immune dysfunction and motor phenotypes due to 

different gut bacteria, which was modifiable by antibiotic therapy (Burberry et al., 2020). 

This suggests that environmental factors substantially modulate microglial dysfunction 

in the presence of a C9orf72 expansion. Microglial senescence could therefore vary 
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regionally and between different C9orf72 expansion carriers, so that certain individuals 

initially develop either frontotemporal cortex, or motor cortex, or spinal cord pathology. 

 

Dystrophy in FTLD-MAPT cases was more severe than controls in FG and TW but was 

also rather variable across cases. As discussed in Section 6.6.3, areas of most severe 

dystrophy in FTLD-MAPT cases were matched to areas known to have a high tau 

burden, such as TW (Lant et al., 2014; Pickering-Brown et al., 2002). Despite seemingly 

less extensive dystrophy in many FTLD-MAPT cases, dystrophy scores did not differ 

significantly in any region from FTLD-GRN or FTLD-C9orf72 cases. This may have been 

due to the variability of dystrophy across cases, combined with small group sizes, limiting 

power. Multiple studies link microglial dysfunction and senescence to tau pathology, 

including in MAPT models (Bussian et al., 2018; van Olst et al., 2020), and clearance of 

senescent cells prevents this (Bussian et al., 2018), so anti-senescence therapies may 

also be a promising approach for further exploration in MAPT 10+16 mouse or cell 

models.  

 

Dystrophy was similarly severe in white and grey matter in most genetic groups (contrary 

to other group analyses). This may have been due to small group sizes and subtle 

differences in (predominantly severe) dystrophy scores between areas in these cases. 

Dystrophy has not been compared between grey and white matter in genetic FTLD 

previously, except in Chapter 4, where dystrophy was also more severe in FW than FG 

in a FTLD-GRN case (Woollacott et al., 2018). Only GRN mutation carriers display 

significant WMH in frontal regions (Sudre et al., 2017a), and although C9orf72 expansion 

and MAPT mutation carriers display early white matter neuroimaging abnormalities, 

including WMH, this is typically in deep subcortical (C9orf72) or more posterior (C9orf72) 

or temporal (MAPT) regions (Jiskoot et al., 2018; Papma et al., 2017; Sudre et al., 

2017a). Histological studies of microglia in brain regions typically affected by each of 

these mutations, such as the thalami, parietal lobes, cerebellum or hippocampi, may be 
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useful to explore whether regional patterns of microglial dystrophy in grey and white 

matter match regional neuroimaging and pathological changes across genetic FTLD 

subtypes. 

 

Rod-shaped microglia were frequently present in frontotemporal grey matter of FTLD-

C9orf72 cases with either FTLD-TDPA or FTLD-TPDB, in white matter of all FTLD-MAPT 

cases, and in grey matter of nearly all FTLD-MAPT cases. They were not seen in any 

FTLD-GRN cases, but extensive cell disruption likely precluded identification. Others 

have found many rod-shaped microglia in the hippocampal CA1 region of FTLD-GRN 

cases but few in the subiculum (Mao et al., 2019), or more rod-shaped microglia in the 

middle frontal cortex of FTLD-GRN cases compared with FTLD-C9orf72 cases and 

controls (Sakae et al., 2019b). Rod-shaped microglia have not been described in FTLD-

MAPT cases previously but seem to be prominent in both grey and white matter. Whether 

specific mutations are linked to increased formation of rod-shaped microglia, and how 

this links to regional neurodegeneration patterns in genetic FTLD, remain unclear. 

Hypertrophic microglia were not observed in any genetic group, supporting quantitative 

findings of limited microglial activation in most genetic FTLD cases in Chapter 5, although 

these may have been difficult to identify in many genetic cases due to the degree of 

dystrophy. 

 

In conclusion, microglial dystrophy is present in genetic FTLD, but varies regionally, and 

is particularly extensive in FTLD-GRN cases, perhaps due to the combined role of 

progranulin in immune pathways, lysosomal function and microglial lipid handling. 

Dystrophy is more variable within FTLD-C9orf72 and FTLD-MAPT groups and this could 

be linked to phenotypic variability. Dystrophy is particularly severe in FW of FTLD-GRN 

cases, more so than FTLD-C9orf72 cases, indicating a region-specific, mutation-specific 

effect of progranulin deficiency on microglial function. Variations in regional dystrophy 

patterns and presence of rod-shaped microglia across genetic FTLD subtypes suggest 
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that there may be regionally selective microglial dysfunction or senescence associated 

with different mutations. In addition to the regional alterations in microglial burden and 

activation observed in Chapter 5, this may contribute to differences in grey and white 

matter pathology, neuroimaging abnormalities and clinical presentations between GRN, 

C9orf72 and MAPT mutation carriers.  

6.7 Limitations and future work 

This study has several advantages compared with previous studies of dystrophy in 

FTLD. First, dystrophy has not previously been examined across such a wide range of 

FTLD subtypes, in such clinically relevant regions, in both grey and white matter, or in 

FTLD versus AD. Rod-shaped microglia have also barely been explored in FTLD. The 

findings of this study support the concept that microglial senescence is present in both 

FTLD and AD and excessive compared with controls. Second, comparison of FTLD 

subtypes at a pathological, disease mechanism and mutation-specific level has enabled 

understanding that dystrophy varies regionally in FTLD and that this may be linked to 

pathological subtype or due to mutation-specific effects on microglial function. Third, it 

has demonstrated that rod-shaped microglia are more prominent in certain subgroups 

such as C9orf72 or MAPT mutation carriers, and hypertrophic microglia are prominent 

in FTLD-Picks or FTLD-TDPC cases. Although the role of cells with these morphologies 

remains unclear, future studies may explore how these phenotypes are involved in 

neuronal remodeling and axonal transport. Finally, concurrent examination in Chapter 5 

of other microglial parameters within the same cohort and brain regions has enabled 

appreciation of how regional changes in microglial burden and activation state could be 

linked to changes in microglial dystrophy. Extensive dystrophy may explain why limited 

microglial activation was present in many FTLD subtypes in Chapter 5, supporting 

increasing evidence that microglial senescence, rather than chronic activation, 

contributes to neurodegenerative disease. 
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There are some limitations, most of which were discussed in Chapter 5. Replication is 

needed in a larger cohort, across a wider selection of regions, with concurrent correlation 

with other pathological changes, to aid understanding of whether dystrophy is associated 

with regional pathology patterns. Analysis of dystrophy in unaffected ‘control’ regions 

such as the cerebellum (mostly spared in FTLD, except in FTLD-C9orf72 cases) would 

increase confidence that changes in microglia are specific to clinically and pathologically 

affected regions, but this was not possible to do within the timeframe available.  

 

As substantial dystrophy was present in many FTLD and AD cases, this raises the 

question of how reliable quantitative assessments of the burden of Iba1-positive 

microglia are in histological studies of individuals with neurodegenerative disease. 

Reduced Iba1 staining when dystrophy was severe likely under-represented the burden 

of Iba1-positive microglia in certain regions in some groups in Chapter 5, and this is likely 

to be the case in other studies. In addition, dystrophic Iba1-positive microglia were also 

not morphological normal and cell boundaries were often highly disrupted, which would 

have affected cell circularity and perimeter measurements and led to the appearance of 

over- or under-activated morphology. However, in Chapter 5 two other microglia markers 

(CD68 and CR3/43) were also used in the same cohort to assess microglial burden and 

activation. These bind to the cell cytoplasm and membrane of microglia (respectively) 

and are less affected by dystrophy (Tischer et al., 2016), so will have allowed a more 

reliable assessment of burden and activation in the same regions. These factors 

emphasise the importance of using a variety of microglial markers when analysing 

microglia in post-mortem brain tissue and appreciation of the advantages and 

disadvantages of different markers and quantitative analysis techniques.  

 

Semi-quantitative scoring systems, as used here to assess dystrophy, are potentially 

subject to rater bias, and as visual assessment was performed across ten randomly 

selected squares in a region, this only captured a general sense of severity in a region, 
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whereas dystrophy may vary intra-regionally. However, these systems have been used 

in many other histological studies assessing morphological changes in microglia to 

determine regional activation states, including in FTLD (Lant et al., 2014; Taipa et al., 

2017). Given the technical complexity of quantitatively assessing all dystrophic changes 

(El Hajj et al., 2019), and the fact that this study was carried as an extension study after 

the author had noted disrupted staining and abnormal morphology of Iba1-positive 

microglia in certain FTLD subtypes during the analysis for Chapter 5, this approach was 

felt to be a satisfactory and pragmatic way to carry out an initial, exploratory study of 

dystrophy within the timeframe available. 

 

Although morphological changes in microglia suggestive of dystrophy are thought to 

represent cellular senescence or dysfunction of microglia (Streit et al., 2004), this 

remains unconfirmed, and cannot be substantiated by a histological study of this nature. 

Comparison of mechanisms of phagocytosis, antigen presentation and other key 

microglial supportive and immune functions through use of models of cellular 

senescence in FTLD, corroborated by evidence of dystrophy in brain tissue, would be 

useful to investigate this further.   

 

Future studies should explore mechanisms of microglial and lysosomal dysfunction and 

senescence in FTD, and the impact of genetic variants and environment on these 

processes. Use of neuronal and glial cell models of the different FTLD pathologies, 

especially iPSCs derived from fibroblasts within skin biopsies obtained from PMC and 

symptomatic individuals at different stages of sporadic and genetic FTLD, could explore 

how and when microglial dysfunction or senescence relate to onset of different neuronal 

and glial pathological inclusions and lead to neurodegeneration over time.  
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6.8 Publications relating to this chapter 

The work presented in this chapter, combined with the study in Chapter 5, has been 

published as: 

 

Woollacott IOC et al. (2020) Microglial burden, activation and dystrophy patterns in 

frontotemporal lobar degeneration. Journal of Neuroinflammation.17:234. 
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7 CSF glia-derived biomarkers in sporadic and genetic FTD 

7.1 Chapter summary 

Introduction: Chronic glial dysfunction may contribute to the pathogenesis of FTD. 

Levels of glia-derived biomarkers including sTREM2, YKL-40 and chitotriosidase are 

increased in CSF in AD cohorts but have not been explored in detail across the clinical 

or genetic spectrum of FTD. 

  

Methods: Immunoassays were used to measure levels of glia-derived (sTREM2, YKL-

40 and chitotriosidase) and neurodegenerative (T-tau, P-tau and Aβ42) biomarkers in 

CSF of 18 healthy controls (17 for sTREM2) and 64 individuals with clinical diagnoses 

of FTD (bvFTD, n=20; PPA, n=44: nfvPPA, n=16, svPPA, n=11, lvPPA, n =14, PPA-

NOS, n=3). 10/64 individuals had genetic FTD, with mutations in GRN (n=3), MAPT 

(n=4), or C9orf72 (n=3). 15/64 individuals had a CSF neurodegenerative biomarker 

profile consistent with AD pathology. Multivariable linear regressions were used to 

examine associations of glia-derived biomarkers with age, disease duration and 

neurodegenerative biomarkers, and between YKL-40 and chitotriosidase levels. Glia-

derived biomarker levels were compared between individuals with FTD and controls, 

across different clinical and genetic subtypes of FTD, and between individuals with 

clinical FTD syndromes due to likely AD versus non-AD (FTLD) pathology (based on 

CSF neurodegenerative biomarkers). 

 

Results: sTREM2 and YKL-40, but not chitotriosidase, levels were positively associated 

with age, and sTREM2 levels were negatively associated with disease duration. YKL-40 

and chitotriosidase, but not sTREM2, levels were higher in FTD compared with controls, 

but only in lvPPA (both) and nfvPPA (YKL-40). GRN mutation carriers had highly 

elevated levels of all glia-derived biomarkers compared with controls and C9orf72 

expansion carriers, and YKL-40 levels were higher in MAPT mutation carriers than 
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controls. Individuals with likely underlying AD pathology had elevated levels of all glia-

derived biomarkers compared with controls and individuals with likely FTLD pathology. 

Glia-derived biomarker levels were variably associated with T-tau, P-tau and Aβ42 

levels, and YKL-40 and chitotriosidase levels were positively associated with each other, 

but this varied depending on the clinical syndrome and underlying pathology.  

 

Conclusions: CSF YKL-40 and chitotriosidase levels are increased in individuals with 

sporadic FTD syndromes, but this is primarily in individuals with underlying AD 

pathology. However, sTREM2, YKL-40 and chitotriosidase levels are highly elevated in 

FTD due to GRN mutations, and YKL-40 is increased in FTD due to MAPT mutations, 

perhaps due to mutation-specific effects on glial function. As levels of glia-derived 

biomarkers correlate with T-tau in those with likely FTLD, they may reflect the glial 

contribution or response to neurodegeneration. 

 

7.2 Introduction 

Throughout this thesis there has been growing evidence that aberrant 

neuroinflammation, and particularly microglial dysfunction, contributes to FTD. Although 

glial cells such as microglia and astrocytes may be helpful in the initial response to 

ensuing protein aggregation, over time they may become dysfunctional and harmful. This 

may be through chronic activation and release of proinflammatory cytokines and other 

toxic molecules, or accelerated senescence, with premature failure of key functions such 

as lysosomal pathways, leading to altered phagocytic capabilities and impaired neuronal 

and axonal support.  

 

Although histological studies are important for understanding disease pathogenesis in 

FTLD, there is a need for biomarkers of processes such as aberrant neuroinflammation 

that can be detected in vivo in individuals with sporadic and genetic FTD. Inflammatory 

biomarkers, particularly glia-derived proteins, are detectable in blood or CSF from 
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individuals with other neurodegenerative diseases such as AD or HD. These biomarkers 

could vary across the clinical, genetic and pathological spectrum of FTD, and hence may 

be useful not only for aiding diagnosis, pathological phenotyping or prediction of disease 

trajectories in clinical practice, but also for assessing disease proximity, intensity or 

treatment response in future clinical trials. 

 

Although glia-derived biomarkers such as sTREM2 were initially studied in CSF of 

individuals with neuroinflammatory conditions like multiple sclerosis (Öhrfelt et al., 2016; 

Piccio et al., 2008), they have become of great interest in neurodegenerative disorders. 

Three glia-derived biomarkers have been most extensively explored: sTREM2, YKL-40 

and chitotriosidase, although most studies have focused on AD cohorts. Non-stratified 

AD cohorts initially produced conflicting results, but recent studies show that, when 

compared with controls, AD cases have raised levels of sTREM2 (Gispert et al., 2016; 

Henjum et al., 2016; Heslegrave et al., 2016; Liu et al., 2018; Piccio et al., 2016; Suárez-

Calvet et al., 2019, 2016b, 2016a; Suárez-Calvet et al., 2018), YKL40 (Baldacci et al., 

2017b; Kester et al., 2015; Llorens et al., 2017; Morenas-Rodríguez et al., 2019; 

Nordengen et al., 2019; Sutphen et al., 2018; Zhang et al., 2018) and chitotriosidase 

(Abu-Rumeileh et al., 2019; Mattsson et al., 2011; Rosén et al., 2014; Steinacker et al., 

2018; Watabe-Rudolph et al., 2012). However, levels change according to disease 

stage, with raised levels in presymptomatic genetic AD, mild cognitive impairment and 

the early stages of sporadic AD, but limited elevation in established disease (Liu et al., 

2018; Nordengen et al., 2019; Suárez-Calvet et al., 2016b, 2016a, 2019). Levels of these 

biomarkers could be useful in tracking disease course in AD, or for determining proximity 

to disease onset in presymptomatic genetic AD cases. This may also be the case for 

FTD.  

 

Levels of glia-derived biomarkers in AD cohorts generally correlate with CSF levels of 

neurodegenerative biomarkers used in clinical practice, mostly T-tau, a biomarker of 
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neuronal injury, and P-tau, a biomarker of hyperphosphorylated tau pathology, but not 

with Aβ42, a biomarker of Aβ pathology (Abu-Rumeileh et al., 2019; Alcolea et al., 2014; 

Antonell et al., 2014; Craig-Schapiro et al., 2010; Gispert et al., 2016a; Heslegrave et al., 

2016; Olsson et al., 2013; Suárez-Calvet et al., 2016b, 2019; Sutphen et al., 2018; Zhang 

et al., 2018). The correlation with T-tau suggests that glia-derived biomarkers in CSF 

may be useful as indicators of the glial response to neuronal injury, irrespective of 

amyloid pathology, and hence worth exploring in FTD.  

 

Several studies have examined how CSF levels of these glia-derived biomarkers are 

altered in FTD compared with controls or AD cases (Abu-Rumeileh et al., 2019; Alcolea 

et al., 2014, 2018; Antonell et al., 2020; Baldacci et al., 2017b; Craig-Schapiro et al., 

2010; del Campo et al., 2018; Illán-Gala et al., 2018; Janelidze et al., 2016; Kleinberger 

et al., 2014; Oeckl et al., 2019; Piccio et al., 2016; Steinacker et al., 2018; Teunissen et 

al., 2016; Vijverberg et al., 2017). However, most of these have included small numbers 

of individuals with FTD, with undefined clinical subtypes, and lack of CSF biomarker or 

pathological confirmation, and have found widely differing results. It remains unclear 

whether sTREM2, YKL-40 and chitotriosidase levels are altered in FTD in general, or 

whether they differ between the various clinical subtypes of FTD.  

 

No studies have compared sTREM2 levels across groups of individuals with genetic FTD 

due to GRN, C9orf72 and MAPT mutations, and few studies have examined YKL-40 or 

chitotriosidase levels in genetic FTD cohorts (Abu-Rumeileh et al., 2019; Antonell et al., 

2020; Barschke et al., 2020; Oeckl et al., 2019), with most of these failing to compare 

genetic subgroups. In addition, individuals may develop clinical syndromes consistent 

with FTD (bvFTD or PPA) due to underlying AD, rather than FTLD, pathology. It is 

unclear whether glia-derived biomarker levels differ between individuals with similar 

clinical FTD syndromes but contrasting pathologies. Few studies have explored how glia-

derived biomarkers are associated with neurodegenerative biomarkers (T-tau, P-tau and 
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Aβ42) in FTD (Abu-Rumeileh et al., 2019; Craig-Schapiro et al., 2010; Teunissen et al., 

2016), despite these being used in clinical practice to investigate individuals with 

dementia syndromes, including those with typical or atypical FTD. 

7.3 Aims and hypotheses 

Given the heterogeneous clinical, genetic, and pathological nature of FTD syndromes, 

this study aimed to carry out a comprehensive study of sTREM2, YKL-40 and 

chitotriosidase levels in CSF from individuals with clinical diagnoses of sporadic FTD and 

in healthy controls. It also aimed to perform an exploratory study of these biomarkers in 

CSF from a small number of individuals with genetic FTD due to mutations in GRN, 

C9orf72 or MAPT, and to compare levels between individuals with clinical FTD 

syndromes due to underlying AD versus FTLD pathology. 

 

The overarching hypothesis was that there is glial dysfunction in FTD, and that abnormal 

levels of these biomarkers will be detectable in CSF from individuals with FTD. Specific 

hypotheses were that levels of glia-derived biomarkers in CSF will differ: 

 

1. Between individuals with dementia (clinically consistent with FTD) and healthy 

controls, due to increased glial dysfunction in FTD. 

2. Between individuals with different clinical FTD syndromes, due to varying 

pathologies being associated with differing degrees of glial dysfunction. 

3. Between individuals with different subtypes of genetic FTD (due to GRN, C9orf72 

or MAPT mutations) and controls, and between genetic FTD subtypes, due to 

differing degrees of glial dysfunction associated with each mutation type. 

4. Between individuals with clinical FTD syndromes due to FTLD versus AD 

pathology, due to each pathology being associated with different degrees of glial 

dysfunction. 
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In addition, this study hypothesised that levels of glia-derived biomarkers would be 

associated with levels of CSF neurodegenerative biomarkers (T-tau, P-tau and Aβ42) 

currently used in clinical practice, due to a link between glial dysfunction and 

neurodegeneration. Associations in individuals with FTD and likely underlying FTLD may 

predominantly be with T-tau, as this is a biomarker of neuronal injury even in the absence 

of AD pathology. Associations in individuals with FTD clinically, but likely underlying AD 

pathology, are more likely to be with P-tau and T-tau, and perhaps Aβ42, due to 

hyperphosphorylated tau and amyloid pathology associated with neuronal injury. Levels 

of glia-derived biomarkers may also correlate with each other, as they may arise from 

similar neuroinflammatory processes. 

7.4 Methods 

7.4.1 Participants 

The cohort for the sTREM2 study consisted of 64 consecutively recruited individuals with 

dementia, who met consensus diagnostic criteria for an FTD syndrome, either bvFTD 

(Rascovsky et al., 2011) or PPA (Gorno-Tempini et al., 2011), and 17 cognitively normal 

controls. The cohort for the YKL-40 and chitotriosidase study consisted of the same 64 

individuals with dementia, but 18 cognitively normal controls (as an extra control was 

recruited after the sTREM2 study). Individuals with dementia and controls were recruited 

from previous longitudinal studies of FTD at UCL, GENFI, LIFTD and the prospective 

DRC CSF cohort study at UCL, as described in Chapter 2.1.2.  

 

From the 64 individuals with dementia, there were five clinical subgroups: 20 had bvFTD, 

16 nfvPPA, 11 svPPA, 14 lvPPA and three had PPA-NOS (Table 7.1). All participants 

with dementia were genetically screened for known FTD causative mutations, including 

the C9orf72 expansion. Ten of these individuals had genetic FTD, producing three 

genetic subgroups, due to mutations in GRN (n=3), MAPT (n=4) or C9orf72 (n=3). All 

genetic cases had a clinical syndrome of bvFTD except two individuals with GRN 
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mutations who had nfvPPA. Demographics are displayed in Table 7.1. Disease duration 

was calculated as the time, in years, between AAO of symptoms and date of CSF 

collection.  
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 Control Dementia (FTD) bvFTD nfvPPA svPPA lvPPA PPA-NOS 

Number of participants 
17a 

18b 
64 20 16 11 14 3 

Male sex 
N (% group) 

6 (54.5)a 

7 (38.9)b 
45 (70.3) 19 (95.0) 9 (56.2) 7 (63.6) 7 (50.0) 3 (100.0) 

Age at CSF (years) 
Mean (SD) 

63.7 (6.4)a 

64.3 (6.6)b 
64.6 (6.5) 63.4 (7.1) 66.9 (5.9) 60.8 (6.0) 66.5 (6.0) 64.6 (5.4) 

Age at onset (years) 
Mean (SD) 

n/a 59.5 (6.9) 56.1 (6.7) 62.7 (6.1) 56.1 (5.3) 63.0 (6.7) 61.3 (4.1) 

Disease duration at CSF 
(years) Mean (SD) 

Median (IQR) 
n/a 

5.1 (3.8) 
4.2 (2.7-6.3) 

7.4 (5.6) 
6.3 (3.4-8.8) 

4.2 (1.9) 
4.2 (2.8-5.1) 

4.7 (2.1) 
4.6 (3.4-6.3) 

3.5 (2.0) 
3.1 (1.9-4.8) 

3.2 (1.3) 
2.7 (2.3-4.7) 

CSF sTREM2 (ng/ml) 
Mean (SD) 

6.8 (1.6) 7.4 (3.2) 6.3 (3.7) 7.8 (2.2) 7.4 (2.4) 8.2 (4.1) 8.7 (1.9) 

CSF YKL-40 (ng/ml) 
Mean (SD) 

108.4 (29.9) 133.7 (52.7) 118.5 (49.6) 148.8 (56.6) 119.6 (29.5) 146.6 (64.3) 146.3 (45.0) 

CSF chitotriosidase 
(pg/ml) Mean (SD) 

 
Ln(chitotriosidase) 

Mean (SD)* 

1761.6 (1097.8) 
 

7.3 (0.6) 

3974.5 (4357.9) 
 

7.8 (0.9) 

3729.6 (3761.9) 
 

7.8 (0.9) 

4155.8 (5788.9) 
 

7.8 (0.9) 

2652.2 (1609.1) 
 

7.7 (0.6) 

5329.9 (5038.9) 
 

8.1 (1.1) 

3142.3 (3868.2) 
 

7.5 (1.3) 

CSF Aβ42 (pg/ml) 
Mean (SD) 

1032.2 (214.3)a 
1028.5 (208.6)b 

758.1 (280.7) 828.3 (171.7) 842.5 (298.0) 894.0 (247.4) 444.6 (148.3) 804.3 (434.2) 

CSF T-tau (pg/ml) 
Mean (SD) 

332.6 (82.4)a 
338.8 (82.1)b 

531.4 (404.5) 351.9 (135.5) 490.6 (247.8) 395.5 (200.3) 968.8 (617.0) 403.3 (208.5) 

CSF P-tau (pg/ml) 
Mean (SD) 

52.7 (10.6)a 

53.1 (10.4)b 
57.0 (30.6) 45.7 (17.0) 50.6 (18.1) 44.9 (19.8) 91.7 (41.6) 49.0 (14.4) 

CSF T-tau/Aβ42 ratio 
Median (IQR) 

0.3 (0.2-0.5)a 
0.3 (0.2-0.5)b 

0.5 (0.3-1.0)  0.4 (0.3-0.5) 0.6 (0.3-0.9) 0.4 (0.3-0.5) 2.0 (1.1-3.2) 0.4 (0.2-1.2) 

Table 7.1 Demographics and CSF biomarker levels in dementia and control groups 

Data are shown for both control groups, one used in the sTREM2 studya (n=17) and one used in the YKL-40 and chitotriosidase studyb (n=18). IQR = interquartile range; SD = 
standard deviation. *Ln(chitotriosidase) values were used for analysis. 
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7.4.2 CSF collection, processing and biomarkers assays 

CSF collection and processing were performed as detailed in Chapter 2.2.2.1. All CSF 

samples had levels of neurodegenerative (T-tau, P-tau and Aβ42) and glia-derived 

(sTREM2, YKL-40 and chitotriosidase) biomarkers assayed as detailed in Chapters 

2.2.2.2 and 2.2.2.3. 

7.4.3 CSF biomarker classification 

To examine whether glia-derived biomarker levels differed according to the underlying 

pathology in FTD, rather than just by clinical syndrome (given that individuals with certain 

FTD syndromes such as lvPPA often have AD rather than FTLD pathology), individuals’ 

CSF neurodegenerative biomarker profiles of T-tau and Aβ42 (Table 7.1) were used to 

calculate the T-tau/Aβ42 ratio for each participant. This ratio was used to classify all 

individuals with dementia into two ‘pathological’ subgroups (Table 7.2): an AD biomarker 

positive dementia group (ratio ≥1, indicating likely AD pathology), and an AD biomarker 

negative dementia group (ratio <1, indicating likely FTLD). The conservative cut-off of 

CSF T-tau/Aβ42 ratio ≥1 was based on a previous study (Paterson et al., 2016). The 

cognitively normal controls formed a comparison group; all had a ratio of <1.  

 

In all analyses, the AD biomarker positive dementia group consisted of 15 individuals 

with dementia. As expected, the majority of these had lvPPA (n=11); other diagnoses 

were nfvPPA (n=2), svPPA (n=1) and PPA-NOS (n=1). The AD biomarker negative 

dementia group contained the remaining 49 individuals with dementia. No significant 

difference in age at CSF was seen between the two pathological subgroups and controls 

(Table 7.2), but median disease duration was shorter in the AD biomarker positive group 

than the AD biomarker negative group (2.9 versus 4.6 years: P=0.037). There were 

significantly more males in the AD biomarker negative group (73.4%) compared with 

controls (54.5% for sTREM2, 38.9% for YKL-40/chitotriosidase) and the  
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AD biomarker positive (60.0%) group (P=0.019 for sTREM2, P=0.032 for YKL-

40/chitotriosidase). 

7.4.4 Statistical analysis 

For sTREM2 and YKL-40, levels were detectable in CSF of all individuals, so analyses 

were performed on 64 individuals with dementia and 17 (sTREM2) and 18 (YKL-40) 

controls. However, for chitotriosidase, three individuals (one control, one sporadic bvFTD 

 
Control 

AD biomarker  

negative dementia 

(CSF T-tau/Aβ42 <1.0) 

AD biomarker 

positive dementia 

(CSF T-tau/Aβ42 

≥1.0) 

Number of participants 
17a 

18b 
49+ 15 

Male sex, N (% group) 
6 (54.5)a 

7 (38.9)b 
36 (73.4) 9 (60.0) 

Age at CSF (years), Mean 
(SD) 

63.7 (6.4)a 

64.3 (6.6)b 
64.1 (6.7) 65.9 (6.0) 

Age at onset (years),  
Mean (SD) 

n/a 58.6 (6.8) 62.4 (6.7) 

Disease duration at CSF 
(years) 

Mean (SD); Median (IQR) 
n/a 5.6 (4.1); 4.6 (3.1-6.6) 3.5 (2.1); 2.9 (1.7-5.1) 

CSF sTREM2 (ng/ml),  
Mean (SD) 

6.8 (1.6) 6.9 (3.0) 9.0 (3.6) 

CSF YKL-40 (ng/ml),  
Mean (SD) 

108.4 (29.9) 124.7 (44.7) 163.2 (66.5) 

CSF chitotriosidase 
(pg/ml),  Mean (SD) 

 
Ln(chitotriosidase), Mean 

(SD)* 

1761.6 (1097.8) 
 

 
7.3 (0.6) 

3336.0 (4120.5) 
 
 

7.8 (0.9) 

5975.1 (4615.5) 
 
 

8.4 (0.8) 

CSF Aβ42 (pg/ml),  Mean 
(SD) 

1032.2 (214.3)a 
1028.5 (208.6)b 

833.9 (265.4) 510.5 (165.7) 

CSF T-tau (pg/ml), Mean 
(SD) 

332.6 (82.4)a 
338.8 (82.1)b 

373.5 (173.0) 1047.2 (511.3) 

CSF P-tau (pg/ml),  Mean 
(SD) 

52.7 (10.6)a 

53.1 (10.4)b 
44.8 (15.3) 97.0 (34.3) 

CSF T-tau/Aβ42 ratio, 
median (IQR) 

0.3 (0.2-0.5)a 
0.3 (0.2-0.5)b 

0.4 (0.3-0.7) 1.6 (1.2-3.2) 

Table 7.2 Demographics and CSF biomarker levels of control group and dementia groups 
defined by CSF neurodegenerative biomarker profile.  
 
Data are shown for both control groups, one used in the sTREM2 studya (n=17) and one used 
in the YKL-40 and chitotriosidase studyb (n=18). IQR = interquartile range; SD = standard 
deviation. *Ln(chitotriosidase) values were used for analysis. +For the chitotriosidase analysis 
n=47 as two individuals were excluded due to undetectable levels. 
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and one sporadic nfvPPA) had persistently undetectable levels of chitotriosidase in CSF, 

despite performing assays again using the same dilution of CSF, and also using more 

concentrated samples (neat CSF). Approximately 6% of the population possess a 

homozygous 24 base pair duplication in exon 10 of the CHIT1 gene, which leads to a 

complete enzymatic deficiency of chitotriosidase (Boot et al., 1998) and undetectable 

levels of chitotriosidase in CSF (Abu-Rumeileh et al., 2019). These three individuals were 

likely to be carriers of this mutation (although confirmation from DNA analysis was not 

possible) and their levels would unacceptably bias group comparisons if included, or 

assigned the lower limit of detection, as others have done (Abu-Rumeileh et al., 2019). 

These three individuals were therefore excluded from the chitotriosidase analysis, 

leaving 17 (out of 18) controls and 62 (out of 64) individuals with dementia in the analysis. 

Two of these individuals were in the AD biomarker negative dementia group, therefore 

47 rather than 49 individuals were included in the pathological subgroup analysis of 

chitotriosidase levels.  

 

The following analysis approach was used to compare demographics and biomarker 

levels between groups and subgroups, and to analyse relationships between glia-derived 

and neurodegenerative biomarkers, and between glia-derived biomarkers, within groups 

and subgroups: 

1. Dementia (all FTD syndromes combined) versus controls 

2. Clinical subgroups, comparing bvFTD, nfvPPA, svPPA, lvPPA, and 

PPA-NOS and controls 

3. Genetic subgroups, comparing those with FTD due to GRN mutations, 

MAPT mutations, or C9orf72 expansions and controls 

4. Pathological subgroups, comparing AD biomarker positive and AD 

biomarker negative dementia groups, and each group with controls. 
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All analyses were carried out using STATA version 14, with a significance threshold of 

P<0.05. Shapiro Wilk tests of raw values and Q-Q plots of residuals from multivariable 

linear regressions were used to test assumptions of normality. The following 

demographics were compared between all groups and subgroups: age at CSF (using 

one-way ANOVA), disease duration at CSF (Kruskal Wallis tests with Dunn’s test for post 

hoc comparisons, as the distribution was non-parametric) and sex (Chi squared tests). 

 

Assessment of residuals in multivariable linear regression analyses of sTREM2 and YKL-

40 levels across groups and subgroups revealed these were normally (parametrically) 

distributed and met the assumptions required for parametric linear regression analysis. 

Assessment for chitotriosidase levels revealed these were not parametrically distributed, 

so chitotriosidase values were natural log (Ln) transformed to produce 

Ln(chitotriosidase) values, the residuals of which then met assumptions required, so 

Ln(chitotriosidase) levels were used in all multivariable linear regressions.  

 

First, multivariable linear regressions were used to assess associations of glia-derived 

biomarker levels with demographic parameters that may influence biomarker levels in 

group comparisons: age and disease duration at CSF. Associations with age were also 

analysed adjusted for sex in the control group and both sex and disease duration in the 

dementia group and clinical and pathological subgroups. Associations with disease 

duration were also analysed adjusted for age and sex for the dementia group and clinical 

and pathological subgroups. Interactions between group and age or disease duration 

were also analysed, to examine whether these associations differed by disease group 

(none were significant). These analyses were not performed in individual genetic 

subgroups due to small group size. Glia-derived biomarker levels were also compared 

between males and females within the whole cohort, within control and dementia groups, 

and within subgroups (except genetic subgroups), using Mann-Whitney U tests, as raw 
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values (rather than the residuals examined for regression analyses) were not normally 

distributed.  

 

Multivariable linear regression analyses were then used to compare levels of glia-derived 

biomarkers between dementia and controls groups and between clinical, genetic and 

pathological subgroups, using the numbered analysis approach above. Based on the 

demographic regression analyses, group comparisons were adjusted for age and sex 

(for the control group and genetic subgroups) and for age, sex and disease duration 

(dementia group and clinical and pathological subgroups). 

 

Multivariable linear regressions were also used to investigate the association between 

levels of each glia-derived biomarker and each neurodegenerative biomarker (T-tau, P-

tau and Aβ42) within each group and subgroup (except for genetic groups due to small 

group size). Due to a non-linear relationship between T-tau levels and both YKL-40 and 

Ln(chitotriosidase) levels, T-tau values were Ln transformed and regressions performed 

for YKL-40 and Ln(chitotriosidase) using Ln(T-tau). Associations between YKL-40 and 

chitotriosidase levels in each group were examined using multivariable linear 

regressions of Ln(chitotriosidase) and Ln(YKL-40) levels, due a to non-linear relationship 

between raw YKL-40 values and Ln(chitotriosidase). Associations between sTREM2 

levels and YKL-40 or chitotriosidase levels were not analysed as biomarker assays had 

been carried out on slightly different cohorts. 
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7.5 Results 

7.5.1 Associations between glia-derived biomarkers and demographic 

parameters 

7.5.1.1 Age 

sTREM2 was positively associated with age at CSF within the whole cohort (β=0.165, 

P=0.001) and in the dementia group (β=0.189, P<0.001) (Figure 7.1a), but not in controls 

(β=0.061, P=0.591). The association with age was generally similar in the majority of 

clinical subgroups (bvFTD β=0.271, nfvPPA β=0.184, svPPA β=0.217, lvPPA β=0.219, 

PPA-NOS β=0.003) (Figure 7.1b), but this only reached significance for bvFTD 

(P=0.017). However, after adjusting for sex and disease duration there was no significant 

difference between the coefficients for age by clinical subgroup (P=0.964) suggesting all 

subgroups had a similarly positive association. sTREM2 was positively associated with 

age in the AD biomarker positive (β=0.282, P=0.043) and negative (β=0.185, P=0.006) 

dementia groups. 

 

YKL-40 was positively associated with age within the whole cohort (β=1.99, P=0.018) 

and in the dementia group (β=1.86, P=0.043) but this did not reach significance in 

controls (β=2.47, P=0.169) (Figure 7.1c). Although most of the clinical subgroups apart 

from nfvPPA and PPA-NOS (Figure 7.1d) and both pathological subgroups appeared to 

have a positive slope for the association between YKL-40 and age, none reached 

significance. Chitotriosidase was not significantly associated with age in either the whole 

cohort (β=0.007, P=0.661) or the dementia (β=0.004, P=0.904) or control (β=0.008, 

P=0.628) groups (Figure 7.1e), or in any of the clinical (Figure 7.1f) or pathological 

subgroups. 
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7.5.1.2 Disease duration 

sTREM2 was negatively associated with disease duration in the dementia group (β= -

0.235, P=0.025) (Figure 7.2a). In the clinical subgroup analysis, sTREM2 was negatively 

associated with disease duration in bvFTD (β= -0.324, P=0.014), but no significant 

association was seen in other clinical subgroups (Figure 7.2b). Despite considerable 

heterogeneity in the slopes, there was no significant difference between the coefficients 

for disease duration by clinical subgroup (P=0.275). There was a significant difference 

in the coefficients for disease duration between the two pathological subgroups 

(P=0.027), with a negative association between sTREM2 and disease duration in the AD 

biomarker negative dementia group (β= -0.253, P=0.018) but a positive association in 

the biomarker positive group, although this was itself not significant (β=0.604, P=0.106). 

This resulted in the difference in sTREM2 levels between these two groups increasing 

as disease duration increased (Figure 7.2c).  

 

There were no significant associations between either YKL-40 (Figure 7.2d) or 

chitotriosidase  (Figure 7.2g) and disease duration in the dementia group (YKL-40: β= -

1.874, P=0.292; Ln(chitotriosidase): β= -0.016, P=0.631) or within any of the clinical or 

pathological subgroups (Figure 7.2e, h, f, i).  

7.5.1.3 Sex 

sTREM2 levels did not differ by sex within the whole cohort (median: males = 7.08 versus 

females = 6.85 ng/ml; P=0.992), or in controls, dementia, or any of the clinical or 

pathological subgroups, apart from in the svPPA group, where males had higher 

sTREM2 levels than females (median = 9.51 versus 4.98 ng/ml; P=0.023). YKL-40 and 

chitotriosidase levels did not differ significantly by sex in the whole cohort or in any group.  
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Figure 7.1 Relationships between glia-derived biomarkers and age 

Graphs show CSF sTREM2 (a, b) YKL-40 (c, d) and Ln(chitotriosidase) (e, f) levels versus age at 
CSF in controls and dementia groups (a, c, e) and clinical subgroups (b, d, f). Lines in (a, c, e) are 
group regression lines adjusted for sex (all participants and controls) and sex and disease duration 
(dementia group). Lines in (b, d, f) are group regression lines for clinical subgroups adjusted for sex 
and disease duration. See main text for β and P values. 

Figure 7.2 Relationships between glia-derived biomarkers and disease duration 

Graphs show CSF sTREM2 (a - c) YKL-40 (d - f) and Ln(chitotriosidase) (g - i) levels versus disease 
duration in the overall dementia group (a, d, g), clinical subgroups (b, e, h) and pathological 
subgroups (c, f, i). Lines are group regression lines adjusted for age and sex. See main text for β and 
P values. 
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7.5.2 Group comparisons of glia-derived biomarkers 

Glia-derived biomarker levels for each group and subgroup are summarised in Table 7.1 

and Table 7.2 and comparisons are illustrated in Figure 7.3. Detailed results of 

regression analyses comparing levels between all groups and subgroups (including all β 

and P values) are listed in Table 7.3 and so are not repeated in the text. 

7.5.2.1 Dementia group versus controls 

sTREM2 levels did not significantly differ between the dementia and control groups 

(Figure 7.3a), but both YKL-40 (Figure 7.3e) and chitotriosidase (Figure 7.3i) levels were 

significantly higher in the dementia group. 

7.5.2.2 Clinical subgroups 

sTREM2 levels did not differ between individual clinical subgroups and controls or 

between any of the clinical subgroups (Figure 7.3b), but YKL-40 levels were raised in 

individuals with nfvPPA and lvPPA compared with controls (Figure 7.3f). Although 

individuals with PPA-NOS also had high YKL-40 levels, this did not reach significance 

compared with controls. No significant differences were seen between YKL-40 levels in 

bvFTD or svPPA compared with controls, and there were no significant differences 

between clinical subgroups. Although relatively high chitotriosidase levels were present 

in all clinical subgroups, this only reached statistical significance in lvPPA when 

compared with controls, and there were no significant differences between clinical 

subgroups (Figure 7.3j). 

7.5.2.3 Genetic subgroups 

The GRN group had high levels of all glia-derived biomarkers (Figure 7.3c, g, k). 

sTREM2 levels were higher in the GRN group compared with controls and also 

compared with MAPT and C9orf72 groups (Figure 7.3c). However, sTREM2 levels were 

similar in MAPT and C9orf72 groups compared with controls, and between these genetic 

groups. The GRN group had higher levels of YKL-40 compared with controls and the 
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C9orf72 group, although levels did not differ significantly from the MAPT group (Figure 

7.3g). The GRN group also had much higher levels of chitotriosidase compared with 

controls, MAPT and C9orf72 groups (Figure 7.3k). The MAPT group had higher YKL-40 

levels than controls, but levels did not differ significantly from GRN or C9orf72 groups. 

Chitotriosidase levels in the MAPT group were similar to controls and the C9orf72 group. 

7.5.2.4 Pathological subgroups 

The AD biomarker positive dementia group had high levels of all glia-derived biomarkers 

(Figure 7.3d, h, l). There were significantly higher sTREM2 levels in this group compared 

with the AD biomarker negative group (Figure 7.3d), although when compared with 

controls, levels did not differ significantly. Differences in sTREM2 levels between the two 

pathological subgroups was affected by disease duration, with differences becoming 

more obvious as disease duration increased (Figure 7.2c). There was no difference in 

sTREM2 levels between the AD biomarker negative group and controls.  

 

YKL-40 and chitotriosidase levels were higher in the AD biomarker positive group 

compared with controls and also compared with the AD biomarker negative group 

(Figure 7.3h, l). Although YKL-40 and chitotriosidase levels in the AD biomarker negative 

group were also generally high, these did not differ significantly when compared with 

controls (Figure 7.3l). 
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Figure 7.3 Comparison of glia-derived biomarkers between groups  

Graphs show how CSF sTREM2 (a - d), YKL-40 (e - h) and Ln(chitotriosidase) (i - l) levels differ 
between controls and dementia groups (a, e, i), clinical subgroups (b, f, j), genetic subgroups (c, g, 
k), and pathological subgroups (d, h, l). Horizontal bars show mean biomarker levels and 95% 
confidence intervals for each group. *P<0.05, **P<0.01. 
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Table 7.3 Detailed comparisons of glia-derived biomarker levels between groups 

Mean differences and 95% confidence intervals are β values arising from multivariable linear regressions, adjusted for age and sex (disease groups versus controls), or age, sex 
and disease duration (between disease groups, except for between genetic subgroups, which were adjusted for age and sex only). The dementia group includes all individuals 
with FTD (bvFTD and PPA). *Significant at P<0.05. + Difference in sTREM2 levels between pathological subgroups changes with varying disease duration; results of regression 
analysis comparing these subgroups overall is presented, rather than a specific value for mean difference. SEM: standard error of the mean. 

Groups compared 

sTREM2 
Mean (SEM) difference 

95% confidence interval 
(ng/ml) 

P 

YKL-40 
Mean (SEM) difference 

95% confidence interval 
(ng/ml) 

P 
Ln(chitotriosidase) 

Mean (SEM) difference 
95% confidence interval 

P 

Dementia vs. Control 
0.638 (0.806) 
-0.966, 2.244 

0.431 
31.0 (12.9) 
5.23, 56.8 

0.019* 
0.522 (0.247) 
0.031, 1.01 

0.038* 

Clinical subgroups 

bvFTD vs. Control 
-0.349 (1.04) 
-2.41, 1.71 

0.736 
20.7 (16.9) 
-12.9, 54.4 

0.225 
0.414 (0.322) 
-0.228, 1.06 

0.202 

nfvPPA vs. Control 
0.544 (1.01) 
-1.47, 2.56 

0.592 
33.8 (16.5) 
5.92, 71.8 

0.021* 
0.506 (0.317) 
-0.126, 1.14 

0.115 

svPPA vs. Control 
1.14 (1.13) 
-1.11, 3.39 

0.314 
20.9 (18.7) 
16.3, 58.1 

0.267 
0.362 (0.353) 
-0.342, 1.07 

0.309 

lvPPA vs. Control 
1.04 (1.04) 
-1.02, 3.11 

0.319 
36.3 (17.0) 
2.40, 70.2 

0.036* 
0.788 (0.321) 
0.148, 1.43 

0.017* 

PPA-NOS vs. Control 
1.84 (1.84) 
-1.82, 5.50 

0.320 
47.4 (30.5) 
-13.2, 108.1 

0.124 
0.107 (0.571) 

-1.03, 1.24 
0.852 

nfvPPA vs. bvFTD 
0.305 (1.15) 
-2.01, 2.62 

0.792 
12.5 (19.9) 
-27.3, 52.4 

0.531 
0.064 (0.386) 
-0.709, 0.837 

0.869 

svPPA vs. bvFTD 
1.34 (1.19) 
-1.04, 3.73 

0.264 
-4.35 (20.6) 
-45.5, 36.8 

0.833 
-0.066 (0.388) 
-0.845, 0.712 

0.399 

lvPPA vs. bvFTD 
0.723 (1.22) 
-1.73, 3.18 

0.557 
8.84 (21.1) 
-33.5, 51.2 

0.677 
0.339 (0.399) 
-0.461, 1.14 

0.399 
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PPA-NOS vs. bvFTD 
1.23 (1.93) 
-2.63, 5.09 

0.526 
21.7 (33.3) 
-44.9, 88.3 

0.517 
-0.355 (0.624) 
-1.61, 0.897 

0.571 

svPPA vs. nfvPPA 
1.04 (1.25) 
-1.46, 3.54 

0.409 
-16.9 (21.5) 
-60.0, 26.2 

0.436 
-0.130 (0.411) 
-0.954, 0.693 

0.752 

lvPPA vs. nfvPPA 
0.417 (1.10) 
-1.79, 2.62 

0.706 
-3.70 (19.0) 
-41.8, 34.4 

0.846 
0.276 (0.360) 
-0.447, 0.999 

0.448 

PPA-NOS vs. nfvPPA 
0.922 (1.94) 
-2.96, 4.81 

0.636 
9.14 (33.5) 
-57.9, 76.2 

0.786 
-0.419 (0.631) 
-1.68, 0.847 

0.509 

lvPPA vs. svPPA 
-0.621 (1.28) 
-3.19, 1.96 

0.631 
13.2 (22.2) 
-31.3, 57.7 

0.458 
0.555 

0.406 (0.415) 
-0.426, 1.24 

0.332 

PPA-NOS vs. svPPA 
-0.116 (2.02) 
-4.15, 3.92 

0.954 
26.0 (34.8) 
-43.7, 95.7 

0.458 
-0.289 (0.649) 

-1.59, 1.01 
0.658 

PPA-NOS vs. lvPPA 
0.505 (1.97) 
-3.34, 4.45 

0.798 
12.8 (33.9) 
-55.2, 80.9 

0.707 
-0.695 (0.634) 
-1.96, 0.577 

0.278 

Genetic subgroups 

Groups compared 

sTREM2 
Mean (SEM) difference 

95% confidence interval 
(ng/ml) 

P 

YKL-40 
Mean (SEM) difference 

95% confidence interval 
(ng/ml) 

P 
Ln(chitotriosidase) 

Mean (SEM) difference 
95% confidence interval 

P 

GRN vs. Control 
2.75 (1.16) 
0.331, 5.16 

0.028* 
111.9 (24.4) 
61.5, 162.5 

<0.001* 
1.69 (0.366) 
0.930, 2.45 

<0.001* 

MAPT vs. Control 
-2.23 (1.144) 
-4.61, 0.149 

0.065 
51.3 (24.2) 
1.10, 101.5 

0.046* 
0.622 (0.366) 
-0.138, 1.38 

0.104 

C9orf72 vs. Control 
-1.89 (1.27) 
-4.53, 0.735 

0.149 
-9.17 (26.6) 
-64.3, 45.9 

0.733 
-0.073 (0.399) 
-0.903, 0.758 

0.857 

GRN vs. MAPT 
4.98 (1.48) 
1.89, 8.06 

0.003* 
60.7 (31.4) 
-4.47, 125.8 

0.066 
1.06 (0.471) 
0.088, 2.05 

0.034* 

. GRN vs. C9orf72 
4.64 (1.54) 
1.45, 7.84 

0.006* 
121.2 (32.6) 
53.5, 188.8 

0.001* 
1.76 (0.489) 
0.747, 2.78 

0.002* 
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C9orf72 vs. MAPT 
0.334 (1.41) 
-2.59, 3.26 

0.815 
60.5 (29.8) 
-1.36, 122.3 

0.055 
0.695 (0.448) 
-0.236, 1.63 

0.136 

Pathological subgroups 

Groups compared 

sTREM2 
Mean (SEM) difference 

95% confidence interval 
(ng/ml) 

P 

YKL-40 
Mean (SEM) difference 

95% confidence interval 
(ng/ml) 

P 
Ln(chitotriosidase) 

Mean (SEM) difference 
95% confidence interval 

P 

AD biomarker positive dementia 
vs. Controls 

1.92 (0.996) 
-0.062, 3.91 

0.057 
55.5 (16.1) 
23.5, 87.4 

0.001* 
1.09 (0.296) 
0.495, 1.67 

<0.001* 

AD biomarker negative dementia 
vs. Controls 

0.183 (0.817) 
-1.45, 1.81 

0.823 
22.4 (13.1) 
-3.6, 48.4 

0.091 
0.318 (0.243) 
-0.166, 0.802 

0.194 

AD biomarker positive dementia 
vs. AD biomarker negative 

dementia 
F(2,58)=3.77+ 0.029*+ 

30.7 (15.2) 
0.308, 61.0 

0.048* 
0.783 (0.277) 
0.227, 1.34 

0.007* 
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7.5.3 Associations between glia-derived and neurodegenerative biomarkers 

Associations between levels of glia-derived biomarkers and neurodegenerative 

biomarkers (T-tau, P-tau and Aβ42) differed according to clinical syndrome and likely 

underlying pathology (AD or FTLD).  

7.5.3.1 T-tau 

sTREM2 was positively associated with T-tau in the dementia (β=0.003, P<0.001) and 

control (β=0.01, P=0.033) groups (Figure 7.4a). This association was significant in lvPPA 

(β=0.005, P<0.001) but not in other clinical subgroups (Figure 7.4b). There was a positive 

association with T-tau in AD biomarker positive (β=0.005, P=0.002) and negative 

(β=0.004, P=0.049) dementia groups (Figure 7.4c).  

 

YKL-40 was positively associated with T-tau in the dementia group (β=42.9, P<0.001) 

but not in controls (β=43.9, P=0.181) (Figure 7.4d). Most clinical subgroups showed 

positive slopes for the association between YKL-40 and T-tau (Figure 7.4e), but this only 

reached significance in bvFTD (β=109.3, P<0.001) and nfvPPA (β=69.9, P=0.009). 

Although both pathological subgroups also seemed to have positive slopes (Figure 7.4f), 

associations were only significant in the AD biomarker negative group (β=62.1, P<0.001) 

and not in the biomarker positive group (β=31.1, P=0.49). 

 

Chitotriosidase was positively associated with T-tau in the dementia group (β=0.668, 

P<0.001) but not in controls (β= -0.704, P=0.328) (Figure 7.4g). This association was 

significant in bvFTD (β=1.31, P=0.003) and lvPPA (β=0.937, P=0.015) but not in other 

clinical subgroups (Figure 7.4h). Although there were positive slopes for the association 

between chitotriosidase and T-tau in the AD biomarker negative (β=0.631, P=0.051) and 

biomarker positive (β=0.348, P=0.498) groups, neither reached significance (Figure 

7.4i). 
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7.5.3.2 P-tau 

sTREM2 was positively associated with P-tau in the dementia group (β=0.038, P=0.002) 

but not in controls (β=0.009, P=0.825) (Figure 7.5a). This association was significant in 

lvPPA (β=0.075, P<0.001) but not in other clinical subgroups (Figure 7.5b), and in the 

AD biomarker positive dementia group (β=0.069, P=0.004) but not in the biomarker 

negative group (β=0.028, P=0.284) (Figure 7.5c). 

 

YKL-40 was positively associated with P-tau in the dementia group (β=0.722, P<0.001) 

but not in controls (β=0.676, P=0.35) (Figure 7.5d). Most clinical groups showed positive 

slopes (Figure 7.5e), but associations only reached significance in bvFTD (β=1.75, 

P=0.005) and lvPPA (β=1.02, P=0.020). Although both pathological subgroups also had 

positive slopes (Figure 7.5f), associations were only significant in the AD biomarker 

negative group (β=1.06, P=0.010) and not in the biomarker positive group (β=0.689, 

P=0.236). 

 

Chitotriosidase was positively associated with P-tau in the dementia group (β=0.009, 

P=0.028) but not in controls (β=0.016, P=0.274) (Figure 7.5g). This reached significance 

in lvPPA (β=0.014, P=0.043) but not in other clinical subgroups (Figure 7.5h). There were 

no significant associations in either pathological subgroup: AD biomarker positive 

(β=0.003, P=0.693); AD biomarker negative (β= -0.001, P=0.931) (Figure 7.5i).  

7.5.3.3 Aβ42 

sTREM2 was positively associated with Aβ42 in the dementia group (β=0.003, P=0.033), 

but not in controls (β=-0.0001, P=0.958) (Figure 7.6a). This association reached 

significance in lvPPA (β=0.015, P=0.005) but not in other clinical subgroups (Figure 

7.6b), and in the AD biomarker negative group (β=0.005, P=0.002), but not in the 

biomarker positive group (β=0.009, P=0.083) (Figure 7.6c). 

 



296 

 

YKL-40 was not significantly associated with Aβ42 in dementia (β= -0.003, P=0.907) or 

control (β=0.011, P=0.765) groups (Figure 7.6d), or in most clinical subgroups, except in 

lvPPA, where there was a significant positive association (β=0.274, P=0.025) (Figure 

7.6e). There was a positive association in the AD biomarker positive group (β=0.226, 

P=0.041) but not in the biomarker negative group (β=0.002, P=0.928) (Figure 7.6f). 

 

Chitotriosidase was negatively associated with Aβ42 in the dementia group (β= -0.0009, 

P=0.044) but not in controls (β= -0.0002, P=0.827) (Figure 7.6g). Although most clinical 

subgroups (except lvPPA) had negative slopes (Figure 7.6h), no associations reached 

significance. There were no significant associations in either pathological subgroup: AD 

biomarker positive (β=0.0001, P=0.936); AD biomarker negative (β= -0.0004, P=0.434) 

(Figure 7.6i). 

7.5.4 Associations between YKL-40 and chitotriosidase 

YKL-40 levels were positively associated with chitotriosidase levels within the whole 

cohort (β=1.008, P<0.001), and in the dementia group (β=1.094, P<0.001) but not in 

controls (β=-0.203, P=0.774) (Figure 7.7a). There were positive associations in most 

clinical subgroups (Figure 7.7b), but this reached significance only in bvFTD (β=1.369, 

P=0.007) and nfvPPA (β=1.388, P=0.045). Levels were positively associated in the AD 

biomarker negative dementia group (β=1.226, P=0.001) but this did not reach 

significance in the biomarker positive group (β=0.275, P=0.604) (Figure 7.7c).  
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Figure 7.4 Relationships between glia-derived biomarkers and T-tau in CSF 

Graphs show associations between CSF sTREM2 and T-tau levels (a - c), and between CSF YKL-
40 and Ln(T-tau) (d - f) and Ln(chitotriosidase) and Ln(T-tau) (g - i) levels. Associations are shown 
for control and dementia groups (a, d, g), clinical subgroups (b, e, h), and pathological subgroups 
(c, f, i). Lines are group regression lines adjusted for age and sex (controls) and age, sex and 
disease duration (other groups). See main text for β and P values. 
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Figure 7.5 Relationships between glia-derived biomarkers and P-tau in CSF 

Graphs show associations between CSF P-tau levels and sTREM2 (a - c), YKL-40 (d - f) and 
Ln(chitotriosidase) (g - i) levels. Associations are shown for control and dementia groups (a, d, g), 
clinical subgroups (b, e, h), and pathological subgroups (c, f, i) . Lines are group regression lines 
adjusted for age and sex (controls) and age, sex and disease duration (other groups). See main text for 

β and P values. 
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Figure 7.7 Relationships between glia-derived biomarkers and Aβ42 in CSF 

Graphs show associations between CSF Aβ42 levels and sTREM2 (a - c), YKL-40 (d - f) and 
Ln(chitotriosidase) (g - i) levels. Associations are shown for control and dementia groups (a, d, g), 
clinical subgroups (b, e, h), and pathological subgroups (c, f, i) . Lines are group regression lines 
adjusted for age and sex (controls) and age, sex and disease duration (other groups). See main text 
for β and P values. 

Figure 7.6 Relationships between YKL-40 and chitotriosidase levels in CSF 

Graphs show CSF Ln(YKL-40) versus Ln(chitotriosidase) levels for control and dementia groups (a), 
clinical subgroups (b) and pathological subgroups (c). Lines in (a) are group regression lines 
adjusted for age and sex (controls) and age, sex and disease duration (dementia group). Lines in 
(b) and (c) are group regression lines adjusted for age and sex (controls) and age, sex and disease 
duration (other subgroups). See main text for β and P values. 
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7.6 Discussion 

This study examined levels of three glia-derived biomarkers, sTREM2, YKL-40 and 

chitotriosidase, in the CSF of individuals with dementia clinically consistent with FTD and 

cognitively normal controls. It assessed how glia-derived biomarker levels were 

associated with age, disease duration and sex, and compared levels between individuals 

with dementia and controls, across clinical and genetic subtypes of FTD, and between 

two different pathological subgroups (individuals with a clinical FTD syndrome but CSF 

neurodegenerative biomarkers consistent with either AD or FTLD). It also assessed 

relationships between levels of glia-derived and neurodegenerative (T-tau, P-tau and 

Aβ42) biomarkers in CSF, and between YKL-40 and chitotriosidase levels. The main 

findings were as follows: 

 

1) Both sTREM2 and YKL-40 levels, but not chitotriosidase levels, were positively 

associated with age in individuals with dementia, but only sTREM2 levels were 

negatively associated with disease duration. Only sTREM2 differed by sex, with 

higher levels in males than females with svPPA. 

2) YKL-40 and chitotriosidase levels, but not sTREM2 levels, were raised in 

individuals with dementia compared with controls.  

3) Levels were not consistently raised across all clinical subtypes of FTD: YKL-40 

levels were only significantly raised in lvPPA and nfvPPA, and chitotriosidase 

levels in lvPPA, but neither were raised in bvFTD, svPPA or PPA-NOS.  

4) Levels varied according to underlying pathology: individuals with a clinical FTD 

syndrome but likely AD pathology not only had higher levels of all glia-derived 

biomarkers compared with controls, but also higher levels than individuals with 

likely FTLD. Those with likely FTLD had similar sTREM2 levels, but a suggestion 

of higher YKL-40 and chitotriosidase levels, compared with controls. 
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5) All glia-derived biomarkers were markedly raised in individuals with FTD due to 

GRN mutations, and YKL-40 levels were raised in FTD due to MAPT mutations, 

but none were raised in FTD due to C9orf72 expansions. 

6) Glia-derived biomarkers were often positively associated with T-tau, P-tau and 

Aβ42 levels, but this varied according to clinical diagnosis and likely underlying 

pathology. 

7) YKL-40 and chitotriosidase levels were positively associated in the dementia 

group overall, and in those with likely FTLD, including bvFTD and nfvPPA. 

 

The positive association of both sTREM2 and YKL-40 levels with age in the dementia 

group is consistent with previous studies in AD cohorts (Gispert et al., 2016a; Henjum et 

al., 2016; Janelidze et al., 2016; Piccio et al., 2016; Suárez-Calvet et al., 2016b; Sutphen 

et al., 2018; Wennström et al., 2015) and FTD cohorts (Alcolea et al., 2017; del Campo 

et al., 2018; Teunissen et al., 2016). However, these biomarkers were not significantly 

associated with age in controls, contrary to previous positive associations (Abu-

Rumeileh et al., 2019; Henjum et al., 2016; Oeckl et al., 2019; Suárez-Calvet et al., 

2016b). There is increased microglial activity with aging, which leads to increased 

microglial TREM2 expression in brain tissue of healthy individuals (Forabosco et al., 

2013), and this may also be the case for YKL-40. However, this effect may be 

exacerbated in those with neurodegeneration, as activated microglia augment release of 

sTREM2 as a protective response (Zhong et al., 2019). Chitotriosidase levels were not 

associated with age, consistent with most other studies of AD and FTD (Abu-Rumeileh 

et al., 2019; Mattsson et al., 2011; Oeckl et al., 2019; Rosén et al., 2014), suggesting 

that high levels represent excessive microglial activation or dysfunction related to 

neurodegeneration, rather than due to age itself. 
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CSF sTREM2 levels were negatively associated with disease duration in the dementia 

group, particularly in bvFTD, where the widest range of disease durations was present. 

However, YKL-40 and chitotriosidase were not significantly associated with disease 

duration, consistent with another study of YKL-40 in FTD (Alcolea et al., 2017). In the 

early stages of FTD, sTREM2 levels may rise due to increased release from microglia 

as a protective response to incipient neurodegeneration, as seen in the early phase of 

sporadic AD (Ewers et al., 2019; Falcon et al., 2019; Gispert et al., 2016b; Suárez‐

Calvet et al., 2018). This may occur many years prior to onset of symptoms, as observed 

in PMC within longitudinal studies of autosomal dominantly inherited AD (Suárez-Calvet 

et al., 2016a). Later on in AD, levels decrease, perhaps as microglial TREM2 expression 

or cleavage of sTREM2 is overwhelmed in the context of widespread dysfunction and 

senescence of microglia (Nugent et al., 2020; Streit et al., 2018). An alternative 

explanation is that sTREM2 levels may just be lower in individuals with FTD who have 

less aggressive disease and hence longer disease durations, and hence could be a 

biomarker of rate of neuronal injury and disease intensity, like NfL levels are in FTD 

(Meeter et al., 2016a; Rohrer et al., 2016). However, the lack of longitudinal data 

precludes exploration of whether levels of sTREM2 rise then fall over the disease course 

in FTD, and whether YKL-40 or chitotriosidase levels change at different stages of 

disease from sTREM2 in FTD, as seen in AD (Bos et al., 2019; Nordengen et al., 2019). 

 

Glia-derived biomarker levels did not differ by sex within dementia or control groups, but 

sTREM2 levels were higher in males with svPPA than females. Most studies of AD or 

FTD have not found an effect of sex on these biomarkers, although one study found 

significantly higher sTREM2 levels in males than females with AD (Piccio et al., 2016). It 

remains unclear whether sex affects these biomarkers, and why this would occur only in 

svPPA cases, so all analyses were adjusted for sex to account for this uncertainty. 
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sTREM2 levels in the dementia group were similar to controls, but other studies have 

found significantly higher (Piccio et al., 2016) or lower (Kleinberger et al., 2014) sTREM2 

levels in FTD. However, these studies included few FTD cases, without clearly defined 

clinical subtypes, and without CSF biomarker confirmation. The large dementia group 

here included individuals with different clinical FTD syndromes, sporadic and genetic 

disease mechanisms, and likely AD or FTLD pathology. Significant variability in sTREM2 

levels within this diverse group may have led to a non-significant difference compared 

with controls. Large intragroup variability has been noted in studies of sTREM2 levels in 

AD, which has limited the utility of sTREM2 to differentiate between AD and controls, 

despite generally higher levels in AD. sTREM2 levels are also raised in 

neuroinflammatory (Öhrfelt et al., 2016; Piccio et al., 2008) and other neurodegenerative 

(Byrne et al., 2018a; Heslegrave et al., 2016) diseases, limiting diagnostic specificity for 

FTD. Significant variability in sTREM2 levels across the spectrum of FTD supports the 

histological evidence of microglial heterogeneity across FTLD subtypes identified in 

Chapters 5 and 6. It may therefore be more useful to monitor sTREM2 levels over time 

in specific subtypes of FTLD, such as GRN mutation carriers, who have more 

homogenous pathology and, as demonstrated in Chapters 4 to 6, extensive microglial 

dysfunction. 

 

YKL-40 and chitotriosidase levels were significantly raised in the dementia group versus 

controls. This is consistent with other studies of FTD (Abu-Rumeileh et al., 2019; Alcolea 

et al., 2014, 2017; Antonell et al., 2020; Baldacci et al., 2017b; del Campo et al., 2018; 

Illán-Gala et al., 2018; Janelidze et al., 2016; Oeckl et al., 2019; Steinacker et al., 2018; 

Teunissen et al., 2016; Vijverberg et al., 2017). However, these cohorts often lacked 

biomarker or pathological confirmation, so may have also included cases with underlying 

AD pathology (rather than, or in addition to, FTLD), which would have significantly raised 

YKL-40 and chitotriosidase levels. Against this, recent studies confirm that pathologically 
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or genetically confirmed FTD cases have raised CSF YKL-40 (Abu-Rumeileh et al., 2019; 

Alcolea et al., 2017; Antonell et al., 2020; del Campo et al., 2018; Oeckl et al., 2019; 

Teunissen et al., 2016) and chitotriosidase (Abu-Rumeileh et al., 2019) levels. As CSF 

YKL-40 or chitotriosidase levels are increased in a variety of neuroinflammatory and 

neurodegenerative conditions, including HD (Rodrigues et al., 2016), they likely 

represent general glial involvement in disease. 

 

sTREM2 levels were not raised in any clinical subgroup, but YKL-40 and chitotriosidase 

levels were significantly raised in certain clinical subtypes: YKL-40 levels were raised in 

lvPPA and nfvPPA, and chitotriosidase levels were raised in lvPPA. The PPA-NOS 

subgroup had high YKL-40 levels, and other clinical subgroups appeared to have high 

chitotriosidase levels, but these did not reach significance when compared with controls, 

perhaps due to small sample sizes. There were no significant differences in YKL-40 or 

chitotriosidase levels between clinical subgroups, although this may have also been 

limited by group size. No other studies have compared sTREM2 levels between clinical 

FTD subtypes, and few studies have compared YKL-40 (Abu-Rumeileh et al., 2019; 

Alcolea et al., 2017; Antonell et al., 2020) or chitotriosidase (Abu-Rumeileh et al., 2019; 

Steinacker et al., 2018) levels. One study found raised YKL-40 levels in bvFTD, nfvPPA, 

svPPA and CBS (but not PSPS) compared with controls but no significant differences 

between subtypes, although individuals with lvPPA were not delineated from an 

accompanying typical AD group  (Alcolea et al., 2017). Another found no difference in 

YKL-40 levels between bvFTD, nfvPPA and svPPA, and no difference between each 

subtype and controls (Antonell et al., 2020). Chitotriosidase levels did not differ between 

bvFTD and PPA or between PPA subtypes in another study (Steinacker et al., 2018), 

but most PPA subgroups were smaller than here.  
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However, FTD-MND cases have much higher YKL-40 levels than bvFTD or CBS cases, 

and higher chitotriosidase levels than CBS or PSPS cases (Abu-Rumeileh et al., 2019). 

This is likely because MND is associated with highly elevated levels of YKL-40 (Andrés-

Benito et al., 2018; Illán-Gala et al., 2018; Oeckl et al., 2019; Sanfilippo et al., 2017; 

Thompson et al., 2018) and chitotriosidase (Mishra et al., 2017; Oeckl et al., 2019; 

Steinacker et al., 2018; Thompson et al., 2018; Varghese et al., 2013), as well as 

sTREM2 (Cooper-Knock et al., 2017). Individuals with clinical diagnoses of MND have 

higher chitotriosidase levels compared with clinically diagnosed FTD cases (Steinacker 

et al., 2018), and individuals with pathologically confirmed FTD-MND due to FTLD-TDP 

have higher chitotriosidase and YKL-40 levels compared with those with FTD alone due 

to FTLD-TDP (Abu-Rumeileh et al., 2019). This is thought to be due to enhanced 

activation of certain phenotypes of microglia and astrocytes in the spinal cord in MND 

(Abu-Rumeileh et al., 2019). The present study therefore deliberately excluded 

individuals with concurrent MND to avoid confounding results in the FTD group.  

 

The particularly high YKL-40 and chitotriosidase levels in lvPPA and YKL-40 levels in 

nfvPPA may have been due to more pronounced glial activation in individuals with 

underlying AD pathology or GRN mutations within these groups. The majority (78%) of 

the lvPPA subgroup had a CSF neurodegenerative biomarker profile consistent with AD 

(rather than FTLD), and the nfvPPA subgroup contained two individuals with AD-like 

CSF biomarkers and two individuals with GRN mutations. In contrast, most individuals 

with bvFTD or svPPA had a non-AD CSF biomarker profile and a smaller percentage 

with (bvFTD) or no (svPPA) GRN mutations. The effect of AD pathology was explored 

further by stratifying the dementia group by CSF neurodegenerative biomarker profile 

(rather than by clinical diagnoses) into two groups: AD biomarker positive (likely AD 

group) and AD biomarker negative (likely FTLD group). This confirmed that there were 

higher levels of YKL-40 and chitotriosidase in the AD group compared with controls, and 
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higher levels than the FTLD group. sTREM2 levels were also higher in the AD group 

compared with the FTLD group, although levels did not differ significantly from controls. 

This suggests that individuals with AD pathology have more significant glial activation or 

dysfunction than those with FTLD in general, although, as identified in Chapter 5 and 6, 

this may vary according to FTLD subtype and disease mechanism. This could be due to 

the presence of soluble phosphorylated tau oligomers in AD cases, which colocalise with 

microglia, astrocytes and proinflammatory cytokines (Nilson et al., 2017) and are highly 

toxic to microglia (Sanchez-Mejias et al., 2016). This results in pronounced microglial 

activation, lysosomal dysfunction and eventual senescence (Musi et al., 2018; Navarro 

et al., 2018; Sanchez-Mejias et al., 2016; van Olst et al., 2020), which could alter release 

of glia-derived proteins. In contrast, other studies have shown similarly raised YKL-40 

(Abu-Rumeileh et al., 2019; Antonell et al., 2020) and chitotriosidase (Abu-Rumeileh et 

al., 2019) levels in AD and FTD, although their FTD groups contained many individuals 

with genetic FTD, including GRN mutation carriers, which, as shown here, have highly 

raised levels of both biomarkers. 

 

Although glia-derived biomarker levels did not differ significantly between the FTLD 

group and controls overall, many FTLD cases had high levels of YKL-40 and 

chitotriosidase. There was significant variability in levels across FTLD cases, particularly 

for chitotriosidase, supporting the histological evidence of microglial heterogeneity 

according to FTLD subtype identified in Chapters 5 and 6. Other studies have explored 

this further by stratifying groups of pathologically confirmed FTLD cases, with conflicting 

results. Both FTLD-tau and FTLD-TDP cases had higher YKL-40 levels than individuals 

with subjective memory impairment or controls (Alcolea et al., 2017, 2018; Teunissen et 

al., 2016). However, although one study found higher YKL-40 levels in FTLD-tau than in 

FTLD-TDP or AD (Alcolea et al., 2018), others have found similar levels in FTLD-TDP 

and FTLD-tau (Abu-Rumeileh et al., 2019) or only higher YKL-40 levels in FTLD-TDP 
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(but not FTLD-tau) compared with controls (Alcolea et al., 2017; del Campo et al., 2018). 

Only one study has examined chitotriosidase levels in FTLD subtypes, demonstrating 

higher levels in FTLD-TDP than FTLD-tau (Abu-Rumeileh et al., 2019). Differences in 

the number of genetic FTD cases in FTLD subgroups or inclusion of individuals with co-

pathology are likely to have contributed to these disparities between studies. Most FTLD-

TDP cohorts included individuals with concurrent MND, or GRN mutation carriers, who 

have highly elevated levels of both biomarkers. Most FTLD-tau cohorts included MAPT 

mutation carriers, who (as shown here) have significantly raised YKL-40 levels. This 

variability in levels according to pathology or disease mechanism has implications for 

use of these biomarkers in research studies and clinical trials for a disease as 

pathologically diverse as FTLD. 

 

Although it was not possible to divide the dementia group into FTLD subtypes due to a 

lack of cases with pathological confirmation, inclusion of a small number of patients with 

genetic FTD enabled an exploratory analysis of glia-derived biomarker levels in 

individuals with known pathology (FTLD-TDP: GRN or C9orf72 mutations, or FTLD-tau: 

MAPT mutations), and also differing disease mechanisms despite similar pathology 

(GRN and C9orf72 mutations). This showed that all glia-derived biomarkers were 

markedly raised in the GRN group, and YKL-40 levels were raised in the MAPT group, 

compared with controls, but none were raised in the C9orf72 group. Levels also differed 

between genetic subtypes: the GRN group had higher levels of sTREM2 and 

chitotriosidase than MAPT and C9orf72 groups, and higher YKL-40 levels than the 

C9orf72 group. Few studies have examined glia-derived biomarkers in genetic FTD 

(Abu-Rumeileh et al., 2019; Antonell et al., 2020; Barschke et al., 2020; Oeckl et al., 

2019). One study measured CSF chitotriosidase and YKL-40 levels in symptomatic 

GRN, MAPT and C9orf72 mutation carriers, but levels were not compared between 

individual genetic subtypes or between each subtype and controls (Abu-Rumeileh et al., 



308 

 

2019). Another study found similar YKL-40 levels in genetic FTD overall to controls, but 

this did not separate genetic subtypes either (Antonell et al., 2020). Another mixed 

genetic FTD cohort had similar YKL-40 and chitotriosidase levels to controls, but genetic 

subtypes were again not compared (Oeckl et al., 2019). This cohort also contained a 

significant proportion of C9orf72 expansions carriers (15/23), who (as shown here) have 

similar levels of both biomarkers to controls. A more recent study found that CSF 

chitotriosidase levels in FTD cases with C9orf72 expansions were similar to controls, but 

lower than in MND cases with C9orf72 expansions (Barschke et al., 2020).  

 

The markedly raised levels of all glia-derived biomarkers in the GRN mutation group are 

consistent with multiple studies showing elevated levels of other inflammatory 

biomarkers in CSF or blood of GRN mutation carriers (Benussi et al., 2020; Bossù et al., 

2011; Galimberti et al., 2015; Gibbons et al., 2015; Heller et al., 2020; Miller et al., 2013) 

and the significant microglial dysfunction and activation in GRN -/- mouse models (Lui et 

al., 2016; Martens et al., 2012; Tanaka et al., 2013a, 2013b, 2014; Wils et al., 2012; Yin 

et al., 2009, 2010). This supports the increased burden of phagocytic microglia in FTLD-

GRN cases in Chapter 5, and severe microglial dystrophy in Chapter 6, suggestive of 

extensive senescence. Both progranulin and TREM2 are expressed by microglia, but 

they regulate microglial function and immune pathways in opposite ways (Götzl et al., 

2019). GRN -/- mice have upregulated TREM2 gene expression and excessive synaptic 

pruning, mediated by aberrantly activated microglia (Lui et al., 2016). As sTREM2 

enhances microglial activation, proliferation, migration, survival and phagocytosis 

(Zhong et al., 2017, 2019), raised CSF sTREM2 levels in GRN mutation carriers may 

initially be due to augmented release as a protective mechanism, as seen in AD. 

However, if sTREM2 levels remain chronically raised this could exacerbate neuronal 

damage through a persistently heightened microglial response and excessive 

phagocytosis.  
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GRN mutation carriers also display significant microglial lysosomal dysfunction (Götzl et 

al., 2014; Ward et al., 2017), due to the role of progranulin in lysosomal homeostasis, 

which could alter delivery of glia-derived proteins to the cell membrane or release into 

CSF. In the lysosomal storage disorder Gaucher’s disease, where macrophage 

lysosomes are overwhelmed by accumulation of the sphingolipid glucocerebroside (Jian 

et al., 2018), both plasma (Hollak et al., 1994) and CSF (Zigdon et al., 2015) 

chitotriosidase levels are highly elevated. Given that GRN mouse models show lipid 

accumulation in microglia (Evers et al., 2017; Marschallinger et al., 2020; Nguyen et al., 

2018), elevated CSF chitotriosidase levels in GRN mutation carriers may represent 

chronic microglial dysfunction due to lipid mishandling. Serum YKL-40 levels are also 

raised (and serum progranulin levels reduced) in Gaucher’s disease, and recombinant 

progranulin reduces serum YKL-40 levels in GRN -/- mice and fibroblasts from patients 

with Gaucher’s disease (Jian et al., 2018). This strengthens the link between progranulin 

haploinsufficiency, lipid mishandling, lysosomal dysfunction, glial dysfunction, and 

augmented release of glia-derived biomarkers in GRN mutation carriers with FTD. 

 

Another marker of activated astrocytes, GFAP, is highly elevated in the plasma of 

symptomatic GRN mutation carriers, but not in MAPT or C9orf72 mutation carriers 

(Heller et al., 2020). This suggests there is a mutation-specific effect of progranulin 

haploinsufficiency on glia, supported by the particularly severe dystrophy in FTLD-GRN 

cases in Chapter 6. This may explain the higher levels of sTREM2, YKL-40 and 

chitotriosidase in the GRN group compared with the C9orf72 group, and the similar levels 

of all glia-derived biomarkers in the C9orf72 group to controls, as observed elsewhere 

for chitotriosidase (Barschke et al., 2020). The extensive glial and immune dysfunction 

observed in C9orf72 -/- mouse models is not present in heterozygous mice (Burberry et 

al., 2016, 2020; O’Rourke et al., 2016; Sudria-Lopez et al., 2016), so may not be present 

in human heterozygous expansion carriers. There is also marked variability in the degree 
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of immune dysfunction and microglial activation in C9orf72 mouse models, modified by 

the mouse gut microbiome (Burberry et al., 2020). This may also be present in humans 

C9orf72 expansion carriers, so environmental factors could modify glial dysfunction. This 

may contribute to significant variability in neuroinflammatory mechanisms, glia-derived 

biomarker levels and clinical phenotypes within groups of individuals with the same 

mutation.  

 

CSF YKL-40 levels were also raised in the MAPT group compared with controls, 

consistent with elevated YKL-40 levels in FTLD-tau groups in other studies (Abu-

Rumeileh et al., 2019; Alcolea et al., 2017; Teunissen et al., 2016). Activated or 

dysfunctional microglia and astrocytes colocalise with tau oligomers or aggregates in 

MAPT P301S mutation mouse models (Bellucci et al., 2004; Brelstaff et al., 2018; Nilson 

et al., 2017; van Olst et al., 2020) and patients with MAPT P301S mutations (Bellucci et 

al., 2011). There is pronounced microglial activation in the temporal lobes in histological 

studies of symptomatic MAPT 10+16 mutation carriers, as demonstrated in Chapter 5 

and previously (Lant et al., 2014), and in microglial PET studies (Bevan-Jones et al., 

2019). This suggests that tau pathology in MAPT mutation carriers promotes YKL-40 

release through microglial (and perhaps astrocytic) activation or dysfunction. sTREM2 

levels in the MAPT group were similar to controls, but lower than in the GRN group. 

Chitotriosidase levels were slightly raised in the MAPT group (but did not reach 

significance) compared with controls, although lower than in the GRN group. There could 

be less lysosomal dysfunction or lipid mishandling in MAPT than GRN mutation carriers, 

but replication in a larger cohort is needed to clarify these preliminary findings. 

 

In order to explore further how glial activation or dysfunction link to neurodegeneration, 

this study examined relationships between levels of glia-derived biomarkers and 

neurodegenerative biomarkers that are used in clinical practice and which reflect 
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neuronal injury (T-tau), hyperphosphorylated tau (P-tau) and amyloid pathology (Aβ42). 

Overall, levels of all glia-derived biomarkers were positively associated with T-tau and 

P-tau levels in the dementia group, but this only reached significance in certain clinical 

or pathological subgroups. Unsurprisingly, sTREM2 levels were positively associated 

with T-tau and P-tau in those with underlying AD pathology (lvPPA and AD groups) but 

also with T-tau in the FTLD group. This is consistent with associations between sTREM2 

and T-tau and/or P-tau levels in amnestic AD (Gispert et al., 2016b; Heslegrave et al., 

2016; Suárez-Calvet et al., 2016b, 2019), suggesting sTREM2 rises in the context of 

neuronal injury, but particularly due to hyperphosphorylated tau pathology. However, the 

association with T-tau (but not P-tau) levels in those with likely FTLD indicates that 

sTREM2 levels also rise in the context of neuronal injury without concurrent AD 

pathology. There was a small but significant positive association between sTREM2 and 

Aβ42 levels in the dementia and lvPPA groups, perhaps as sTREM2 is released to bind 

to accumulating Aβ42 oligomers, as seen in mouse models of AD (Zhong et al., 2019). 

Surprisingly, there was also a positive association between sTREM2 and Aβ42 in the 

FTLD group, but not in the AD group. It is unclear why, although there is altered 

clearance of some amyloid species in the context of FTLD pathology (Illán-Gala et al., 

2019).   

 

As expected, YKL-40 levels were associated with T-tau and P-tau in the dementia group, 

and in bvFTD (both markers), nfvPPA (T-tau only) and lvPPA (P-tau only), as well as in 

the FTLD group (both markers), but surprisingly not in the AD group. Chitotriosidase 

levels were associated with T-tau and P-tau in the dementia group and in lvPPA (both 

markers) and bvFTD (T-tau only). However, associations did not reach significance in 

either the FTLD or AD group. YKL-40 levels were not significantly associated with Aβ42 

in dementia overall but were positively associated in lvPPA and AD groups. There was 

a negative association between chitotriosidase and Aβ42 in the dementia group, but this 
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did not reach significance in any subgroups. These variations in associations across 

groups may be explained by differing underlying pathologies (FTLD subtypes or AD) in 

individuals within each group being associated with varying degrees of glial dysfunction, 

neurodegeneration and tau or amyloid pathology. Small sample sizes may have also 

limited power to detect significant associations in some subgroups.  

 

Positive associations between YKL-40 or chitotriosidase and T-tau or P-tau in CSF have 

been identified in many studies of typical AD (Abu-Rumeileh et al., 2019; Alcolea et al., 

2014; Antonell et al., 2014; Craig-Schapiro et al., 2010; Olsson et al., 2013; Sutphen et 

al., 2018; Zhang et al., 2018), linking neuronal injury and hyperphosphorylated tau 

pathology to glial dysfunction. Consistent with this, there was a strong association 

between levels of both YKL-40 and chitotriosidase and P-tau in the lvPPA subgroup, 

where most individuals had AD-like biomarkers. However, associations did not reach 

significance in the AD group overall, perhaps due to high levels of all biomarkers or small 

group size. Studies of pathologically or genetically confirmed FTLD have found strong 

associations between YKL-40 (Abu-Rumeileh et al., 2019; Craig-Schapiro et al., 2010; 

Teunissen et al., 2016) or chitotriosidase (Abu-Rumeileh et al., 2019) and T-tau, but no 

associations with P-tau. Similar results in the ‘FTLD group’ here support hypotheses that 

release of YKL-40 or chitotriosidase by glial cells is linked to neuronal injury in the 

absence of AD pathology. In a study of individuals with HD, CSF YKL-40 levels were 

also associated with T-tau (Rodrigues et al., 2016), extending this relationship to other 

neurodegenerative diseases. 

 

This study also analysed associations between YKL-40 and chitotriosidase levels. There 

was a strong positive association between levels of both biomarkers in the dementia 

group overall, and in most clinical subgroups, although this reached significance only in 

bvFTD and nfvPPA. Levels of YKL-40 and chitotriosidase were also highly associated in 
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the FTLD group, but this did not reach significance in the AD group, either due to high 

levels of both biomarkers in most individuals, or smaller group size. These results are 

consistent with other studies identifying positive correlations between YKL-40 and 

chitotriosidase in AD (Abu-Rumeileh et al., 2019; Mattsson et al., 2011), FTD (Abu-

Rumeileh et al., 2019) and a mixed genetic MND and FTD cohort (Oeckl et al., 2019). 

Astrocytic and microglial activation or dysfunction therefore appear to arise in tandem in 

FTLD.  

 

In conclusion, CSF YKL-40 and chitotriosidase (but not sTREM2) levels were raised in 

individuals with dementia clinically consistent with FTD, suggesting extensive astrocytic 

and microglial activation or dysfunction in the context of neurodegeneration. However, 

due to significant variability across cases, levels of these biomarkers are likely not going 

to be useful for differentiating between individuals with FTD and healthy controls, or for 

delineating clinical subtypes of FTD. Levels of all three glia-derived biomarkers were 

higher in genetic FTD due to GRN mutations (albeit within a small preliminary cohort) 

and YKL-40 was higher in genetic FTD due to MAPT mutations, so these may be useful 

to explore further in individuals with presymptomatic or symptomatic genetic FTD. Levels 

of all three biomarkers were predominantly higher in individuals with a clinical syndrome 

consistent with FTD but due to underlying AD, rather than FTLD, pathology, perhaps due 

hyperphosphorylated tau pathology promoting more glial dysfunction than TDP-43 or tau 

pathology. As levels of all three biomarkers were consistently associated with a measure 

of neuronal injury (T-tau) in those with likely FTLD, and as YKL-40 and chitotriosidase 

levels were highly correlated, these biomarkers may represent the response (or 

contribution) of dysfunctional astrocytes and microglia to burgeoning pathology or 

neurodegeneration in FTLD.  
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7.7 Limitations and future work 

Limitations of this study include the small size of certain subgroups, particularly genetic 

subgroups, which may have sometimes limited power to detect significant differences in 

biomarker levels. However, this is inherent to a rare disease such as FTD, which has 

multiple phenotypes, and is difficult to avoid when analysing biomarker levels across a 

broad spectrum of disease, while confining CSF collection and biomarker analysis to one 

site in order to minimise inter-centre variation.  

 

The dementia group contained both individuals with a clinical diagnosis of an FTD 

syndrome likely due to FTLD (bvFTD, svPPA and nfvPPA) and those more commonly 

associated with AD pathology (lvPPA). The use of clinical diagnosis rather than 

pathological confirmation as an inclusion criterion meant a combination of different 

pathologies and mutations in the dementia group is likely to have affected YKL-40 and 

chitotriosidase levels in this group overall. However, it was possible to dissect out 

differences in biomarker levels between broad pathological (FTLD versus AD) and 

genetic (GRN, C9orf72 and MAPT) entities through stratification of the FTD group by 

CSF biomarker profile and through a preliminary analysis by mutation type. A stringent 

cut-off of T-tau/Aβ42 ratio ≥1.0 as ‘likely AD’ was used to minimise misclassification of 

individuals with concurrent or primary AD pathology into the FTLD group, as employed 

previously (Paterson et al., 2016). In addition, all individuals with FTD were phenotyped 

in detail, meeting strict diagnostic criteria for bvFTD (Rascovsky et al., 2011) or PPA 

(Gorno-Tempini et al., 2011). 

 

Future studies should analyse CSF sTREM2, YKL-40 and chitotriosidase levels within 

larger cohorts of individuals with sporadic FTD, ideally in pathologically confirmed cases. 

Exploration of relationships between baseline and longitudinal measurements of glia-

derived biomarkers, and other biomarkers of disease intensity (such as serum or CSF 
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NfL levels or frontal lobe atrophy rate) would also enable determination of whether glia-

derived biomarkers in CSF can be used as biomarkers of disease intensity in sporadic 

FTD. Inclusion of a larger number of genetic FTD cases with mutations in GRN, C9orf72 

and MAPT would be helpful to link glial processes to known pathology and disease 

mechanisms and would enable confirmation of preliminary observations of higher 

biomarker levels in symptomatic GRN and MAPT mutation carriers. Assessment of levels 

in PMC could establish if, and when, levels change prior to expected symptom onset. 

This could help to determine whether these biomarkers might be used to predict disease 

proximity in genetic FTD, maximising the chance of intervening with treatments in clinical 

trials before significant neurodegeneration occurs. The study in Chapter 8 explored this 

further. 

7.8 Publications relating to this chapter 

The work presented in this chapter was published sequentially as two separate papers, 

but figures and tables within both publications were significantly adapted for use in this 

chapter to present results of all three biomarker analyses concurrently: 

 

Woollacott IOC et al. (2018) Cerebrospinal fluid soluble TREM2 levels in frontotemporal 

dementia differ by genetic and pathological subgroup. Alzheimers Res Ther. 10:79 

 

Woollacott IOC et al. (2020) Cerebrospinal Fluid YKL-40 and Chitotriosidase Levels in 

Frontotemporal Dementia Vary by Clinical, Genetic and Pathological Subtype. Dement 

Geriatr Cogn Disord, 49:56-76. 
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8 CSF glia-derived biomarkers in symptomatic and 

presymptomatic genetic FTD 

8.1 Chapter summary 

Introduction: Chronic glial dysfunction may contribute to the pathogenesis of genetic 

FTD due to GRN, C9orf72 or MAPT mutations. Preliminary examination of levels of three 

glia-derived biomarkers (sTREM2, YKL-40 and chitotriosidase) in CSF within a small 

genetic FTD cohort identified that patients with GRN mutations have raised levels of all 

biomarkers and patients with MAPT mutations have raised YKL-40 levels. This study 

assessed levels of these biomarkers in CSF of a larger genetic FTD cohort and in PMC 

of GRN, C9orf72 or MAPT mutations to determine whether levels vary according to 

mutation type and whether, and when, levels change presymptomatically.  

 

Methods: Immunoassays were used to measure levels of sTREM2, YKL-40 and 

chitotriosidase in CSF of 183 individuals: 36 patients with genetic FTD (13 GRN, 15 

C9orf72 and 8 MAPT), 83 PMC (36 GRN, 32 C9orf72 and 15 MAPT) and 64 mutation 

negative controls. Associations of biomarker levels with age and disease duration were 

analysed, and levels were compared between patients, PMC and controls overall, and 

separately for each genetic subtype (GRN, C9orf72 and MAPT). Levels were also 

compared between patients and early PMC (age at CSF >10 years from expected 

symptom onset [EYO]) and late PMC (<10 EYO) for each genetic subtype. Associations 

of biomarker levels with EYO were analysed in all mutation carriers versus controls, for 

each genetic subtype, to explore whether and when presymptomatic changes in levels 

occurred. 

 

Results: CSF sTREM2 and YKL-40 (but not chitotriosidase) levels were positively 

associated with age in all groups. sTREM2 levels were negatively associated with 
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disease duration in MAPT patients. Chitotriosidase levels were higher in patients 

compared with PMC and controls overall, but only in GRN and MAPT (and not C9orf72) 

mutation carriers. Chitotriosidase levels were also higher in GRN and MAPT patients 

than respective late PMC. sTREM2 and YKL-40 levels were similar across groups once 

adjusted for age and sex. In GRN mutation carriers, chitotriosidase levels were 

significantly raised from six EYO compared with controls, whereas YKL-40 levels were 

significantly raised from between one and zero EYO. MAPT mutation carriers appeared 

to have high chitotriosidase levels from three EYO onwards, although levels did not differ 

significantly from controls at any timepoint.  

 

Conclusions: CSF chitotriosidase levels are raised in GRN mutation carriers, differing 

from controls from six years before expected onset. YKL-40 levels in GRN mutation 

carriers differ from controls from between one to zero years before expected onset, but 

do not seem significantly raised in symptomatic individuals. CSF chitotriosidase levels 

are raised in patients with FTD due to MAPT mutations and may rise presymptomatically. 

CSF sTREM2 levels are not raised in presymptomatic or symptomatic genetic FTD. CSF 

chitotriosidase and YKL-40 may be promising biomarkers of disease proximity in GRN 

or MAPT mutation carriers, reflecting different phases of glial activation or dysfunction. 

8.2 Introduction 

Genetic FTD provides a unique opportunity to examine the pathogenesis and evolution 

of FTLD over time, including how chronic neuroinflammation and glial dysfunction 

contribute to disease in individuals with known pathology. Studying biomarkers in blood 

or CSF from PMC and patients with different mutations (GRN, C9orf72 or MAPT) allows 

appreciation of how and when biomarkers of these processes are altered, and how this 

may be linked to the underlying mutation or pathology. As discussed in Chapter 1.3.4, 

raised levels of inflammatory biomarkers such as proinflammatory cytokines have been 

found in CSF or blood in genetic FTD cohorts, but few studies have examined glia-
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derived biomarkers. Levels of astrocyte-derived GFAP are raised in CSF, serum or 

plasma in sporadic FTD (Abu-Rumeileh et al., 2019; Benussi et al., 2020; Ishiki et al., 

2016; Marelli et al., 2020; Oeckl et al., 2019), but few have examined GFAP levels in 

genetic FTD (Benussi et al., 2020; Heller et al., 2020; Oeckl et al., 2019). Plasma (Heller 

et al., 2020) or serum (Benussi et al., 2020) GFAP levels are elevated in GRN mutation 

carriers with FTD, with levels rising just prior to expected onset in GRN PMC who are 

converting to the symptomatic phase (Heller et al., 2020). This suggests that glial 

dysfunction is detectable presymptomatically in GRN mutation carriers and this could be 

indicative of immediate disease proximity. Although another study found similar CSF 

GFAP levels in a mixed group of PMC of FTD-associated mutations compared with 

controls, levels were not explored in separate genetic groups (Oeckl et al., 2019). 

 

It would, however, be more useful to identify glia-derived biomarkers that change much 

earlier on in the presymptomatic phase of genetic FTD (rather than just prior to 

conversion), given that glial dysfunction may occur well before symptom onset, and this 

could be targeted with future therapies. In PMC within longitudinal dominantly inherited 

AD cohorts there are raised CSF sTREM2 levels five years before expected onset 

compared with controls, suggesting sTREM2 could be useful as a biomarker of disease 

proximity in presymptomatic AD (Suárez-Calvet et al., 2016a). However, studies of 

sTREM2 and other glia-derived biomarkers (YKL-40 and chitotriosidase) are lacking in 

genetic FTD. No studies (other than in Chapter 7) have examined sTREM2 levels in 

genetic FTD, and only a few have examined YKL-40 or chitotriosidase levels, but this 

was in mixed genetic FTD cohorts (Abu-Rumeileh et al., 2019; Antonell et al., 2020; 

Oeckl et al., 2019), leading to variable results, or only in C9orf72 expansion carriers 

(Barschke et al., 2020). In addition, no studies (other than Chapter 7) have compared 

levels between different genetic FTD subtypes. Only two studies have examined 

microglia-derived biomarkers in CSF of PMC with FTD-associated mutations, finding 
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similar YKL-40 or chitotriosidase levels to controls, most likely as PMC groups contained 

different mutation types, without comparison between these (Antonell et al., 2020; Oeckl 

et al., 2019). 

 

Given the mounting evidence from Chapters 4 to 7 and other studies that microglial 

activation and dysfunction contribute to genetic FTD, and given insufficient examination 

of glia-derived biomarkers in genetic FTD and PMC so far, exploration of sTREM2, YKL-

40 and chitotriosidase levels in CSF was needed within a large genetic FTD cohort and 

in PMC who are at varying proximities to expected symptom onset. Levels should be 

compared between patients and PMC with different mutation types (GRN, C9orf72 and 

MAPT), as well as with mutation negative controls. This could establish whether levels 

of glia-derived biomarkers vary according to the genetic subtype (providing insights into 

disease pathogenesis) and determine whether and when levels change 

presymptomatically (useful for predicting disease proximity to benefit clinical practice and 

clinical trials). 

8.3  Aims and hypotheses 

This study aimed to carry out a comprehensive assessment of sTREM2, YKL-40 and 

chitotriosidase levels in the CSF of patients with genetic FTD due to mutations in GRN, 

C9orf72 or MAPT, and in PMC of these mutations, compared with mutation negative 

controls (called controls for brevity). The overarching hypothesis was that there is glial 

dysfunction in genetic FTD, and that this occurs some time before onset of symptoms, 

so levels of glia-derived biomarkers will be raised in CSF of symptomatic mutation 

carriers, as well as at some point in PMC, compared with controls.  

 

Specific hypotheses were that levels of sTREM2, YKL-40 and chitotriosidase in CSF will 

differ between: 
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1. Patients with genetic FTD and controls, due to increased glial dysfunction due to 

GRN, C9orf72 or MAPT mutations, or associated with neurodegeneration itself. 

2. Patients with mutations in different genes (GRN, C9orf72 or MAPT), due to their 

different roles in glial function, with GRN mutation carriers particularly likely to 

have raised levels. 

3. Patients and PMC within each mutation group, due to more extensive glial 

dysfunction in symptomatic than presymptomatic individuals. 

4. PMC and controls, due to glial dysfunction arising several years before onset of 

symptoms in mutation carriers. 

 

In addition, this study hypothesised that if levels of these biomarkers are raised 

presymptomatically, this may differ: 

1. Between different genetic subtypes of PMC (GRN, C9orf72 or MAPT), due to 

their different roles in glial function, with GRN PMC particularly likely to have 

raised levels presymptomatically. 

2. Between PMC who are close to predicted symptom onset (‘late PMC’) and PMC 

who are many years away from onset (‘early PMC’), due to increasing glial 

dysfunction throughout the disease process. 

3. Between mutation carriers and controls at a certain timepoint in the 

presymptomatic phase; this timepoint may vary according to the genetic subtype. 

8.4 Methods 

8.4.1 Participants 

The cohort consisted of 183 participants (Table 8.1). There were 119 mutation carriers 

(49 GRN, 47 C9orf72 and 23 MAPT) and 64 mutation negative controls (controls). Of the 

119 mutation carriers, 36 were symptomatic patients with FTD at the time of CSF 

collection, due to mutations in either GRN (n=13), C9orf72 (n=15), or MAPT (n=8) and 
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83 were PMC who had mutations in GRN (n=36), C9orf72 (n=32) or MAPT (n=15). The 

64 controls were relatives of patients or PMC (27 from GRN families, 25 from C9orf72 

and 12 from MAPT) who lacked mutations in these genes.  

 

34 out 36 patients were recruited from multiple sites participating in GENFI (UCL and 13 

external sites), and two patients were recruited from the prospective CSF study at the 

UCL DRC (one GRN and one MAPT mutation carrier), as detailed in Chapter 2.1.2. All 

patients met consensus diagnostic criteria for a definite FTD syndrome; most had either 

bvFTD or PPA, but one had CBS (GRN), one PSPS (C9orf72), and one FTD-MND 

(C9orf72). Patients with MND alone were excluded to ensure a focus on how glia-derived 

biomarkers are altered in genetic FTD. GRN mutations in patients included (n): IVS7-

1G>A (three), T272fs (two), C31fs (two), and one each of: S78fs, S82fs, C253X, C482X, 

delGRN(Tubingen) and A350fs. MAPT mutations in patients included: R406W (four), 

10+16 (two), Q351R (one) and P301L (one). All patients with C9orf72 expansions were 

heterozygous carriers. All participants from GENFI underwent clinical and 

neuropsychological assessments, neuroimaging, and genetic testing on a research basis 

as detailed in Chapter 2.1.2. 

 

PMC and controls were recruited from multiple sites participating in GENFI (UCL and 13 

external sites) as detailed in Chapter 2.1.2. All underwent clinical and neuropsychological 

assessments, neuroimaging, and genetic testing on a research basis as detailed in 

Chapter 2.1.2. All were screened for symptoms of FTD or an overlap syndrome (MND, 

CBS and PSPS) and were either asymptomatic or reported very mild symptoms not 

meeting any diagnostic criteria. All had normal neurological examinations. Due to the 

sensitive nature of research-based genetic testing results in PMC, numbers of 

participants with each specific gene mutation are not presented. 
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Data were collected on all participants regarding: sex, age at CSF collection, mutation 

type, mean family AAO (calculated as an average of the AAO of symptoms of all known 

affected family members) and GENFI study site. For patients, data were also collected 

on clinical diagnosis, AAO and disease duration. Disease duration was calculated as the 

time, in years, between AAO and date of CSF collection. Each participant’s age at CSF 

collection and the mean AAO in their family was used to estimate the number of expected 

years from symptom onset (EYO) that each participant was at the time of CSF collection. 

Every participant was also assigned a ‘family number’, pertaining to which family within 

GENFI they were a member of (or a unique family, for the two patients from the DRC 

CSF study), which was used as a covariate in analyses of how biomarker levels varied 

with EYO, as discussed later. 

 

PMC in each genetic subgroup (GRN, C9orf72 or MAPT) were also divided into ‘early’ 

PMC (age at CSF >10 EYO) and ‘late’ PMC (age <10 EYO) subgroups. These subgroups 

were later compared to establish whether biomarker levels differed between mutation 

carriers at different stages of the disease continuum. Of the 83 PMC, 45 were early PMC 

and 38 were late PMC. Cohort demographics, including for each genetic subgroup, are 

summarised further in Table 8.1.  
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Group N 
Sex 

(% M) 

Clinical 
diagnosis 

N 

Age at 
CSF in 
years 

AAO in 
years  

Mean family 
AAO in 
years 

EYO 
Disease 
duration 
in years 

Mutation 
negative 
controls 

64 45.3 n/a 
46.0 

(13.0) 
n/a 

58.2 
(6.4) 

-12.5 
(12.4) 

n/a 

All PMC 83 43.4 n/a 
45.8  

(11.6) 
n/a 

57.4 
(6.1) 

-11.7 
(10.4) 

n/a 

All 
GRN 
PMC 

36 50.0 n/a 
47.8 

(12.7) 
n/a 

58.4 
(3.6) 

-10.6 
(11.5) 

n/a 

Early  
GRN 
PMC 

16 37.5 n/a 
36.4 
(8.6) 

n/a 
57.5 
(3.7) 

-21.1 
(8.1) 

n/a 

Late 
GRN 
PMC 

20 60.0 n/a 
56.8 
(6.5) 

n/a 
59.0 
(3.4) 

-2.2 
(5.1) 

n/a 

All 
C9orf72  

PMC 
32 37.5 n/a 

44.9 
(11.2) 

n/a 
59.2 
(6.8) 

-14.3 
(9.2) 

n/a 

Early 
C9orf72 

PMC 
22 40.9 n/a 

40.4 
(9.8) 

n/a 
59.5 
(6.9) 

-19.2 
(6.1) 

n/a 

Late 
C9orf72 

PMC 
10 30.0 n/a 

54.8 
(6.6) 

n/a 
58.6 
(6.6) 

-3.8 
(4.9) 

n/a 

All 
MAPT 
PMC 

15 40.0 n/a 
42.9  
(9.7) 

n/a 
51.5 
(5.9) 

-8.6 
(9.1) 

n/a 

Early  
MAPT 
PMC 

7 42.9 n/a 
36.5 
(6.8) 

n/a 
52.8 
(5.7) 

-16.3 
(4.3) 

n/a 

Late 
MAPT 
PMC 

8 37.5 n/a 
48.5 
(8.9) 

n/a 
50.4 
(6.2) 

-1.9 
(6.3) 

n/a 

All 
patients 

36 58.3 

bvFTD = 28 
nfvPPA = 4 
svPPA = 1 
CBS = 1 

PSPS = 1 
FTD-MND = 1 

62.9 
(7.7) 

57.3 
(7.9) 

58.7 
(6.8) 

+4.2 
(7.4) 

5.6 
(4.6) 

GRN  
patients 

13 46.1 

bvFTD = 7 
nfvPPA = 4 
svPPA = 1 
CBS = 1 

64.0 
(6.8) 

59.8 
(6.8) 

59.1 
(4.9) 

+4.9 
(8.2) 

4.2 
(3.1) 

C9orf72 
patients 

15 73.3 
bvFTD = 13 
PSPS = 1 

FTD-MND = 1 

64.1 
(9.2) 

56.5 
(9.9) 

59.4 
(9.2) 

+4.6 
(8.2) 

7.6 
(5.6) 

MAPT 
patients 

8 50.0 bvFTD = 8 
59.2 
(5.1) 

54.8 
(3.4) 

56.8 
(4.3) 

+2.4 
(4.5) 

4.3 
(3.3) 

Table 8.1 Demographics of all participants 

Values for demographics are mean (standard deviation), except for sex (percentage of sample male, 
% M) and N = number of participants. AAO = age at onset of symptoms; EYO = number of expected 
years from onset of symptoms, based on mean family AAO and age at CSF (negative = prior to 
expected onset, positive = after expected onset); n/a = not applicable; PMC = presymptomatic 
mutation carriers. 
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8.4.2 CSF collection, processing and biomarker immunoassays 

CSF collection, processing and storage were performed as detailed in Chapter 2.2.2.1, 

with identical, standardised protocols across GENFI sites. Immunoassays were used to 

measure levels of sTREM2, YKL-40 and chitotriosidase as detailed in Chapter 2.2.2.3, 

with experiments for each assay carried out by the author on all samples on the same 

day. CVs were less than 10% for each assay. 

8.4.3 Statistical analysis 

8.4.3.1 Power calculations 

Prospective power calculations for this study were performed at the beginning of the PhD 

research period, to allow time to recruit enough participants from GENFI who would have 

at least one lumbar puncture during this time. This was imperative as there are much 

fewer patients than at-risk individuals (PMC or controls) recruited into GENFI, so patient 

groups may have been underpowered if they were too small. During the planning phase 

of this study (which preceded completion of the study in Chapter 7) limited information 

was available regarding typical levels of each glia-derived biomarker in sporadic or 

genetic FTD. Power calculations were therefore based mainly on a preliminary study of 

mean levels of YKL-40, measured by another researcher (Dr R. Paterson) in CSF 

samples from ten symptomatic sporadic FTD patients and ten controls (FTD: mean [SD] 

= 202075 [75512] pg/mL versus controls: 98500 (55957) pg/mL; P=0.003). At a standard 

statistical significance level of 5%, power calculations confirmed that this study would 

have greater than 95% power to detect a difference in YKL-40 levels of this magnitude 

between 50 controls and 30 patients with genetic FTD, and also between controls and 

specific genetic FTD subtypes (aiming for n=10 in each subgroup). There would be 

greater than 90% power to detect this size of difference between two different genetic 

FTD subtypes. There would be 80% power to detect a difference of 45400 pg/mL or 

greater in the comparison of YKL-40 levels between 50 controls and 30 PMC.  
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The distribution of sTREM2 and chitotriosidase levels in genetic FTD was not known at 

the time of power calculations for this study, so these were performed based on 

standardised effect sizes (Cohen’s D values). In general, with a standard statistical 

significance level of 5%, this study would have 80% power to detect an effect size of 

Cohen’s D=0.66 or greater for the comparison of sTREM2 or chitotriosidase levels 

between 50 controls and 30 patients with genetic FTD, or 50 controls and 30 PMC. There 

would be 80% power to detect an effect size of Cohen’s D=1.0 or greater for the 

comparison of biomarker levels between 50 controls and specific genetic FTD subtypes 

(n=10 each group) and an effect size of Cohen’s D=1.3 between two genetic FTD 

subtypes.  

 

The final number of participants in this study (patients = 36, PMC = 83, controls = 64) 

was therefore more than sufficient for at least 80% power to detect differences in YKL-

40, sTREM2 and chitotriosidase levels between each group, including genetic 

subgroups. Post hoc power analyses were deemed by the GENFI study statistician as 

not being beneficial statistically, so these were not calculated retrospectively. 

8.4.3.2 Statistical approach and tests 

All analyses were carried out using STATA version 14, with a significance threshold of 

P<0.05. Shapiro Wilk tests of raw values and visual assessments of skew and kurtosis 

using Q-Q plots of residuals from multivariable linear regressions were used to test 

assumptions of normality. Assessment of residuals in multivariable linear regression 

analyses of raw sTREM2, YKL-40 and chitotriosidase levels across groups and 

subgroups revealed these were not normally distributed and so did not meet the 

assumptions required for parametric linear regression analysis. Biomarker levels were 

therefore Ln transformed, the residuals of which, on reassessment, met assumptions 

required. Ln(sTREM2), Ln(YKL-40) and Ln(chitotriosidase) levels were therefore used in 

all multivariable linear regressions.  
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For sTREM2 and YKL-40, levels were detectable in CSF of all participants. However, for 

chitotriosidase, five participants had persistently undetectable levels of chitotriosidase in 

CSF, despite repeating the assay using neat CSF samples for these individuals instead 

of 1 in 5 dilution: three patients (two C9orf72, one MAPT) and two controls (one from a 

C9orf72 family, one from a MAPT family). Approximately 6% of the population possesses 

a homozygous 24 base pair duplication in exon 10 of the CHIT1 gene, which leads to a 

complete enzymatic deficiency of chitotriosidase (Boot et al., 1998) and undetectable 

levels of chitotriosidase in CSF (Abu-Rumeileh et al., 2019). These five individuals (2.7% 

cohort) were likely to be carriers of this mutation, given their undetectable, rather than 

low in-range, levels. Confirmation from DNA analysis was not possible during this study, 

but it was felt that their chitotriosidase levels would unacceptably bias group comparisons 

if included or assigned the lower limit of detection, as others have done (Abu-Rumeileh 

et al., 2019). These participants were therefore excluded from the chitotriosidase 

analysis, leaving 178 (out of 183) participants in this analysis but 183 in the sTREM2 and 

YKL-40 analyses. 

 

The following hierarchical approach was used to compare demographics and biomarker 

levels between groups: 

1. Overall group analysis: patients (all mutations combined), PMC (all mutations 

combined) and controls. 

2. Genetic subtype analysis: patient subgroups (GRN, C9orf72 and MAPT), PMC 

subgroups (GRN, C9orf72 and MAPT) and controls. 

3. Early and late PMC analysis: early and late PMC subgroups, patient subgroups, 

and controls. Patient subgroups and early and late PMC subgroups were 

separated by genetic subtype (i.e. GRN patients, C9orf72 patients, MAPT 

patients; early GRN PMC, late GRN PMC, early C9orf72 PMC, late C9orf72 

PMC, early MAPT PMC, late MAPT PMC). 
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The following demographics were compared between all groups: age at CSF and EYO 

(using one-way ANOVA with Bonferroni post hoc tests for multiple comparisons) and sex 

(Chi squared tests). AAO was compared between patient groups using one-way ANOVA 

with Bonferroni post hoc tests. Disease duration was compared between patient groups 

using Kruskal Wallis tests with Dunn’s test for post hoc comparisons, as the distribution 

was non-parametric.   

 

Multivariable linear regressions were used to assess associations of glia-derived 

biomarker levels with demographic parameters that may independently influence glial 

function: age and disease duration at CSF. Associations with age were examined within 

the overall group and genetic subtype analyses, adjusted for sex in all groups. 

Associations with disease duration were examined in patient groups within the genetic 

subtype analysis, adjusted for age and sex.   

 

Multivariable linear regression analyses were then used to compare levels of each glia-

derived biomarker between groups and subgroups using the hierarchical approach 

above. These were adjusted for age and sex, given the strong associations with age for 

sTREM2 and YKL-40, and given that glia-derived biomarker levels may vary according 

to sex, as per previous studies of neurodegenerative diseases. 

 

Linear mixed effects regression models were then used to examine how biomarker levels 

varied at different timepoints along the presymptomatic to symptomatic continuum in all 

mutation carriers (patients and PMC combined) and controls (non-carriers), first overall, 

and then for each genetic subtype (GRN, C9orf72 or MAPT), to establish: 

1. Whether mean levels of each biomarker differed between mutation carriers 

and controls and whether this varied according to the genetic subtype. 
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2. At what EYO timepoint any significant difference in levels between mutation 

carriers and controls occurred for each genetic subtype.  

 

In each linear mixed effects regression model, the outcome variable was 

Ln(biomarker level), and the predictor variables of interest were mutation carrier 

status (carrier/control), EYO, EYO2, interaction between mutation carrier status and 

EYO, and interaction between mutation carrier status and EYO2. These analyses 

were adjusted for age and sex. A random intercept for family number was also 

included to allow values of the biomarker to be correlated between members of the 

same family rather than assuming independence. This is because mutation carriers 

and non-carriers (controls) from the same family are genetically more homogeneous, 

and this could independently influence both glial function and EYO (which is based 

on mean family AAO, also influenced by family membership). 

8.5 Results 

8.5.1 Demographic comparisons 

Demographics for each group are shown in Table 8.1 and results of group demographic 

comparisons (mean differences and P values) are shown in Table 8.2 (except for sex, 

as all comparisons were non-significant, and AAO and disease duration, as these only 

applied to patient groups).  

 

Sex did not differ significantly between patient, PMC and control groups (χ2 = 2.37, 

P=0.306), patient and PMC genetic subtypes (χ2 = 5.87, P=0.438), or early and late PMC 

genetic subgroups (χ2 = 8.04; P=0.53). As shown in Table 8.1, AAO and disease duration 

were similar between patient groups (AAO: C9orf72 vs. GRN: P=0.788; MAPT vs. GRN: 

P=0.501; MAPT vs. C9orf72: P=1.00; disease duration: C9orf72 vs. GRN: P=0.077; 

MAPT vs. GRN: P=0.958; MAPT vs. C9orf72: P=0.139).    
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Age at CSF and EYO differed significantly across various groups and subgroups, as 

shown in Tables 8.1 and 8.2, but were similar between patient genetic subtypes and 

between PMC genetic subtypes. Early GRN and C9orf72 PMC had a higher value for 

EYO compared with late PMC (as expected, as these subgroups were defined based on 

EYO), although this did not reach significance for MAPT late PMC versus early PMC 

after Bonferroni correction.  
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Table 8.2 Comparisons of demographics and CSF glia-derived biomarker levels between groups 

Demographic values are inter-group mean differences (95% confidence intervals); P values from ANOVA which remained significant (P<0.05) after Bonferroni correction are 
highlighted in bold. Biomarker levels are inter-group mean differences (95% confidence intervals) from regressions adjusted for age and sex, with significant P values (P<0.05) 
highlighted in bold. EYO=expected years from symptom onset; PMC=presymptomatic mutation carrier. 

 

Groups compared 
Age at CSF 

In years 
P EYO at CSF P 

Ln(chitotriosidase) 
(pg/ml) 

P 
Ln(YKL-40) 

(pg/ml) 
P 

Ln(sTREM2) 
(pg/ml) 

P 

Overall group analysis 

Patients vs. controls 
16.9 

(11.1, 22.7) 
<0.0001 

16.7 
(11.3, 21.1) 

<0.0001 
0.720 

(0.272,  1.17) 
0.002      

0.093   
(-0.077, 0.263) 

0.280     
-0.104     

(-0.358, 0.149) 
0.418     

Patients vs. PMC 
17.2 

(11.7, 22.8) 
<0.0001 

15.9 
(10.8, 21.1) 

<0.0001 
0.748 

(0 .316, 1.18) 
0.001      

0.094  
(-0.071, 0.260) 

0.261     
-0.147 

(-0.394, 0.099) 
0.240      

PMC vs. controls 
-0.268 

(-4.99, 4.36) 
1.00 

0.791    
(-3.49, 5.07) 

1.00 
-0.027 

(-0.335, 0.280) 
0.860      

-0.001 
(-0.121, 0.119) 

0.982 
0.043 

(-0.135, 0 .221) 
0.635     

Genetic subtype analysis 

GRN patients vs. controls 
18.0 

(7.18, 28.8) 
<0.0001 

17.4 
(7.40, 27.4) 

<0.0001 
0.839  

(0.239, 1.44) 
0.006      

0.103 
(-0.132,  0.339) 

0.387     
-0.187      

(-0.539, 0.165) 
0.295      

C9orf72 patients vs. controls 
18.0 

(7.81, 28.2) 
<0.0001 

17.1 
(7.7, 26.5) 

<0.0001 
0.328    

(-0.272, 0.929) 
0.283     

0.030  
(-0.196, 0.257) 

0.793     
0.012 

 (-0.325, 0.350) 
0.942      

MAPT patients vs. controls 
13.2 

(-0.16, 26.5) 
0.056 

14.9 
(2.54, 27.2) 

0.006 
1.17 

(0.425, 1.92) 
0.002         

0.161 
(-0.117, 0.439) 

0.255     
-0.150 

(-0.565, 0.265) 
0.476     
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Groups compared 
Age at CSF 

In years 
P EYO at CSF P 

Ln(chitotriosidase) 
(pg/ml) 

P 
Ln(YKL-40) 

(pg/ml) 
P 

Ln(sTREM2) 
(pg/ml) 

P 

GRN patients vs.  
GRN PMC 

16.3 
(4.77, 27.8) 

<0.0001 
15.5 

(4.89, 26.1) 
<0.0001 

0.829 
(0.206, 1.45) 

0.009      
0.141 

(-0.106, 0.389) 
0.262     

-0.264    
(-0.632, 0.103) 

0.157     

C9orf72 patients vs.  
C9orf72 PMC 

19.2 
(8.07, 30.3) 

<0.0001 
18.9 

(8.73, 29.3) 
<0.0001 

0.489 
(-0.158, 1.13) 

0.138      
0.035  

(-0.212, 0.283) 
0.778     

-0.055     
(-0.423, 0.314) 

0.771 

MAPT patients vs.  
MAPT PMC 

16.3 
(0.72, 31.8) 

0.031 
10.9    

(-3.40, 25.3) 
0.415     

1.01 
(0.149, 1.87) 

0.022      
0.068 

(-0.257, 0.395) 
0.679     

-0.058  
(-0.544, 0.428) 

0.815     

GRN PMC vs. controls 
1.72 

(-5.78, 9.14) 
1.00 

1.87 
(-4.96, 8.71) 

1.00 
0.011    

(-0.372,  0.394) 
0.954 

-0.037    
(-0.189, 0.115) 

0.628     
0.077   

(-0.148, 0.303) 
0.498     

C9orf72 PMC vs. controls 
-1.17 

(-8.88, 6.52) 
1.00 

-1.87    
(-8.98, 5.23) 

1.00 
-0.160  

(-0.558, 0.237) 
0.427      

-0.005  
(-0.162, 0.152) 

0.948 
0.067  

(-0.167, 0.301) 
0.573     

MAPT PMC vs. controls 
-3.119479 

(-13.3, 7.09) 
1.00 

3.88    
(-5.53, 13.3) 

1.00 
0.164    

(-0.362, 0.689) 
0.540     

0.092 
 (-0.115,  0.301) 

0.382 
-0.092     

(-0.403, 0.218) 
0.558     

C9orf72 vs. GRN patients 
0.021 

(-13.5, 13.5) 
1.00 

-0.269    
(-12.7, 12.2) 

1.00 
-0.512 

(-1.23, 0.207) 
0.162     

-0.073  
(-0.349, 0.202) 

0.599 
0.199 

(-0.211, 0.611) 
0.339     

MAPT vs. GRN patients 
-4.83 

(-20.8, 11.1) 
1.00 

-2.54 
(-17.3, 12.2) 

1.00 
0.333 

 (-0.525, 1.19) 
0.444     

0.057 
(-0.268, 0.383) 

0.729     
0.037 

(-0.449, 0.523) 
0.880     

MAPT vs. C9orf72 patients 
-4.85 

(-20.4, 10.7) 
1.00 

-2.27   
(-16.6, 12.1) 

1.00 
0.845 

 (-0.013, 1.70) 
0.053     

0.132  
(-0.188, 0.449) 

0.419     
-0.162 

(-0.637, 0.312) 
0.500     

C9orf72 vs. GRN PMC -2.90 
(-11.5, 5.74) 

1.00 
-3.75   

(-11.7, 4.23) 
1.00 

-0.171 
(-0.618, 0.274) 

0.448     
0.032  

(-0.146, 0.210) 
0.721     

-0.011  
(-0.274, 0.253) 

0.937     
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Groups compared 
Age at CSF 

In years 
P EYO at CSF P 

Ln(chitotriosidase) 
(pg/ml) 

P 
Ln(YKL-40) 

(pg/ml) 
P 

Ln(sTREM2) 
(pg/ml) 

P 

MAPT vs. GRN PMC -4.84 
(-15.8, 6.09) 

1.00 
2.00    

(-8.08, 12.1) 
1.00 

0.152 
(-0.412, 0.717) 

0.595     
0.129   

(-0.095, 0.355) 
0.255     

-0.169  
(-0.503, 0.164) 

0.316     

MAPT vs.C9orf72 PMC -1.94 
(-13.1, 9.19) 

1.00 
5.76  

(-4.51, 16.0) 
1.00 

0.324 
(-0.247,  0.895) 

0.264     
0.097 

 (-0.129, 0.324) 
0.396     

-0.159  
(-0.497, 0.178) 

0.353     

Early and late PMC analysis 

GRN patients vs. late PMC 
7.22 

(0.093, 14.3) 
0.047 

7.14   
(-3.64, 17.9) 

1.00 
0.880 

(0.223, 1.55) 
0.009      

0.152 
(-0.113, 0.417) 

0.260     
-0.273 

(-0.665, 0.119) 
0.172     

GRN patients vs. early PMC 
27.6 

(20.1, 35.1) 
<0.0001 

25.9 
(14.7, 37.3) 

1.00 
0.603 

(-0.185, 1.39) 
0.133     

0.088 
(-0.223, 0.398) 

0.578     
-0.257     

(-0.722, 0.207) 
0.276      

Late vs. early GRN PMC 
20.4 

(13.7, 27.1) 
<0.0001 

18.9 
(8.70, 28.9) 

<0.0001 
-0.281 

 (-0.965, 0.401) 
0.417     

-0.064 
(-0.337, 0.209) 

0.644     
0.015   

(-0.388,  0.418) 
0.941 

Late GRN PMC vs. controls 
10.8 

(5.66, 15.9) 
<0.0001 

10.2 
(2.49, 18.0) 

0.001      
-0.124 

(-0.624, 0.376) 
0.625     

-0.069 
(-0.269, 0.132) 

0.500 
0.084  

(-0.209, 0.377) 
0.572     

Early GRN PMC vs. controls 
-9.59 

(-15.2, -4.01) 
0.001 

-8.60    
(-17.1, -0.14) 

0.041      
0.158 

(-0.372, 0.688) 
0.557     

-0.004 
(-0.215, 0.205) 

0.966     
0.069 

(-0.245, 0.383) 
0.665 

C9orf72 patients vs. late 
PMC 

9.29 
(1.12, 17.5) 

0.026 
8.43    

(-3.93, 20.8) 
1.00 

0.621 
(-0.167, 1.41) 

0.122      
0.061 

(-0.244, 0.367) 
0.693 

-0.071 
(-0.528, 0.384) 

0.757     

C9orf72 patients vs.  
early PMC 

23.7 
(17.1, 30.4) 

<0.0001 
23.8 

(13.7, 33.9) 
<0.0001 

0.311 
 (-0.413, 1.03) 

0.398     
-0.009 

(-0.288, 0.270) 
0.949     

-0.048 
(-0.465, 0.369) 

0.820     
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Groups compared 
Age at CSF 

In years 
P EYO at CSF P 

Ln(chitotriosidase) 
(pg/ml) 

P 
Ln(YKL-40) 

(pg/ml) 
P 

Ln(sTREM2) 
(pg/ml) 

P 

Late vs early C9orf72 PMC 
14.4 

(6.79, 22.1) 
<0.0001 

15.4 
(3.84, 26.9) 

0.001      
-0.309 

 (-1.04, 0.418) 
0.402     

-0.070   
(-0.359,  0.218) 

0.632     
0.023  

(-0.407, 0.455) 
0.914     

Late C9orf72 PMC vs. 
controls 

8.74 
(1.93, 15.5) 

0.012 
8.69   

(-1.59, 18.9) 
0.254 

-0.370 
(-1.01, 0.269) 

0.255      
-0.052 

(-0.304, 0.200) 
0.685     

0.083 
(-0.294, 0.460) 

0.664     

Early C9orf72 PMC vs. 
controls 

-5.68 
(-10.6, -0.74) 

0.025 
-6.68   

 (-14.2, 0.796) 
0.156      

-0.060 
(-0.521, 0.400) 

0.797     
0.018 

(-0.164, 0.201) 
0.844     

0.059 
(-0.213, 0.332) 

0.667     

MAPT patients vs. late PMC 
10.7 

(0.67, 20.7) 
0.037 

4.25 
(-10.9, 19.4) 

1.00 
1.08 

(0.116, 2.04) 
0.028      

0.136 
(-0.233, 0.504) 

0.469     
0.011   

(-0.539, 0.562) 
0.968     

MAPT patients vs. early PMC 
22.7 

(12.4, 33.1) 
<0.0001 

18.6       
(2.98, 34.3) 

0.005 
0.778 

(-0.255, 1.81) 
0.139     

-0.048 
(-0.444, 0.348) 

0.811     
-0.138  

 (-0.732, 0.454) 
0.644       

Late vs. early MAPT PMC 
12.1 

(1.69, 22.4) 
0.023 

14.4    
(-1.26, 30.1) 

0.120 
-0.300 

(-1.26, 0.663) 
0.539     

-0.184 
(-0.566, 0.198) 

0.344     
-0.150 

(-0.721, 0.421) 
0.604     

Late MAPT PMC vs. controls 
2.50 

(-5.0, 10.0) 
0.511 

10.6    
(-0.746, 21.9) 

0.102 
0.035 

(-0.655, 0.725) 
0.921     

0.010 
(-0.263, 0.283) 

0.941      
-0.162   

 (-0.570, 0.246) 
0.434     

Early MAPT PMC vs. 
controls 

-9.55 
(-17.5, -1.58) 

0.019 
-3.79 

(-15.8, 8.25) 
1.00 

0.335 
(-0.406, 1.08) 

0.373     
0.194 

(-0.100, 0.488) 
0.195     

-0.012 
(-0.452, 0.428) 

0.957     

Early C9orf72 PMC vs. 
 early GRN PMC 

3.91 
(-2.66, 10.5) 

0.242 
1.91    

(-8.02, 11.8) 
1.00 

-0.218 
(-0.823, 0.386) 

0.477     
0.022 

 (-0.217, 0.263) 
0.852     

-0.009 
(-0.368, 0.349) 

0.959     

Early MAPT PMC vs early 
GRN PMC 

0.048 
(-9.02, 9.12) 

0.992 
4.80 

(-8.91, 18.5) 
1.00 

0.177 
(-0.653, 1.01) 

0.674     
0.198 

(-0.131, 0.528) 
0.236     

-0.081 
(-0.574, 0.412) 

0.746     
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Groups compared 
Age at CSF 

In years 
P EYO at CSF P 

Ln(chitotriosidase) 
(pg/ml) 

P 
Ln(YKL-40) 

(pg/ml) 
P 

Ln(sTREM2) 
(pg/ml) 

P 

Early MAPT PMC vs early 
C9orf72 PMC 

-3.86 
(-12.5, 4.82) 

0.381 
2.89 

(-10.2, 16.0) 
1.00 

0.396 
(-0.402, 1.19) 

0.329     
0.175 

 (-0.140, 0.492) 
0.274     

-0.071    
(-0.544, 0.401) 

0.765     

Late C9orf72 PMC vs late 
GRN PMC 

-2.04 
(-9.79, 5.71) 

0.603 
-1.56    

 (-13.3, 10.2) 
1.00 

-0.246 
 (-0.962, 0.469) 

0.498      
0.017 

(-0.270, 0.303) 
0.909     

-0.001  
 (-0.425, 0.423) 

0.996     

Late MAPT PMC vs late 
GRN PMC 

-8.28 
(-16.6, 0.09) 

0.053 
0.35    

(-12.3, 13.0) 
1.00 

0.159 
(-0.619, 0.937) 

0.688     
0.079 

(-0.233, 0.390) 
0.617     

-0.246 
(-0.708, 0.215) 

0.293     

Late MAPT PMC vs late 
C9orf72 PMC 

-6.23 
(-15.7, 3.26) 

0.197 
1.91  

(-12.4, 16.3) 
1.00 

0.405 
(-0.468, 1.28) 

0.361      
0.062 

(-0.284, 0.409) 
0.723     

-0.245 
(-0.764, 0.272) 

0.351     
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8.5.2 Associations between glia-derived biomarkers and demographic 

parameters 

8.5.2.1 Age at CSF 

sTREM2 was positively associated with age in controls (β=0.015, P=0.005) and PMC 

(β=0.02, P<0.0001) (Figure 8.1a). There was a positive association in GRN PMC 

(P=0.008) and C9orf72 PMC (P=0.001), but not for MAPT PMC (P=0.689) (Figure 8.1b). 

Despite a similarly positive slope for the association with age in the overall patient group 

(Figure 8.1a) this did not reach significance (β=0.019, P=0.111), nor in any genetic 

subgroup (Figure 8.1b). YKL-40 was positively associated with age in controls (β=0.024, 

P<0.0001), PMC (β=0.023, P<0.0001) and patients (β=0.035, P<0.0001) (Figure 8.1c). 

There was a positive association with age in GRN PMC (P<0.0001) and GRN patients 

(P=0.022) and C9orf72 PMC (P<0.0001) and C9orf72 patients (P<0.0001), but this was 

not significant for MAPT PMC (P=0.968) or MAPT patients (P=0.774) (Figure 8.1d). 

Chitotriosidase was not significantly associated with age in any group (Figure 8.1e): 

controls (β=0.013, P=0.172), PMC (β=0.011, P=0.226), patients (β=0.034, P=0.137), or 

any genetic subtype (Figure 8.1f). 

8.5.2.2 Disease duration 

None of the biomarkers were significantly associated with disease duration in the overall 

patient group (sTREM2: β= -0.023, P=0.441; YKL-40: β= -0.003, P=0.849; 

chitotriosidase: β= -0.059, P=0.194), or in any genetic subgroup (Figure 8.2a-c), except 

for sTREM2, where there was a moderate negative association with disease duration in 

the MAPT patient group (β= -0.183, P=0.04) (Figure 8.2a). 
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Figure 8.1 Associations between glia-derived biomarkers and age at CSF 

Association between CSF levels of sTREM2 (a, b), YKL-40 (c, d) and chitotriosidase (e, f) and age at CSF 
in overall groups (a, c, e) and genetic subgroups (b, d, f). Associations were significant for sTREM2 and 
YKL-40 but not chitotriosidase; for relevant β and P values see main text. 
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Figure 8.2 Associations between glia-derived biomarkers and disease duration 

Associations between CSF levels of sTREM2 (a), YKL-40 (b) and chitotriosidase (c) and disease duration 
at CSF in each patient genetic group. Associations were not significant except for a negative association of 
sTREM2 with disease duration in MAPT patients (a): β= -0.183, P=0.04. 

 

8.5.3 Group comparisons of glia-derived biomarkers 

Glia-derived biomarker levels for each group are summarised as raw values in Table 8.3 

and presented in Figures 8.3 and 8.4. Results of all group comparisons from linear 

regressions adjusted for age and sex are shown in Table 8.2 (mean differences and P 

values), so values are not repeated in the text. 

8.5.3.1 Overall group analysis 

Raw sTREM2 levels were similar across all groups (Table 8.3; Figure 8.3a) and this 

remained the case in adjusted regressions (Table 8.2). Although raw YKL-40 levels 

appeared higher in patients compared with controls and PMC (Table 8.3; Figure 8.3b), 

in adjusted regressions these comparisons became non-significant (Table 8.2) due to 

controlling for age, which differed significantly between patient and PMC groups and 

controls. Raw chitotriosidase levels were higher in patients than controls and PMC 
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(Table 8.3). This remained significant in adjusted regressions (Table 8.2; Figure 8.3c), 

demonstrating that raised levels in patients were not due to older age. 

8.5.3.2 Genetic subtype analysis 

Raw sTREM2 levels appeared higher in C9orf72 patients than controls (Table 8.3, Figure 

8.3d), but in adjusted regressions this lost significance due to controlling for age. Raw 

YKL-40 levels appeared higher in GRN, C9orf72 and MAPT patients compared with 

controls and respective PMC groups (Table 8.3, Figure 8.3e). However, in adjusted 

regressions all comparisons became non-significant due to controlling for age (Table 

8.2). Raw chitotriosidase levels also appeared higher in GRN, C9orf72 and MAPT 

patients compared with controls and respective PMC groups (Table 8.3; Figure 8.3f). 

However, in adjusted regressions, results for GRN and MAPT patients remained 

significant, with higher chitotriosidase levels in both groups compared with controls and 

PMC, whereas for C9orf72 patients this lost significance (Table 8.2; Figure 8.3f). Levels 

of all biomarkers were similar across patient genetic subtypes and across PMC genetic 

subtypes in unadjusted and adjusted analyses. 

8.5.3.3 Early and late PMC analysis 

Raw sTREM2 levels appeared higher in C9orf72 patients than early PMC (Table 8.3,  

Figure 8.4a) but this lost significance in adjusted regressions due to controlling for age 

(Table 8.2). Raw YKL-40 levels appeared higher in GRN patients than early and late 

GRN PMC, higher in late GRN PMC than early GRN PMC, and higher in early GRN PMC 

than controls (Table 8.3, Figure 8.4b). Raw YKL-40 levels also appeared higher in 

C9orf72 patients than early C9orf72 PMC, and in MAPT patients than early MAPT PMC 

(Table 8.3; Figure 8.4b). However, all comparisons became non-significant in adjusted 

regressions due to controlling for age (Table 8.2). Raw chitotriosidase levels appeared 

higher in GRN, C9orf72 and MAPT patients than both early and late PMC (Table 8.3). 

However, in adjusted regressions, this only remained significant for GRN and MAPT 

patients compared with late PMC (Table 8.2; Figure 8.4c). 
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Group N * 
CSF 

chitotriosidase  
(pg/ml) 

CSF YKL-40 
(pg/ml) 

CSF sTREM2 
(pg/ml) 

Controls 64 
2634.5 

(10597.1) 
109815.0  
(72228.8) 

4059.1  
(2285.2) 

All PMC 83 
1447.9  

(1986.2) 
103195.9  
(43552.3) 

4136.0  
(2215.3) 

All GRN PMC 36 
1821.4 

(2831.1) 
104114.5 
(40462.8) 

4332.1 
(1914.2) 

Early GRN PMC 16 
1190.2 
(782.9) 

78321.7 
(27842.9) 

3623.6 
(1890.2) 

Late GRN PMC 20 
2326.5 

(3698.2) 
125834.7 
(36840.4) 

4898.9 
(1779.9) 

All C9orf72 PMC 32 
1082.2 
(845.3) 

102977.3 
(51028.4) 

4274.1 
(2657.1) 

Early C9orf72 PMC 22 
1182.6 
(992.5) 

93245.2 
(44496.1) 

3840.7 
(2283.1) 

Late C9orf72 PMC 10 
861.3 

(289.7) 
124387.9 
(60069.5) 

5227.612 
3269.112 

All MAPT PMC 15 
1332.1 
(897.9) 

101518.8 
(35031.4) 

3370.74 
(1783.24) 

Early MAPT PMC 7 
1241.1 
(393.3) 

91991.6 
(21824.8) 

3027.4 
(885.6) 

Late MAPT PMC 8 
1411.8 

(1210.1) 
109855.0 
(43312.1) 

3671.2 
(2338.1) 

All patients 36 
4926.8 

(6111.4) 
180135.4  
(92185.2) 

5482.9  
(4174.8) 

GRN patients 13 
4992.9 

(4744.9) 
193673.3 

(115339.8) 
4933.6 

(3489.1) 

C9orf72 patients 15 
4275.8 

(7555.1) 
177448.1 
(92765.9) 

6285.6 
(5146.9) 

MAPT patients 8 
6012.7 

(6140.4) 
163175.0 
(42299.8) 

4870.2 
(3305.2) 

Table 8.3 Glia-derived biomarker levels in each group 

Biomarker levels are presented as raw, unadjusted mean (standard deviation) values. Controls are all 
mutation negative participants. * Values for chitotriosidase were calculated from 178 participants, as 
five participants were excluded from the chitotriosidase analysis due to undetectable levels. 
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Figure 8.3 Glia-derived biomarker levels in overall groups and genetic subtypes 

Graphs show CSF sTREM2 (a, d), YKL-40 (b, e) and chitotriosidase (c, f) levels in controls, PMC and 
patients (a-c), and controls and genetic PMC and patient subgroups (d-f). Y axes show raw biomarker values 
on a logarithmic scale due to outliers. Bars show means and 95% confidence intervals. After adjusting Ln 
transformed biomarker values for age and sex in regression analyses, only chitotriosidase comparisons 
remained significant (c, f): *P<0.05; **P≤0.01, ***P≤0.001. 
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Figure 8.4 Glia-derived biomarker levels in controls, early and late PMC and patients 

Graphs show CSF sTREM2 (a), YKL-40 (b) and chitotriosidase (c) levels in controls, PMC subgroups (split 
into early and late PMC) and patient subgroups. Early PMC were >10 years from expected onset of 
symptoms at time of CSF collection and late PMC were ≤10 years. Y axes show raw biomarker values on a 
logarithmic scale due to outliers. Bars show means and 95% confidence intervals. After adjusting Ln 
transformed biomarker values for age and sex in regression analyses, only chitotriosidase comparisons 
remained significant (c): *P<0.05; **P≤0.01. 

 

8.5.4 Analysis of glia-derived biomarkers versus expected years from onset 

There were no significant differences in biomarker levels between the combined group 

of all mutation carriers (all patients and PMC combined) and controls (non-carriers) at 

any EYO timepoint (sTREM2: P=0.694; YKL-40: P=0.239; chitotriosidase P=0.305). 

When examining individual genetic subtypes, sTREM2 levels did not differ significantly 

between any group at any EYO timepoint (Figure 8.5a). However, GRN mutation carriers 

had a significant difference in YKL-40 (P=0.017) and chitotriosidase (P=0.036) levels, 

but not sTREM2 levels (P=0.925), compared with controls. The association with EYO 

was significantly steeper for YKL-40 (P=0.005) (Figure 8.5b) and chitotriosidase 

(P=0.027) (Figure 8.5c) in GRN carriers, compared with controls, meaning that 

differences in biomarker levels between these groups grew larger as mutation carriers 
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approached the expected age of symptom onset. Levels continued to diverge between 

GRN mutation carriers and controls in the symptomatic phase. YKL-40 levels were 

raised presymptomatically in GRN mutation carriers, with significant differences from 

controls at between one (P=0.063) and zero (P=0.049) EYO i.e. immediately prior to 

predicted conversion, and levels continued to diverge in the symptomatic phase (Figure 

8.5b). Chitotriosidase levels were also raised presymptomatically in GRN mutation 

carriers, but much earlier on, with significant differences from controls at six EYO 

(P=0.048), and levels continued to diverge in the symptomatic phase (Figure 8.5c).  

 

Chitotriosidase levels in MAPT mutation carriers also appeared to differ from controls in 

the presymptomatic phase (Figure 8.5c), although group comparisons did not reach the 

level of significance seen in GRN mutation carriers. The P value for the mean difference 

in chitotriosidase levels between MAPT mutation carriers and controls was lowest at the 

actual predicted AAO (EYO=0; P=0.058), but there was a suggestion of differing levels 

from three EYO (P=0.065) onwards. For C9orf72 mutation carriers, levels of YKL-40 and 

chitotriosidase did not differ significantly from controls at any EYO and were not raised 

significantly in either the presymptomatic or symptomatic phase (Figure 8.5b, c). 
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Figure 8.5 Glia-derived biomarkers are raised presymptomatically depending on mutation type and 
EYO 

Graphs show how CSF levels of sTREM2 (a), YKL-40 (b) and chitotriosidase (c) vary with expected years 
from onset (EYO) in mutation carriers versus controls (non-carriers) during the presymptomatic and 
symptomatic phases for each mutation group. Regression lines rather than individual participant data points 
are shown to avoid revealing the genetic status of PMC who are at specific EYO. (a) sTREM2 levels are 
similar between all mutation carrier groups and controls and do not change with EYO. (b) YKL-40 levels 
differ significantly between GRN mutation carriers and controls from between one and zero years before 
expected onset (P=0.063 at EYO= -1 and P=0.049 at EYO=0). (c) Chitotriosidase levels differ significantly 
between GRN mutation carriers and controls from six years before onset (P=0.048 at EYO= -6). In MAPT 
mutation carriers there is a borderline difference in chitotriosidase levels compared with controls from three 
EYO (P=0.065 at EYO= -3), which is even more obvious at expected onset (P=0.058 at EYO=0). 

 

8.6 Discussion 

This study examined levels of three glia-derived biomarkers, sTREM2, YKL-40 and 

chitotriosidase, in the CSF of patients with genetic FTD, and in PMC with mutations in 

GRN, C9orf72 and MAPT, compared with mutation negative controls. CSF sTREM2 and 

YKL-40 (but not chitotriosidase) levels were strongly positively associated with age, but 

only sTREM2 was associated with disease duration, with a negative association in MAPT 

patients. Chitotriosidase levels were raised in patients with genetic FTD compared with 

PMC and controls, but this was specifically in those with GRN and MAPT mutations, 

rather than C9orf72 expansions, although levels were similar between genetic subtypes. 
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Although sTREM2 and YKL-40 levels initially appeared raised in certain patient groups, 

once adjusted for age, levels were similar across all groups. Levels of all biomarkers 

were similar between PMC and controls overall and for each genetic PMC subtype 

compared with controls. However, chitotriosidase levels were higher in GRN and MAPT 

patients than in respective late PMC. In GRN mutation carriers, chitotriosidase and YKL-

40 levels were raised presymptomatically, with significantly higher levels than controls 

from six EYO (chitotriosidase) and between one and zero EYO (YKL-40). In MAPT 

mutation carriers there was a non-significant trend towards raised chitotriosidase levels 

from three EYO compared with controls.  

 

The positive association of sTREM2 and YKL-40 levels with age replicates findings in 

Chapter 7 and is consistent with previous studies in sporadic FTD, AD (Alcolea et al., 

2017; del Campo et al., 2018; Teunissen et al., 2016) and HD (Byrne et al., 2018a). 

Microglial activity increases with aging, which may augment release of sTREM2 by 

microglia as a protective response to neuronal loss in aging individuals (Zhong et al., 

2019), and this may also be the case for YKL-40. Chitotriosidase levels were not 

associated with age in any group, consistent with Chapter 7 and other studies of AD and 

FTD (Abu-Rumeileh et al., 2019; Mattsson et al., 2011; Oeckl et al., 2019; Rosén et al., 

2014). This suggests that the high CSF chitotriosidase levels in patients with GRN or 

MAPT mutations represent excessive microglial activation or dysfunction related to the 

underlying mutation itself, or neurodegeneration, rather than aging. It also emphasises 

the importance of adjusting analyses of fluid biomarker levels for age when comparing 

groups of individuals with large age ranges (such as PMC), particularly when age 

independently affects the biological function of interest. Age adjustment was crucial for 

this study, where although raw YKL-40 and sTREM2 levels initially appeared significantly 

raised in certain groups, all comparisons lost significance when adjusted for age.  



345 

 

 

None of the biomarkers was associated with disease duration, apart from sTREM2 in the 

MAPT patient group, where there was a moderate negative association. There was a 

negative association of sTREM2 with disease duration in the mixed FTD cohort in 

Chapter 7, but analysis in the small MAPT group had not been possible. The negative 

association here suggests that sTREM2 levels could reduce over time in MAPT mutation 

carriers, or could be a marker of disease intensity, like NfL levels (Meeter et al., 2016a; 

Rohrer et al., 2016). However, a lack of longitudinal CSF samples precluded exploration 

of how biomarker levels change over the disease course. Later analyses of cross-

sectional biomarker levels versus EYO examined how levels in PMC differed from 

controls at various proximities to expected onset, but not over time. The lack of 

association for YKL-40 and chitotriosidase with disease duration is consistent with 

Chapter 7 and another study of YKL-40 in sporadic FTD (Alcolea et al., 2017), but 

longitudinal samples were not analysed in either of these studies. CSF chitotriosidase 

levels correlate negatively with disease duration in MND, and are higher in fast compared 

with slow progressors, so may indicate disease intensity in MND (Steinacker et al., 

2018). This should be explored in larger FTD cohorts. 

 

CSF chitotriosidase levels were significantly raised in patients with genetic FTD overall 

compared with controls and PMC, but this was only in those with GRN or MAPT 

mutations, and not in those with C9orf72 expansions. This is consistent with raised 

chitotriosidase levels in the GRN patient group in Chapter 7, although levels in the rather 

small MAPT group had not reached significance. However, unlike in Chapter 7, 

chitotriosidase levels did not differ significantly between patients with each genetic 

subtype (previously GRN patients had had higher levels of sTREM2, YKL-40 and 

chitotriosidase than MAPT and C9orf72 patients). Greater variability in chitotriosidase 

levels across individuals within the larger patient groups here may have reduced power 

to detect small differences between genetic subtypes, despite apparently sufficient 
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sample sizes from power calculations. Significant differences between genetic FTD 

subtypes in Chapter 7 may have instead arisen due to inclusion of only three patients 

with GRN mutations, all of whom happened to have markedly high levels, emphasising 

the benefits of replication in this larger cohort.  

 

CSF YKL-40 levels also initially seemed higher in genetic FTD overall and specifically in 

GRN and MAPT mutation carriers compared with controls, but these comparisons 

became non-significant once adjusted for age. This contrasts with results in Chapter 7, 

where there were higher YKL-40 levels in GRN and MAPT patients than controls, and in 

GRN patients compared with C9orf72 patients. Inclusion of a few patients with extremely 

high YKL-40 levels in Chapter 7 may have again affected results. Given that later EYO 

analyses in the present study demonstrated that GRN mutation carriers overall (patients 

and PMC combined) had a significant difference in both YKL-40 and chitotriosidase 

levels compared with controls, it is odd that YKL-40 levels were similar between the GRN 

patient group and controls. However, the rather variable ages and YKL-40 levels in these 

groups, particularly in controls, may have precluded detection of small differences, 

despite adjustment for age. In Chapter 7, YKL-40 levels were also higher in MAPT 

patients than controls. Other studies have found significantly raised YKL-40 levels in 

FTLD-tau cases compared with controls  (Abu-Rumeileh et al., 2019; Alcolea et al., 2017; 

Teunissen et al., 2016), and although these also included MAPT mutation carriers, none 

analysed levels in this group specifically.  The small size of the MAPT patient group (n=8) 

and variability in YKL-40 levels in the present study may have limited power, so 

replication in a larger cohort is needed. 

 

Surprisingly, sTREM2 levels were not significantly raised in any genetic FTD group, 

unlike the study in Chapter 7, where levels were significantly higher in patients with GRN 

mutations compared with controls and other genetic groups. However, substantial 
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variability in sTREM2 levels within patient or PMC groups in the present study may have 

led to a non-significant difference compared with controls. Large intragroup variability in 

sTREM2 levels was noted in the mixed FTD cohort in Chapter 7, where levels were 

overall similar to controls. Alternatively, the high sTREM2 levels in the GRN patient group 

in Chapter 7 may have been spuriously raised, given that only three GRN mutation 

carriers were analysed, and sTREM2 levels may instead be inappropriately normal due 

to impaired release in individuals with genetic FTD. 

 

There have been few other studies of glia-derived biomarkers in genetic FTD. A recent 

study presented raw chitotriosidase and YKL-40 values for patients with FTD due to GRN 

(n=12), C9orf72 (n=19) and MAPT (n=4) mutations, which were of a similar magnitude 

to observations here (apart from much lower chitotriosidase levels in their MAPT group) 

(Abu-Rumeileh et al., 2019). However, levels were not compared between genetic 

groups. Other studies have found raised CSF YKL-40 (Antonell et al., 2020; Oeckl et al., 

2019), but similar chitotriosidase (Oeckl et al., 2019), levels in genetic FTD versus 

controls, but cohorts included a smaller number of FTD cases (n=16; n=23), combined 

genetic subtypes in one group, and did not compare levels for each subtype separately 

with controls. One cohort contained mostly patients with C9orf72 expansions (15/23) 

(Oeckl et al., 2019), who, as shown here, have similar levels of glia-derived biomarkers 

to controls. The present results demonstrate that glia-derived biomarkers are altered only 

in certain genetic FTD subtypes, predominantly in GRN mutation carriers. This has been 

shown in studies of other fluid biomarkers in genetic FTD, where levels of plasma (Heller 

et al., 2020) or serum (Benussi et al., 2020) GFAP and CSF NfL (Meeter et al., 2016a) 

were selectively elevated in GRN mutation carriers. Patients with different mutations 

should therefore not be combined in genetic FTD cohorts for fluid biomarker analyses as 

there are clearly different mechanisms which may affect biomarker levels.  
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The raised chitotriosidase levels in patients with GRN mutations are consistent with 

multiple studies showing raised levels of other inflammatory biomarkers in CSF or blood 

in GRN mutation carriers and significant microglial dysfunction and activation in GRN 

mutation mouse models, as discussed in Chapters 1 and 7. GRN mutation models also 

display lipid accumulating microglia with extensive lysosomal dysfunction (Evers et al., 

2017; Marschallinger et al., 2020; Nguyen et al., 2018), and microglial lysosomal 

dysfunction is seen in human GRN mutation carriers (Götzl et al., 2014; Ward et al., 

2017). CSF chitotriosidase levels are highly elevated in the lysosomal storage disorder 

Gaucher’s disease (Zigdon et al., 2015), so raised chitotriosidase levels in GRN mutation 

carriers may represent chronic lysosomal failure of microglia due to progranulin 

insufficiency and lipid mishandling. Raised CSF chitotriosidase levels in patients with 

MAPT mutations is consistent with pronounced microglial activation or dysfunction in the 

temporal lobes of MAPT 10+16 mutation carriers in histological and PET studies, and in 

mouse models of MAPT P301S mutations, as discussed in Chapters 1 and 7.  

 

Chitotriosidase and YKL-40 may initially be released from glial cells as 

neurodegeneration develops, as a generalised protective response (like sTREM2 in AD). 

In GRN mutation carriers, dysfunctional, degenerating (senescent) microglia (as shown 

in Chapter 6) may lead to a sustained increase in release of these proteins. This is likely 

to occur presymptomatically, given that GRN PMC already display MRI WMH, which are 

associated with raised plasma GFAP and NfL levels (Sudre et al., 2019). In addition, 

microglial PET studies show elevated microglial activation in symptomatic individuals 

with genetic FTD (Clarke et al., 2019) and in PMC, albeit only MAPT PMC have been 

examined so far (Bevan-Jones et al., 2019; Miyoshi et al., 2010). As discussed in 

Chapter 1, chitotriosidase activates proinflammatory microglial phenotypes and YKL-40 

also encourages a proinflammatory environment. Over time in GRN PMC, chronic 

activation of the innate immune response followed by premature microglial senescence 
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could therefore contribute to neuronal or synaptic damage, but this could be reversible if 

detected early enough. Plasma chitotriosidase levels are already used for diagnosis and 

monitoring treatment response in Gaucher’s disease (Drugan et al., 2017), so CSF 

chitotriosidase levels should be explored as a potential biomarker of treatment response 

for clinical trials for genetic FTD. 

 

The lack of raised sTREM2 levels in each group, particularly in patients with GRN 

mutations, was unexpected. However, although progranulin and TREM2 are both 

expressed by microglia, they regulate microglial function and immune pathways in 

opposite ways. Homozygous loss of TREM2 locks microglia in a homeostatic state (Götzl 

et al., 2019; Mazaheri et al., 2017), whereas homozygous loss of progranulin locks 

microglia in a proinflammatory state, promoting phagocytosis and cytokine release (Götzl 

et al., 2019). CSF levels of progranulin and sTREM2 rise in tandem in presymptomatic 

AD (Suárez-Calvet et al., 2018), suggesting that these proteins are linked and are part 

of the microglial response to ensuing neurodegeneration. Progranulin haploinsufficiency 

in GRN mutation carriers could somehow alter TREM2 expression and impair sTREM2 

release, compounded by microglial lysosomal dysfunction and senescence. If sTREM2 

levels fail to rise appropriately in GRN PMC, this may alter the homeostatic mechanisms 

mediated by sTREM2 from a young age. As sTREM2 normally promotes microglial 

activation, proliferation, migration, and survival (Zhong et al., 2019), normal sTREM2 

levels in carriers of FTD-associated mutations may reflect an inadequate microglial 

response and this could in turn compound dysfunction of already degenerating microglia. 

A recent study used an anti-TREM2 antibody as an agonist to improve TREM2 activation 

in an AD model with the R47H variant in TREM2 (which usually impairs TREM2 function) 

(Wang et al., 2020). This led to increased microglial proliferation, a less inflammatory 

microglial response and less AD pathology. A similar approach targeting TREM2 could 

be explored in GRN mutation models of FTD. 
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In the C9orf72 patient group, levels of all glia-derived biomarkers were highly variable 

and did not differ significantly from controls. This was surprising given that several mouse 

models of C9orf72 expansions demonstrate excessive microglial activation (Burberry et 

al., 2016, 2020; O’Rourke et al., 2016; Sudria-Lopez et al., 2016). However, levels of 

these biomarkers were also not elevated in C9orf72 patients in the study in Chapter 7, 

albeit in a smaller group, and another study found similar CSF chitotriosidase levels in 

FTD cases with C9orf72 expansions and controls (Barschke et al., 2020). A recent study 

found that immune dysfunction and microglial activation in the spinal cord of a C9orf72 

mouse model of ALS vary widely according to the mouse gut microbiome (Burberry et 

al., 2020). Variants in TMEM106B also modify effects of the C9orf72 expansion by 

impacting lysosomal function (Busch et al., 2016). These mechanisms may underlie the 

variability in histological changes in microglia across FTLD-C9orf72 cases in Chapters 5 

and 6 and the variability in glia-derived biomarker levels in C9orf72 expansion carriers 

seen here.  

 

Biomarker levels may also vary according to the location of pathology: CSF 

chitotriosidase levels in MND cases with C9orf72 expansions are higher than in FTD due 

to C9orf72 expansions (Barschke et al., 2020), and both sporadic and genetic MND are 

associated with highly elevated levels of chitotriosidase (Mishra et al., 2017; Oeckl et al., 

2019; Steinacker et al., 2018; Thompson et al., 2018; Varghese et al., 2013), sTREM2 

(Cooper-Knock et al., 2017), and YKL-40 (Abu-Rumeileh et al., 2019; Andrés-Benito et 

al., 2018; Illán-Gala et al., 2018; Oeckl et al., 2019; Sanfilippo et al., 2017; Thompson et 

al., 2018). The present study deliberately excluded individuals with only MND, allowing 

demonstration that glia-derived biomarkers are not significantly raised in C9orf72 

expansion carriers with FTD. 
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This study also analysed glia-derived biomarkers in GRN, C9orf72 and MAPT PMC, 

comparing levels between genetic subtypes, which no studies have done previously. 

Levels of all biomarkers were similar between PMC overall (all mutations combined) 

compared with controls, but also similar between controls and each PMC genetic 

subgroup, and between genetic PMC subgroups, most likely due to highly variable ages 

and EYO across PMC leading to significant variability in biomarker levels. As predicted, 

patients had higher levels of chitotriosidase than PMC overall, but this was specifically 

in GRN and MAPT mutation carriers.  

 

Further analysis of biomarker levels in early and late PMC within each genetic subtype 

found that chitotriosidase levels were higher in GRN and MAPT patients than in late PMC 

(less than 10 EYO), but not compared with early PMC (more than 10 EYO). This was 

surprising, but participants in the early PMC subgroups had particularly variable ages, 

EYO and biomarker levels, which may have reduced power when compared with the 

smaller, more homogeneous patient groups. Other studies have found similar YKL-40 

(Antonell et al., 2020; Oeckl et al., 2019) and chitotriosidase (Oeckl et al., 2019) levels 

in PMC overall compared with controls, and higher YKL-40 (but not chitotriosidase) 

levels in patients than PMC (Antonell et al., 2020; Oeckl et al., 2019), concluding that 

levels do not change until the symptomatic phase. However, these studies combined 

PMC genetic subgroups, did not separate early and late PMC, and did not analyse how 

levels changed with EYO.  

 

A previous study using the GENFI cohort reported that GRN, C9orf72 and MAPT 

mutation carriers displayed presymptomatic changes in neuroimaging and 

neuropsychological parameters from between 25 and 5 years, and around 5 years 

(respectively), before expected onset (Rohrer et al., 2015). These changes varied 

regionally and chronologically according to the genetic subtype. However, so far fluid 
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biomarker studies in GENFI have indicated that changes occur predominantly in 

individuals who are going through conversion to the symptomatic phase (‘converters’), 

rather than earlier on. CSF NfL (Meeter et al., 2016a) and plasma GFAP (Heller et al., 

2020) levels rise dramatically in GRN converters, and CSF neuronal pentraxin-2 levels 

fall in GRN or MAPT converters (van der Ende et al., 2020). Serum NfL levels rise sharply 

in converters with different mutations, but also rise gradually in C9orf72 PMC over time 

(van der Ende et al., 2019). However, levels of these fluid biomarkers did not differ 

significantly between PMC groups overall and controls (similar to results here). Fluid 

biomarkers may vary at different timepoints, which may differ according to the underlying 

mutation, so group-level analyses of PMC will not detect this. 

 

This study therefore analysed associations of glia-derived biomarker levels with EYO in 

each genetic subtype (GRN, C9orf72 and MAPT), combining PMC and patients (i.e. all 

mutation carriers) in each group and analysing how levels change over EYO for each 

genetic subtype compared with non-carriers (controls). This approach revealed that CSF 

chitotriosidase and YKL-40 levels are raised presymptomatically in GRN mutation 

carriers, with significantly higher levels compared with controls from six years before 

expected onset for chitotriosidase, and between one and zero years before onset for 

YKL-40. Levels of both biomarkers differed increasingly between carriers and controls 

towards expected onset and into the symptomatic phase. Presymptomatic MAPT 

mutation carriers appeared to have be high chitotriosidase levels from three EYO, with 

more obviously diverging levels between symptomatic MAPT carriers and controls, 

although this did not reach significance compared with controls at any EYO timepoint. In 

contrast, sTREM2 levels did not differ significantly at any EYO timepoint between any 

mutation group and controls.  
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As CSF chitotriosidase levels are raised several years prior to expected onset in GRN 

PMC, they could be useful as a biomarker of disease proximity. If validated in further 

cross-sectional and longitudinal studies, this could be very useful for clinical trials. A 

similar approach in another GENFI study, which correlated age (instead of EYO) with 

serum NfL levels in PMC, showed that NfL levels differed between PMC and controls 

from age 48 onwards, i.e. several years prior to expected onset, although gene-specific 

differences were not analysed (van der Ende et al., 2019). Here, CSF YKL-40 levels 

were altered much closer to onset, suggesting a different phase of glial activation or 

dysfunction, and perhaps a sudden rise in astrocytic involvement during a 

decompensation phase immediately prior to conversion. Although YKL-40 levels may 

not predict an early enough prodromal phase to guide optimal therapeutic intervention, 

they could be useful for monitoring treatment response or predicting impending 

conversion. In a recent study of young individuals premanifest for HD, CSF and plasma 

NfL, CSF mutant huntingtin and CSF YKL-40 levels were all higher in PMC than controls, 

but although CSF NfL levels were abnormal in some individuals from 24 years before 

onset, NfL levels accelerated much closer to onset (Scahill et al., 2020). This suggests 

that different temporal changes in fluid biomarkers reflect progressive involvement of 

microglia, astrocytes and neuronal injury along the disease trajectory, and so may be 

useful for different purposes and at different timepoints in clinical trials. 

 

In conclusion, CSF chitotriosidase levels are raised several years before expected 

symptom onset in GRN mutation carriers (and possibly in MAPT mutation carriers) and 

CSF YKL-40 levels are raised just before symptom onset in GRN mutation carriers. 

Levels of chitotriosidase remain markedly elevated in symptomatic GRN mutation 

carriers compared with controls. This is suggestive of extensive early microglial (and 

later astrocytic) activation or dysfunction contributing to disease in genetic FTD, with 

variable involvement according to the underlying mutation.    
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8.7 Limitations and future work 

Although this study recruited large groups of PMC, controls and patients overall, the 

small size of some of the patient subgroups, particularly the MAPT group, may have 

limited power to detect significant differences between groups. However, this is inherent 

to a rare disease like genetic FTD, and compounded in longitudinal cohort studies like 

GENFI, where individuals often avoid having invasive lumbar punctures. The power 

calculations had demonstrated at least 80% power to detect reasonable effect sizes 

between groups, but these were based on generalised effect sizes for sTREM2 and 

chitotriosidase, as in the planning phase typical levels of these biomarkers in genetic 

FTD cohorts were not available. Smaller effect sizes may therefore have been difficult to 

detect. Significant differences in age between PMC, control and patient groups were 

adjusted for in all analyses, but due to the strong associations of YKL-40 and sTREM2 

levels with age, this may have also tempered detection of subtle differences in biomarker 

levels between groups.  

 

Symptom onset in patients was retrospectively assessed from caregiver or patient 

reports within a clinical setting, which may be influenced by multiple factors, and can be 

difficult to define accurately in an insidious disease like FTD. However, no better 

parameter exists for determining AAO in already symptomatic individuals. EYO was 

calculated based on age at CSF and values for mean family AAO, but AAO varies 

markedly even within families, and across specific mutation types, particularly for MAPT 

mutation carriers (Moore et al., 2020). However, individual AAO is significantly correlated 

with both parental AAO and mean family AAO in families of GRN, C9orf72 and MAPT 

mutation carriers (Moore et al., 2020), so mean family AAO was a reasonable way of 

calculating predicted AAO and therefore EYO at the time of CSF collection.  
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Mutations in CHIT1 should ideally have been analysed in the cohort, as these affect CSF 

chitotriosidase levels (Abu-Rumeileh et al., 2019). Although five individuals with 

undetectable levels were excluded due to likely homozygosity, there may have been 

heterozygous carriers with low-normal chitotriosidase levels in certain groups, which may 

have biased results. However, analysis of DNA samples for CHIT1 mutations was not 

possible at the time of this study. This may be carried out in future, with agreement from 

participating GENFI sites, prior to extension of this study in a larger cohort. 

 

Relationships of glia-derived biomarker levels with other cross sectional or longitudinal 

disease biomarkers such as serum or CSF NfL levels, neuroimaging changes (regional 

volumes or atrophy rates), and changes in neuropsychological scores, were not 

analysed in this study, due to time constraints. Longitudinal measurements of glia-

derived biomarker levels were also not performed, predominantly due to a lack of serial 

CSF samples available from external sites, particularly in patients. These analyses would 

be helpful to determine how stable glia-derived biomarker levels are over time, and 

whether they can be used for prediction of disease proximity, intensity and progression. 

This may provide validation for their use in clinical trials.   

8.8 Publications relating to this chapter 

Analysis of these biomarkers in further GENFI CSF samples is underway and a 

manuscript will be prepared incorporating these results.  

 

However, work arising from this chapter was delivered by the author in an oral platform 

presentation at the 11th International Conference on Frontotemporal Dementias in 

Sydney, Australia, in November 2018, and was awarded Runner Up in the 2018 

International Society for Frontotemporal Dementias Early Career Researcher Prize. 
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9 General conclusions and future directions 

The overarching aim of this thesis was to investigate different aspects of 

neuroinflammation in FTD, in order to understand more about the pathogenesis of 

disease and to identify processes and promising biomarkers for future study. Through a 

series of clinical, histological and CSF biomarker studies, this thesis has produced 

multimodal evidence that implicates systemic immune dysfunction, altered 

neuroinflammation and microglial dysfunction in FTD, particularly in GRN mutation 

carriers. This chapter summarises the findings of this thesis, the implications for our 

understanding of FTD and areas for future work. 

9.1 Summary of findings 

9.1.1 Previous evidence of neuroinflammation in FTD 

Although multiple previous studies have indicated a link between chronic 

neuroinflammation or immune dysfunction and FTD, until now, a detailed review and 

critical appraisal of all the existing evidence was lacking. Chapter 1 therefore presented 

a comprehensive review of our current understanding of FTD, the challenges of this 

clinicopathologically heterogeneous disease, the current position on CSF biomarkers, 

and evidence from studies of neuroinflammation in FTD, in order to identify gaps in 

knowledge and areas for future work. Through this, several areas of imminent need for 

research were identified, and these were addressed as the main aims of this thesis:  

 

(i) To explore whether there is evidence of systemic and central immune 

dysfunction in individuals with FTD and determine how this varies across the 

spectrum of disease. 

(ii) To examine whether changes indicative of microglial dysfunction vary across 

the spectrum of disease. 
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(iii) To examine whether inflammatory biomarkers in CSF of individuals with 

sporadic or genetic FTD enable differentiation of clinical syndromes or 

mutation subtypes and link to existing biomarkers of neurodegeneration. 

(iv) To establish whether levels of inflammatory biomarkers in CSF change 

presymptomatically and could therefore help guide prediction of disease 

proximity in individuals at risk of genetic FTD, for use in clinical trials. 

 

Detailed discussion of the studies in this thesis carried out to address each of these aims 

was presented within the ‘Discussion’ and ‘Limitations and future work’ sections in each 

chapter. The following sections therefore summarise the findings of each chapter in order 

to demonstrate achievement of these aims and to discuss the general contributions of 

this thesis towards understanding the role of neuroinflammation in FTD. 

9.1.2 Heightened systemic autoimmunity in GRN mutation associated FTD 

The study in Chapter 3 analysed the prevalence of systemic autoimmune diseases in a 

genetic FTD cohort with either GRN, C9orf72 or MAPT mutations, compared with 

cognitively normal controls. This was inspired by GRN or C9orf72 -/- or deficient mouse 

models showing florid systemic autoimmune diseases, links to variants in immune genes 

such as HLA identified in GWAS of FTD cohorts, and presence of anti-progranulin 

antibodies in individuals with systemic autoimmune diseases such as vasculitis. This 

study found an increased prevalence of non-thyroid systemic autoimmune diseases, 

including coeliac disease, sarcoidosis, ankylosing spondylitis, recurrent polyarthritis, and 

persistent eosinophilia with pericarditis, in individuals with FTD due to GRN mutations, 

but not in those with C9orf72 expansions or MAPT mutations. C9orf72 or MAPT mutation 

carriers had a similar prevalence of autoimmune diseases to controls, suggesting less of 

a link between these genes and systemic autoimmunity.  
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Although this was a retrospective clinical study without fluid biomarker correlation, it 

achieved the first half of aim (i), demonstrating that there is clinical evidence of systemic 

immune dysfunction in individuals with FTD, and that this varies across the genetic 

spectrum of disease, being present predominantly in GRN mutation carriers. Given that 

a detrimental impact of systemic infections or chronic systemic inflammation on cognitive 

function is well recognised, for example delirium in cognitively normal individuals with 

sepsis, accelerated cognitive decline in patients with dementia who develop infections, 

and altered cognitive function in patients with systemic rheumatological conditions, 

heightened systemic autoimmunity and a chronic, proinflammatory systemic 

environment could contribute to neuronal damage in GRN mutation carriers.  

 

The results of this study directly contributed to optimising data collection and protocols 

for ongoing longitudinal studies of FTD (GENFI and LIFTD), which will allow exploration 

of this in greater detail and on a larger scale in future. Prior to this study, the name of an 

autoimmune disease was not often not recorded on case report forms during UCL LIFTD 

assessments, and the subtype of autoimmune disease (thyroid/non-thyroid) and name 

of the disease were not consistently being recorded during clinical assessments at 

external (non-UCL) GENFI sites. However, as certain clusters of non-thyroid diseases 

were specifically increased in those with GRN mutations, a more detailed approach was 

deemed needed. A requirement for the subtype and name of autoimmune disease has 

now been included as standard within GENFI clinical case report forms for all sites, and 

LIFTD clinical case report forms at UCL. This should substantially improve the capability 

for replication of this study across multiple countries going forward. Analysis of the 

presence or development of autoimmune disease in PMC over time is planned and this 

will help to establish the chronological relationship between onset of systemic 

autoimmune disease and neurological disease in the various mutation groups. These 

findings have also highlighted the need for similar studies in sporadic FTD, given 
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autoimmune mechanisms may also contribute to disease in sporadic FTLD-TDP cases 

with svPPA (Miller et al., 2013), and this will be carried out in LIFTD participants in due 

course. 

9.1.3 Microglia vary regionally across the spectrum of FTLD 

Following exploration of systemic immune dysfunction in genetic FTD, this thesis then 

carried out a series of histological studies to examine whether changes indicative of 

central immune dysfunction, and in particular microglia, varied across the spectrum of 

disease in sporadic and genetic FTLD. This achieved the second half of aim (i) and the 

entirety of aim (ii). 

 

The study in Chapter 4 used a histological and neuroimaging approach to explore the 

histopathological correlates of MRI WMH in five brain regions in a case of FTLD-GRN. 

This demonstrated that WMH were not due to vascular disease (as had been assumed 

previously) and were instead associated with profound white matter demyelination and 

region-specific alterations in microglia and astrocytes. Phagocytic and antigen-

presenting microglia were highly activated in white matter, but microglia were also 

severely dystrophic here, particularly in the frontal lobe, where WMH in GRN mutation 

carriers are typically seen (Sudre et al., 2017a, 2019). The severity of histopathological 

changes varied regionally and between grey and white matter, correlating with the 

severity of grey and white matter neuroimaging changes. This study was, for the first 

time, able to directly link regionally variable microglial involvement and demyelination to 

changes in other biomarkers of disease studied in GRN mutation carriers (grey matter 

atrophy and WMH), leading to the conclusion that microglial dysfunction may contribute 

to region-specific grey and white matter damage and disease pathogenesis in genetic 

FTD. It also highlighted the presence of frontal WMH in individuals with a 

neurodegenerative, FTD-like disease as a signature of an underlying GRN mutation, 

confirming that there is a different imaging pattern and underlying histopathological 
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changes from cerebrovascular small vessel disease. This is important for clinicians 

assessing patients in cognitive disorders clinics, who may have otherwise assumed a 

primarily vascular aetiology. 

 

Regional changes in microglia were explored further in Chapter 5 through a histological 

study of the burden and activation state of three different microglial phenotypes 

(phagocytic, antigen-presenting and general microglia) in frontotemporal grey and white 

matter of sporadic and genetic FTLD cases, with comparison groups of AD cases and 

controls. This study used immunohistochemistry and antibodies to detect three microglial 

markers (CD68, CR3/43 and Iba1) in post-mortem brain tissue. Quantitative assessment 

of microglia, performed for the first time in a large FTLD cohort, showed that there was 

typically an increased burden of phagocytic and antigen-presenting microglia in FTLD 

cases compared with controls, but often without an increase in microglial activation, 

particularly in white matter. In depth comparison of microglia across FTLD subtypes also 

demonstrated that the burden and activation of different microglial phenotypes varied 

regionally and between grey and white matter, differing across the pathological and 

genetic spectrum of FTLD. This strengthened hypotheses arising from the few previous 

studies of microglia in FTLD that region-specific microglial dysfunction or senescence 

may contribute to neurodegeneration, as activation was not necessarily increased in 

areas of high microglial burden. It also highlighted a potential role for variable 

involvement of specific microglial phenotypes (for example either phagocytic or antigen-

presenting microglia), and failed activation of certain phenotypes in specific regions, in 

determining the clinicopathological heterogeneity of FTLD.  

9.1.4 Microglial senescence may contribute to FTLD 

The surprisingly minimal activation of microglia in many FTLD cases in Chapter 5, and 

observations of disrupted cell morphology suggestive of severely dystrophic microglia in 

Chapters 4 and 5, led to an extension study in Chapter 6, which examined histological 
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patterns of microglial dystrophy and microglia with other unusual morphologies (rod-

shaped and hypertrophic microglia) in frontotemporal grey and white matter within the 

same cohort. This demonstrated that, as hypothesised in Chapters 4 and 5, microglial 

dystrophy varied regionally across the pathological and genetic spectrum of FTLD, and 

was particularly severe in white matter, but was also present in AD cases. Certain groups 

such as FTLD-GRN cases had extremely severe dystrophy in most regions, particularly 

in white matter. In addition, rod-shaped microglia were prominent in certain FTLD 

subtypes such as FTLD-MAPT, FTLD-CBD and FTLD-TDPA or FTLD-TDPB cases with 

C9orf72 expansions, whereas hypertrophic microglia were prominent in others, mainly 

FTLD-Picks and FTLD-TDPC cases. As dystrophic microglia are thought to be the 

morphological correlate of senescent, degenerating microglia, this work suggests that 

microglial senescence and morphology varies across the spectrum of FTLD, and that 

certain pathological or genetic subtypes are associated with particularly severe microglial 

pathology. This may be due to disease mechanisms such as lysosomal dysfunction or 

lipid mishandling contributing to excessive microglial senescence. Given that these 

mechanisms are particularly linked to GRN mutations in various mouse and cell models 

of FTD, they could be a promising therapeutic target for further exploration.  

 

Although these findings link histological changes in microglia to the pathogenesis and 

clinicopathological heterogeneity of FTLD, it remains difficult to prove through 

assessments of microglia in post-mortem tissue that the morphological appearance of a 

microglial cell represents a particular activation state, function or dysfunction (or 

senescence) of that cell, how that relates to nearby pathology, or when this played a role 

in disease (if at all). In addition, it remains unclear whether a subtle proteinopathy arises 

first in individuals who later develop FTLD, which then leads to microglial dysfunction 

and senescence due to immunological exhaustion from attempts at protein clearance in 

that region, or if pre-existing regional variations in microglial function and senescence 
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predispose a region to protein mishandling and neuronal vulnerability, or both. However, 

a study of microglial gene expression in mice suggests that epigenetic mechanisms alter 

microglial clearance activity differentially across brain regions, and this leads to regional 

vulnerabilities to neuronal dysfunction (Ayata et al., 2018). Although this is yet to be 

corroborated in human tissue, certain individuals may have pre-existing regional 

alterations in microglial function or survival. This could predispose them to dysfunctional 

clearance of accumulating proteins, excessive clearance of healthy or mildly diseased 

neurons in specific brain regions, and onset of neurodegenerative disease. Region-

specific changes in microglial gene expression are also associated with differential 

responses to aging, the main risk factor for neurodegenerative disease (Grabert et al., 

2016). 

9.1.5 CSF glia-derived biomarker levels vary across the spectrum of FTD 

Given the advent of various disease modifying treatments for genetic FTD in clinical 

trials, there is a pressing need to be able to repeatedly detect changes in disease 

processes and assess response to treatments in vivo over time, and this includes 

neuroinflammatory processes. Although microglial PET studies can assess the degree 

of neuroinflammation to a certain extent in individuals with FTD and in PMC, these are 

costly and not well validated, and due to the nature of current tracers may not be safe to 

replicate over many years. The review of current CSF biomarkers for FTD in Chapter 1, 

and the heterogeneity of microglia in FTLD in Chapters 5 and 6, highlighted a need for 

better fluid biomarkers of neuroinflammation, and specifically glial cell activation or 

dysfunction, for FTD, despite the potential usefulness of certain neurodegenerative 

biomarkers, such as CSF or serum NfL levels.  

 

Although several studies had examined various inflammatory biomarkers such as 

cytokine levels in blood or CSF within FTD cohorts, CSF levels of glia-derived proteins 

such as sTREM2, YKL-40 and chitotriosidase may be more useful as these are directly 
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derived from microglia (and YKL-40 also from astrocytes) in the CNS. However, previous 

studies had not enabled adequate exploration of whether glia-derived biomarker levels 

differ across clinical FTD syndromes or genetic FTD subtypes, or linked them to levels 

of existing biomarkers of neurodegeneration used in clinical practice, such as T-tau, P-

tau or Aβ42. Very few studies had examined levels in PMC to see if they change 

presymptomatically, and those that did had failed to compare levels between groups of 

individuals with different gene mutations. These gaps in research generated aims (iii) 

and (iv) of this thesis, which were achieved in Chapters 7 and 8. 

 

The study in Chapter 7 examined levels of sTREM2, YKL-40 and chitotriosidase in CSF 

of a well-phenotyped cohort of individuals with sporadic FTD and a small number of 

individuals with genetic FTD, compared with cognitively normal controls, which no 

studies had done in combination previously. This demonstrated that levels of YKL-40 

and chitotriosidase, but not sTREM2, were elevated in CSF in individuals with a clinical 

diagnosis of FTD. However, levels were not consistently raised across all clinical 

subtypes of FTD: YKL-40 was only significantly raised in lvPPA and nfvPPA, and 

chitotriosidase was raised in lvPPA, but neither were raised in bvFTD, svPPA or PPA-

NOS. High levels in lvPPA or nfvPPA cases were likely due to a greater predominance 

of underlying AD pathology. In line with this, levels of all three biomarkers were higher in 

those with a clinical FTD syndrome but an AD-like CSF biomarker profile than in those 

with non-AD-like CSF, perhaps due to more extensive glial dysfunction from AD than 

FTLD pathology. Although pathologically confirmed FTLD cases were not available to 

clarify whether these biomarkers could differentiate between FTLD subtypes, analysis in 

a few individuals with genetic FTD illustrated that sTREM2, YKL-40 and chitotriosidase 

levels were highly elevated in GRN mutation carriers, and YKL-40 was increased in 

MAPT mutation carriers, but none of the biomarkers was elevated in C9orf72 expansion 

carriers.  
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These results suggest that glia-derived biomarkers do not help in differentiating between 

clinical FTD syndromes in those with sporadic disease but may be useful in differentiating 

between genetic FTD subtypes. Although this study confirmed levels were higher in 

those with underlying likely AD than FTLD, this is not of great clinical utility, as this can 

already be reliably detected through analysis of CSF neurodegenerative biomarker 

profiles such as the T-tau/Aβ42 ratio, which are now established investigations for 

dementia in most specialist centres. However, this study again implicated GRN (and 

MAPT) mutations in glial dysfunction, and as levels of glia-derived biomarkers correlated 

with T-tau even in those with likely underlying FTLD, they do seem to reflect the glial 

contribution or response to neurodegeneration. This could be useful to monitor over time, 

particularly in individuals at risk of ensuing neurodegeneration, such as PMC of FTD-

associated mutations, as has been demonstrated in presymptomatic AD cohorts 

(Suárez-Calvet et al., 2016a). 

9.1.6 CSF glia-derived biomarkers are raised presymptomatically in GRN 

mutation carriers 

To explore glia-derived biomarkers in genetic FTD in more detail, the study in Chapter 8 

analysed sTREM2, YKL-40 and chitotriosidase levels in a much larger cohort of patients 

with GRN, C9orf72 or MAPT mutations, compared with non-carriers (controls). It also 

analysed levels in PMC of these mutations, comparing levels across genetic subtypes,  

and correlated levels of each biomarker with time in years from expected onset of 

symptoms (EYO) in mutation carriers with each genetic subtype compared with controls, 

which had not been done previously. This helped to determine whether and when 

biomarker levels changed in the presymptomatic phase.  

 

This study confirmed that CSF chitotriosidase levels were markedly raised in patients 

with FTD due to GRN mutations, and this was also present presymptomatically, with 

higher chitotriosidase levels from six years before expected onset when compared with 
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controls. In contrast, YKL-40 levels in GRN mutation carriers differed from controls from 

between one to zero years before expected onset but were not significantly raised in 

patients with GRN mutations, perhaps due to greater variability in levels in the smaller 

patient group when compared with controls. CSF chitotriosidase levels were also raised 

in patients with FTD due to MAPT mutations, but it was less clear whether these changed 

presymptomatically. Although levels in MAPT mutation carriers appeared high from three 

years before expected onset, this did not reach significance when compared with 

controls at any timepoint. Interestingly, CSF sTREM2 levels were not raised in any PMC 

or patient group, in contrast to the study in Chapter 7, and again none of the biomarkers 

was raised in C9orf72 expansion carriers.  

 

Although this study was cross-sectional and lacked correlation of glia-derived biomarkers 

with other biomarkers of neurodegeneration, it is the largest and most comprehensive 

study of glia-derived biomarkers in genetic FTD to date, and the only study in the 

literature to assess levels in separate PMC groups or correlate levels with EYO. The 

findings suggest that CSF chitotriosidase and YKL-40 levels may be useful as 

biomarkers of disease proximity in presymptomatic GRN or MAPT mutation carriers, but 

not in C9orf72 expansion carriers, and may reflect different chronological phases of glial 

activation or dysfunction, which could be amenable to therapeutic intervention. It is 

therefore crucial to explore these biomarkers in other FTD cohorts with harmonised 

protocols, like the FTD Prevention Initiative, which brings together multiple genetic FTD 

cohorts from across Europe, North America, South America and Australasia. If they are 

to be used in clinical trials, these biomarkers need to be well validated and assessed 

longitudinally. The extent of variability within and between individuals, and relationships 

with other measures likely to be used alongside biofluid assessments in clinical trials 

(such as neuroimaging or neuropsychological changes), must also be confirmed on a 

large scale. 
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9.2 Future work 

Specific areas for future work were discussed within each chapter, so this section 

focuses on key avenues for research that may improve our understanding of the role of 

systemic immune dysfunction and chronic neuroinflammation in FTD. 

 

The mechanisms behind systemic immune dysfunction in GRN mutation carriers remain 

unclear, but given that progranulin regulates TNF-α and NF-κβ mediated pathways and 

macrophage and microglial function both systemically and in the CNS, these pathways 

could be a combined therapeutic target for individuals with GRN mutations. Examining 

peripheral macrophages, T and B lymphocytes and microglia in GRN mutation carriers, 

for example using peripheral blood mononuclear cells, or iPSCs derived from fibroblasts 

obtained from skin biopsies, would improve appreciation of how these are altered. 

Analysis of multi-site clinical data from GENFI would allow examination of the prevalence 

of specific autoimmune diseases in a large number of symptomatic GRN, C9orf72 and 

MAPT mutation carriers, and their onset and relationship to onset of neurological disease 

in PMC. Analysis of future LIFTD data would allow assessment of autoimmune diseases 

across a variety of sporadic FTD subtypes and inclusion of more controls. Correlation of 

clinical data with biofluid levels of systemic and CSF inflammatory markers would enable 

confirmation of these clinical observations and quantitative comparison between 

individuals with, and without, autoimmune disease. 

 

Although a large cohort of FTLD cases was used for the studies in Chapters 5 and 6, 

future histological studies of microglia in FTLD should ideally aim to replicate findings in 

a larger cohort to increase numbers in each FTLD subtype, and should include more AD 

cases and controls for comparison. This may be challenging given the rarity of FTLD 

cases within brain banks, but collaboration between centres may enable this. Correlation 

of histological changes in microglia with regional burdens of neuropathology across a 



367 

 

 

variety of different brain regions (including ‘control’ or less affected brain regions) would 

also be valuable. This would explore hypotheses arising from this thesis that regional 

changes in microglial burden, activation and dystrophy reflect or contribute to the 

regional extent and subtype of pathology, which is known to extend beyond the 

frontotemporal regions already examined. Quantitative examination of microglial 

dystrophy would also be useful, given only semi-quantitative dystrophy scoring was 

possible for this thesis, and much more information about microglial burden and 

activation was captured through quantitative analyses in Chapter 5.  

 

A recent study of FTD cases with histological correlation used the microglial PET tracer 

11C-PK-11195 to demonstrate that binding correlated regionally with binding of another 

tracer (18F-AV-1451) that localises to non-Aβ (including tau or TDP-43) pathology 

(Bevan-Jones et al., 2020). A longitudinal microglial PET study in FTD has been set up 

at UCL, which the author contributed to through protocol design, recruiting participants, 

and accompanying participants to PET scans. This study is ongoing, but it will be useful 

to explore regional patterns of microglia in vivo and compare them with the histological 

findings in this thesis. The relationship between microglia and regional burdens of 

different pathologies could in future be explored in vivo, particularly if better PET tracers 

were developed that could detect more specific pathological aggregates. However, this 

approach is currently limited by the non-specificity of available PET radioligands for 

specific FTLD pathologies. Correlation of histological patterns of microglia and 

neuropathology with microglial PET binding patterns in vivo could also be examined in 

individuals who later donate their brains for post-mortem analysis. 

 

The mechanisms behind microglial dysfunction in FTLD remain unclear, but this thesis 

has discussed how impaired lipid handling and lysosomal dysfunction in microglia could 

play a role in GRN mutation carriers, by contributing to excessive microglial senescence. 
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This theory is based on several mouse models linking progranulin deficiency to 

dysfunction of these processes, the extent of microglial dystrophy in FTLD-GRN cases 

demonstrated in Chapters 4 and 6, and the markedly elevated chitotriosidase levels in 

CSF of GRN mutation carriers in Chapters 7 and 8 (which are also increased in the 

lysosomal storage disorder Gaucher’s disease). However, mouse or cell models of 

mutations in a variety of other genes known to cause FTD (C9orf72, MAPT, SQSTM1, 

VCP, TBK1, or CHMP2B) also develop abnormalities in microglia or lysosomes, or 

autoimmune diseases, and these pathways could be valuable universal therapeutic 

targets for genetic or sporadic FTD. Future disease models should study the effects of 

different protein inclusions (tau and TDP-43 isoforms) and gene mutations on microglia, 

to aid understanding of the timeline, extent and mechanisms of microglial activation and 

senescence and lysosomal dysfunction across the spectrum of FTLD. This may also 

explore whether immunomodulatory, anti-senescence or lysosome-modulating therapies 

could be candidates for future clinical trials for FTD. 

 

Microglial and lysosomal function and senescence are highly complex and likely also 

influenced by polygenic variants in immune system genes linked to FTD, such as HLA 

(Broce et al., 2018; Ferrari et al., 2014, 2017; Pottier et al., 2019) or TREM2 (Guerreiro 

et al., 2013; Kleinberger et al., 2017) and in lysosomal genes linked to variability in FTLD-

GRN and FTLD-C9orf72, such as TMEM106B, SORT1 and PSAP (Busch et al., 2013, 

2016; F. Hu et al., 2010; Nicholson et al., 2016; Pottier et al., 2018; Premi et al., 2017). 

Variants in several immune pathway or lysosomal genes are also linked to variability in 

sporadic FTD (Pottier et al., 2019). Other external or environmental factors may also play 

a role in determining the fate of microglia in an aging individual that subsequently 

develops FTLD. This complexity continues to provide a therapeutic challenge for both 

sporadic and genetic FTD, and it is likely to be several years before treatments targeting 

immune or lysosomal pathways show consistent promise in animal or cell models, let 
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alone in human clinical trials. Future studies should ideally analyse participants for 

variants in these genes, as well as causative FTD-associated mutations, and expand 

strategies to include exploration of novel parameters such as the gut microbiome, which 

may exert modifiable influences on CNS immune pathways (Burberry et al., 2020). 

 

Although the findings in Chapter 7 and 8 regarding glia-derived biomarkers across the 

spectrum of FTD have been illuminating, future CSF biomarker studies should focus on 

analysing sTREM2, YKL-40 and chitotriosidase levels within larger cohorts of individuals 

with pathologically confirmed sporadic FTD and in more individuals with symptomatic 

and presymptomatic genetic FTD, to validate these findings. There should ideally be 

longitudinal measurements in CSF, including in individuals who convert from a 

presymptomatic to symptomatic phase during the study. This would elucidate how 

chitotriosidase and YKL-40 levels differ at various timepoints along the disease 

continuum in GRN or MAPT mutation carriers, including whether levels change over 

time, and how stable levels are in the presymptomatic and symptomatic phase. 

Comparison of glia-derived biomarkers with other promising fluid biomarkers such CSF 

and serum or plasma NfL and GFAP levels, and with changes in other biomarker 

modalities such as neuroimaging changes and neuropsychological scores, would also 

improve understanding of when, and how, chronic neuroinflammation and glial 

dysfunction link to neurodegeneration and functional decline.  

 

Ultimately, the aim is to reach a point where we understand the sequential changes in 

neuroinflammatory and other pathways which contribute to neurodegeneration in FTD, 

so we can develop effective novel treatments or repurpose existing therapies to target 

these early enough. The work within this thesis has contributed to this process and this 

will hopefully bring us a step closer to helping future generations of people who are 

already living with, or who are at risk of developing, this devastating disease. 
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11 Appendices 

Appendix 1 – All cases used in histological studies in Chapters 5 and 6. na = not available 
 

Case code Pathological diagnosis 
Clinical 

diagnosis 
Genetic mutation Sex 

Age at onset 
(years) 

Age at death 
(years) 

Disease 
duration 
(years) 

Post-mortem 
delay 

(hours) 

Brain 
weight 
(grams) 

Controls          

1 Normal / pathological aging Control - F - 80 - 49.2 1242 
2 Normal Control - F - 68 - 45.1 1330 
3 Normal Control - M - 38 - 80.6 1581 
4 Normal / pathological aging Control - F - 73 - 24.0 1214 
5 Normal / pathological aging Control - F - 78 - 29.5 1225 

AD          

6 AD AD - F 65 70 5 46.9 1233 
7 AD AD - M 65 72 7 38.9 1325 
8 AD AD - M 52 69 17 35.1 891 
9 AD AD - M 63 73 10 31.2 1269 
10 AD AD - F 49 62 13 76.7 996 

FTLD-tau          

11 FTLD-CBD nfvPPA - F 65 73.8 8.8 37.3 996 
12 FTLD-CBD PSPS - F 64 69.5 5.5 80.8 1100 
13 FTLD-CBD nfvPPA - M 57 68.0 11.0 81.6 980 
14 FTLD-CBD CBS - F 58 69.1 11.1 103.3 917 
15 FTLD-CBD nfvPPA - M 57 64.8 7.8 41.4 1137 

16 FTLD-MAPT bvFTD MAPT 10+16 M 58 66.4 8.4 58.2 1399 
17 FTLD-MAPT bvFTD MAPT 10+16 M 37 52.8 15.8 52.6 1046 
18 FTLD-MAPT bvFTD MAPT 10+16 F 52 68.4 16.4 24.0 na 
19 FTLD-MAPT bvFTD MAPT 10+16 F 43 52.4 9.4 64.0 na 
20 FTLD-MAPT bvFTD MAPT 10+16 F 50 58.1 8.1 31.0 na 

21 FTLD-Picks bvFTD - M 64 75.6 11.6 46.5 933 
22 FTLD-Picks bvFTD - M 58 63.5 5.5 24.0 1166 
23 FTLD-Picks bvFTD - M 55 65.6 10.6 43.5 1040 
24 FTLD-Picks bvFTD - M 52 67.6 15.6 30.5 982 
25 FTLD-Picks bvFTD - M 59 68.1 9.1 94.8 1209 

26 FTLD-PSP PSPS - F 65 74.0 9.0 72.5 1182 
27 FTLD-PSP PSPS - M 62 68.0 6.0 25.6 na 
28 FTLD-PSP PSPS - M 70 78.3 8.3 86.4 1249 
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Case code Pathological diagnosis 
Clinical 

diagnosis 
Genetic mutation Sex 

Age at onset 
(years) 

Age at death 
(years) 

Disease 
duration 
(years) 

Post-mortem 
delay 

(hours) 

Brain 
weight 
(grams) 

29 FTLD-PSP PSPS - M 67 73.7 6.7 69.3 1303 
30 FTLD-PSP nfvPPA - M 71 84.0 13.0 32.6 1137 

FTLD-TDP          

31 FTLD-TDPA FTD-MND - F 76 78.6 2.6 36.3 1119 
32 FTLD-TDPA bvFTD - M 63 75.2 10.2 41.0 na 
33 FTLD-TDPA nfvPPA - F 65 64.4 2.4 na na 
34 FTLD-TDPA FTD-MND - M 62 53.1 2.1 54.0 na 
35 FTLD-TDPA bvFTD - M 51 62.0 4.0 92.9 na 

36 FTLD-TDPA bvFTD TBK1 A705fs M 58 72.2 9.2 97.4 1320 

37 FTLD-TDPA bvFTD GRN Q130fs F 62 68.1 6.1 99.8 na 
38 FTLD-TDPA bvFTD GRN C31fs M 53 61.4 8.4 72.6 994 
39 FTLD-TDPA nfvPPA GRN C31fs F 67 74.2 7.2 157.6 1025 
40 FTLD-TDPA bvFTD GRN C31fs F 58 63.8 5.8 85.4 851 
41 FTLD-TDPA bvFTD GRN C31fs M 50 55.3 5.3 29.4 974 

42 FTLD-TDPA FTD-MND C9orf72 F 68 75.1 7.1 85.8 782 
43 FTLD-TDPA nfvPPA C9orf72 F 57 67.3 10.3 85.6 789 
44 FTLD-TDPA nfvPPA C9orf72 F 55 62.7 7.7 63.1 981 
45 FTLD-TDPA FTD-MND C9orf72 M 66 71.7 5.7 51.9 1431 
46 FTLD-TDPA FTD-MND C9orf72 F 58 66.3 8.3 107.1 850 

47 FTLD-TDPB bvFTD C9orf72 F 60 66.0 6.0 94.1 1186 
48 FTLD-TDPB bvFTD C9orf72 M 54 62.1 8.1 na na 
49 FTLD-TDPB FTD-MND C9orf72 F 54 59.0 5.0 na na 

50 FTLD-TDPB FTD-MND - F 63 67.2 4.2 45.5 1232 
51 FTLD-TDPB FTD-MND - M 50 56.2 6.2 10.8 na 

52 FTLD-TDPC svPPA - F 59 73.0 14.0 37.9 976 
53 FTLD-TDPC svPPA - F 55 73.7 18.7 83.7 936 
54 FTLD-TDPC svPPA - M 64 78.6 14.6 26.8 1110 
55 FTLD-TDPC svPPA - M 64 74.3 10.3 19.0 1230 
56 FTLD-TDPC svPPA - M 52 65.4 13.4 51.8 1057 

FTLD-FUS          

57 FTLD-FUS (aFTLD-U) bvFTD - M 44 51.4 7.4 24.0 na 
58 FTLD-FUS (aFTLD-U) bvFTD - M 51 60.4 9.4 48.0 na 
59 FTLD-FUS (aFTLD-U) bvFTD - M 47 52.5 5.5 72.0 na 
60 FTLD-FUS (aFTLD-U) bvFTD - M 40 51.3 11.3 12.0 na 



441 

 

 

Appendix 2 – Bland-Altman analysis to determine the number of random squares 
required for microglial analysis in Chapter 5 
 
a 

 

 

 

 

 

 

 

b  

 

 

 

 

 

 

 

c 

 

 

 

Bland-Altman plots for microglial percentage area calculated twice for five cases, first using (a) 5 random 
squares and then using (b) 10 random squares each time. These plots show how mean percentage area 
values varied between the two sampling trials for the five cases (y axes = difference in means), with more 
consistent results (less variability, data points overall closer to the mean) when using 10 squares compared 
with when using 5 squares. (c) Statistics from linear regressions of both analyses (using the difference 
between percentage area measurements as the dependent variable and the mean of the measurements as 
the independent variable). The R square and P values for 10 squares indicate a more reliable method, so 
10 squares were chosen for analysis in all cases within the cohort.  

5 squares 10 squares

R square 0.114 0.242

Regression significance (P value) 0.578 0.399
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Controls FG

Controls FW 0.043

FTLD FG 0.044

FTLD FW 0.023 0.00001

AD FG 0.003 0.041

AD FW 0.192 0.608 0.686

FTLD-tau FG 0.031 0.1003

FTLD-tau FW 0.039 0.6843 0.0001

FTLD-TDP FG 0.046 0.0575 0.7217

FTLD-TDP FW 0.019 0.5166 0.703 0.00001

FTLD-FUS FG 0.915 0.0064 0.0658 0.0931

FTLD-FUS FW 0.2599 0.9184 0.6195 0.473 0.0679

FTLD-Picks FG 0.2639

FTLD-Picks FW 0.0052 0.0796

FTLD-CBD FG 0.0017 0.6365

FTLD-CBD FW 0.0023 0.7966 0.0431

FTLD-PSP FG 0.2127 0.1562 0.0587

FTLD-PSP FW 0.0857 0.2827 0.1829 0.0431

FTLD-MAPT FG 0.2639 0.1219 0.0434 0.8974

FTLD-MAPT FW 0.8635 0.0088 0.004 0.1219 0.0796

FTLD-TDPA FG 0.1051

FTLD-TDPA FW 0.0511 0.0006

FTLD-TDPB FG 0.2809 0.772

FTLD-TDPB FW 0.4039 0.3574 0.0796

FTLD-TDPC FG 0.0402 0.3616 0.3301

FTLD-TDPC FW 0.0369 0.5318 0.2105 0.0431

FTLD-TDPA sporadic FG 0.8726

FTLD-TDPA sporadic FW 0.2396 0.0431

FTLD-TDPA GRN FG 0.2396 0.9574 0.4227

FTLD-TDPA GRN FW 0.0692 0.0614 0.593 0.0431

FTLD-TDPA C9orf72 FG 0.0371 0.336 0.1646 0.3635

FTLD-TDPA C9orf72 FW 0.048 0.0422 0.593 0.8726 0.0431
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Appendix 3 – Heat maps of P values for all comparisons of microglial burden, circularity and perimeter in Chapter 5 

Within each heat map, P values are presented in each box and represent results of comparisons between groups listed on corresponding vertical versus 
horizontal axes. P values are shown for comparisons between groups for each region and between grey and white matter for each group. The colour of each 
box represents the degree of statistical significance in the difference between groups, with red indicating a highly significant difference, blue a non-significant 
difference and white borderline (trend) or moderately significant difference, with gradations in between. FG = frontal grey matter; FW = frontal white matter; 
TG = temporal grey matter; TW = temporal white matter. 

 

Microglial burden: CD68-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.043

FTLD TG 0.384

FTLD TW 0.049 0.00001

AD TG 0.057 0.057

AD TW 0.111 0.8566 0.043

FTLD-tau TG 0.2947 0.1747

FTLD-tau TW 0.0566 0.9134 0.0001

FTLD-TDP TG 0.3385 0.1322 0.8491

FTLD-TDP TW 0.031 0.9253 0.7362 0.00001

FTLD-FUS TG 0.415 0.0091 0.0506 0.059

FTLD-FUS TW 0.9083 0.1058 0.0599 0.0352 0.0679

FTLD-Picks TG 0.0392

FTLD-Picks TW 0.0052 0.0431

FTLD-CBD TG 0.1326 0.5765

FTLD-CBD TW 0.0112 0.7966 0.0431

FTLD-PSP TG 0.7636 0.0181 0.0711

FTLD-PSP TW 0.731 0.0143 0.0284 0.0431

FTLD-MAPT TG 0.5475 0.144 0.3669 0.3669

FTLD-MAPT TW 0.0392 0.4651 0.6365 0.0857 0.0431

FTLD-TDPA TG 0.1991

FTLD-TDPA TW 0.0396 0.0004

FTLD-TDPB TG 0.4137 0.0218

FTLD-TDPB TW 0.728 0.1034 0.0568

FTLD-TDPC TG 0.3476 0.9007 0.079

FTLD-TDPC TW 0.2235 0.5786 0.3846 0.0796

FTLD-TDPA sporadic TG 0.7083

FTLD-TDPA sporadic TW 0.7893 0.0431

FTLD-TDPA GRN TG 0.0215 0.0975 0.0371

FTLD-TDPA GRN TW 0.0016 0.0692 0.0215 0.0431

FTLD-TDPA C9orf72 TG 0.0975 0.3098 0.1345 0.5212

FTLD-TDPA C9orf72 TW 0.0139 0.2617 0.1345 0.4871 0.0431
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Microglial burden: CD68-positive microglia in the temporal lobe 
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Controls FG

Controls FW 0.0431

FTLD FG 0.2532

FTLD FW 0.1357 0.00001

AD FG 0.2321 0.6392

AD FW 0.5746 0.4624 0.3452

FTLD-tau FG 0.2405 0.7355

FTLD-tau FW 0.3108 0.7615 0.0004

FTLD-TDP FG 0.2607 0.6723 0.8992

FTLD-TDP FW 0.1122 0.389 0.3659 0.00001

FTLD-FUS FG 0.7716 0.4029 0.4739 0.5091

FTLD-FUS FW 0.0809 0.2238 0.2252 0.4617 0.0679

FTLD-Picks FG 0.0161

FTLD-Picks FW 0.0127 0.0431

FTLD-CBD FG 0.2639 0.1974

FTLD-CBD FW 0.2639 0.1691 0.138

FTLD-PSP FG 0.6365 0.004 0.1119

FTLD-PSP FW 0.6674 0.0035 0.1219 0.0796

FTLD-MAPT FG 0.4143 0.1119 0.7636 0.1974

FTLD-MAPT FW 0.2639 0.1691 1 0.1219 0.0431

FTLD-TDPA FG 0.1597

FTLD-TDPA FW 0.0909 0.0004

FTLD-TDPB FG 0.9723 0.1473

FTLD-TDPB FW 0.6018 0.2953 0.0897

FTLD-TDPC FG 0.6263 0.4208 0.6018

FTLD-TDPC FW 0.6263 0.2759 0.9723 0.0431

FTLD-TDPA sporadic FG 0.593

FTLD-TDPA sporadic FW 0.0692 0.0431

FTLD-TDPA GRN FG 0.0975 0.285 0.336

FTLD-TDPA GRN FW 0.0422 0.2396 0.8307 0.0431

FTLD-TDPA C9orf72 FG 0.285 0.6305 0.593 0.5565

FTLD-TDPA C9orf72 FW 0.0872 0.3924 0.6689 0.7484 0.0431
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Microglial burden: CR3/43-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.0431

FTLD TG 0.1952

FTLD TW 0.1723 0.00001

AD TG 0.41 0.8537

AD TW 0.6771 0.4218 0.0431

FTLD-tau TG 0.0858 0.4992

FTLD-tau TW 0.149 0.3596 0.0001

FTLD-TDP TG 0.2749 0.9802 0.2734

FTLD-TDP TW 0.1921 0.4443 0.7762 0.00001

FTLD-FUS TG 0.8045 0.3057 0.0613 0.1929

FTLD-FUS TW 0.7041 0.9898 0.3942 0.4768 0.0679

FTLD-Picks TG 0.006

FTLD-Picks TW 0.0143 0.0431

FTLD-CBD TG 0.1691 0.1691

FTLD-CBD TW 0.323 0.144 0.0431

FTLD-PSP TG 0.9315 0.0046 0.144

FTLD-PSP TW 1 0.0143 0.323 0.0431

FTLD-MAPT TG 0.0781 0.323 0.699 0.0647

FTLD-MAPT TW 0.1326 0.3445 0.6061 0.1326 0.0431

FTLD-TDPA TG 0.212

FTLD-TDPA TW 0.1281 0.0004

FTLD-TDPB TG 0.4975 0.037

FTLD-TDPB TW 0.9445 0.1079 0.0897

FTLD-TDPC TG 0.2234 0.7987 0.058

FTLD-TDPC TW 0.3845 0.654 0.3476 0.0796

FTLD-TDPA sporadic TG 0.7484

FTLD-TDPA sporadic TW 0.2617 0.0431

FTLD-TDPA GRN TG 0.1211 1 0.3635

FTLD-TDPA GRN TW 0.149 1 0.7893 0.0431

FTLD-TDPA C9orf72 TG 0.285 0.6305 0.4227 0.6305

FTLD-TDPA C9orf72 TW 0.1995 0.8726 0.9149 0.8726 0.0431
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Microglial burden: CR3/43-positive microglia in the temporal lobe 
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Controls FG

Controls FW 0.5002

FTLD FG 0.117

FTLD FW 0.3522 0.2527

AD FG 0.828 0.0628

AD FW 0.6249 0.112 0.6858

FTLD-tau FG 0.0991 0.0544

FTLD-tau FW 0.1207 0.03 0.1005

FTLD-TDP FG 0.1955 0.1151 0.5175

FTLD-TDP FW 0.7372 0.3327 0.0396 0.9292

FTLD-FUS FG 0.1528 0.1021 0.8059 0.5426

FTLD-FUS FW 0.4474 0.2222 0.6269 0.5197 0.4652

FTLD-Picks FG 0.0255

FTLD-Picks FW 0.5765 0.138

FTLD-CBD FG 0.0938 0.5765

FTLD-CBD FW 0.1119 0.3024 0.2249

FTLD-PSP FG 0.4393 0.144 0.3669

FTLD-PSP FW 0.0317 0.1119 0.5765 0.0431

FTLD-MAPT FG 0.3669 0.1829 0.4393 0.8974

FTLD-MAPT FW 0.1974 0.4651 0.7636 0.3902 0.5002

FTLD-TDPA FG 0.3861

FTLD-TDPA FW 0.6253 0.2343

FTLD-TDPB FG 0.5087 0.9593

FTLD-TDPB FW 1 0.6253 0.6858

FTLD-TDPC FG 0.0402 0.0956 0.1642

FTLD-TDPC FW 0.8076 0.851 0.8076 0.138

FTLD-TDPA sporadic FG 0.4543

FTLD-TDPA sporadic FW 0.8098 0.8927

FTLD-TDPA GRN FG 0.7893 0.336 0.3635

FTLD-TDPA GRN FW 0.6305 0.1088 0.4541 0.8927

FTLD-TDPA C9orf72 FG 0.0692 0.2617 0.2617 0.0371

FTLD-TDPA C9orf72 FW 0.0248 0.2617 0.0395 0.0064 0.0431
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Microglial burden: Iba1-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.2249

FTLD TG 0.3728

FTLD TW 0.2849 0.0002

AD TG 0.5029 0.9903

AD TW 0.828 0.1731 0.5002

FTLD-tau TG 0.2593 0.779

FTLD-tau TW 0.0438 0.022 0.0003

FTLD-TDP TG 0.6352 0.6941 0.2638

FTLD-TDP TW 0.7095 0.5132 0.0055 0.0819

FTLD-FUS TG 0.1802 0.4787 0.5408 0.2141

FTLD-FUS TW 0.9422 0.7815 0.0799 0.8041 0.4652

FTLD-Picks TG 0.0203

FTLD-Picks TW 0.0099 0.0431

FTLD-CBD TG 0.3669 0.1562

FTLD-CBD TW 0.0392 0.6061 0.138

FTLD-PSP TG 0.2127 0.2827 0.731

FTLD-PSP TW 0.0857 0.3902 0.731 0.0431

FTLD-MAPT TG 0.8635 0.0127 0.2827 0.1562

FTLD-MAPT TW 0.3445 0.1025 0.2639 0.4393 0.0796

FTLD-TDPA TG 0.8996

FTLD-TDPA TW 0.9636 0.1788

FTLD-TDPB TG 0.7543 0.7946

FTLD-TDPB TW 0.728 0.6348 0.5002

FTLD-TDPC TG 0.3846 0.3435 0.5779

FTLD-TDPC TW 0.6764 0.5749 0.9445 0.5002

FTLD-TDPA sporadic TG 0.7484

FTLD-TDPA sporadic TW 0.8307 0.6858

FTLD-TDPA GRN TG 1 0.7893 0.7893

FTLD-TDPA GRN TW 0.8726 0.5212 0.7893 0.3452

FTLD-TDPA C9orf72 TG 0.5565 0.3924 0.7893 0.5565

FTLD-TDPA C9orf72 TW 0.6689 0.7083 0.7083 0.7893 0.138
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Microglial burden: Iba1-positive microglia in the temporal lobe  
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Controls FG

Controls FW 0.5002

FTLD FG 0.119

FTLD FW 0.6621 0.00001

AD FG 0.543 0.459

AD FW 0.8991 0.7901 0.5002

FTLD-tau FG 0.1786 0.5643

FTLD-tau FW 0.4294 0.5288 0.0206

FTLD-TDP FG 0.1095 0.4159 0.7139

FTLD-TDP FW 0.8689 0.9993 0.2903 0.00001

FTLD-FUS FG 0.3387 0.6668 0.9662 0.8919

FTLD-FUS FW 0.9252 0.9796 0.5443 0.9738 0.1088

FTLD-Picks FG 0.0088

FTLD-Picks FW 0.0392 0.138

FTLD-CBD FG 0.246 0.144

FTLD-CBD FW 0.731 0.0161 0.0431

FTLD-PSP FG 0.9657 0.0077 0.2289

FTLD-PSP FW 0.5475 0.0077 0.7966 0.2249

FTLD-MAPT FG 0.731 0.0228 0.4143 0.699

FTLD-MAPT FW 0.0938 0.699 0.0434 0.0228 0.6858

FTLD-TDPA FG 0.0775

FTLD-TDPA FW 0.8573 0.0006

FTLD-TDPB FG 0.4039 0.4622

FTLD-TDPB FW 0.6512 0.7052 0.0796

FTLD-TDPC FG 0.5313 0.3208 0.8347

FTLD-TDPC FW 0.6263 0.4349 0.3477 0.0431

FTLD-TDPA sporadic FG 0.2396

FTLD-TDPA sporadic FW 0.7083 0.0431

FTLD-TDPA GRN FG 0.0325 0.0692 0.2396

FTLD-TDPA GRN FW 0.285 0.7893 0.1646 0.0431

FTLD-TDPA C9orf72 FG 0.285 0.4543 0.9149 0.285

FTLD-TDPA C9orf72 FW 0.9574 0.1995 0.6305 0.3098 0.0431
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Microglial circularity: CD68-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.6858

FTLD TG 0.0743

FTLD TW 0.5547 0.00001

AD TG 0.5937 0.0123

AD TW 0.699 0.2663 0.138

FTLD-tau TG 0.0627 0.0112

FTLD-tau TW 0.3889 0.1768 0.0005

FTLD-TDP TG 0.1428 0.0314 0.4872

FTLD-TDP TW 0.7179 0.3895 0.3975 0.00001

FTLD-FUS TG 0.1047 0.0371 0.6816 0.4482

FTLD-FUS TW 0.8384 0.5697 0.5914 0.9405 0.1088

FTLD-Picks TG 0.1219

FTLD-Picks TW 0.2827 0.138

FTLD-CBD TG 0.3024 0.6061

FTLD-CBD TW 0.7966 0.1829 0.0431

FTLD-PSP TG 0.8635 0.1691 0.3902

FTLD-PSP TW 0.9315 0.323 0.731 0.0796

FTLD-MAPT TG 0.0284 0.5192 0.246 0.0434

FTLD-MAPT TW 0.0587 0.4143 0.0317 0.0711 0.0431

FTLD-TDPA TG 0.0761

FTLD-TDPA TW 0.7457 0.0008

FTLD-TDPB TG 0.1016 0.7463

FTLD-TDPB TW 0.9865 0.7509 0.0679

FTLD-TDPC TG 0.7664 0.1585 0.1748

FTLD-TDPC TW 0.8857 0.8832 0.8789 0.0431

FTLD-TDPA sporadic TG 0.0716

FTLD-TDPA sporadic TW 0.3098 0.1441

FTLD-TDPA GRN TG 0.2617 0.2617 0.5962

FTLD-TDPA GRN TW 0.5212 0.2396 0.6689 0.0431

FTLD-TDPA C9orf72 TG 0.3098 0.2189 0.491 0.9149

FTLD-TDPA C9orf72 TW 1 0.0692 0.2189 0.5212 0.0431
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Microglial circularity: CD68-positive microglia in the temporal lobe  
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Controls FG

Controls FW 0.2249

FTLD FG 0.7345

FTLD FW 0.4736 0.00001

AD FG 0.4652 0.5198

AD FW 0.8222 0.3081 0.6858

FTLD-tau FG 0.9151 0.4138

FTLD-tau FW 0.859 0.9151 0.0124

FTLD-TDP FG 0.6638 0.6136 0.5963

FTLD-TDP FW 0.1868 0.1076 0.0148 0.0001

FTLD-FUS FG 0.5872) 0.8842 0.5703 0.7805

FTLD-FUS FW 0.3774 0.2737 0.2137 0.9163

FTLD-Picks FG 0.4918

FTLD-Picks FW 0.731 0.3452

FTLD-CBD FG 0.144 0.0317

FTLD-CBD FW 0.8974 0.6365 0.0431

FTLD-PSP FG 0.5475 0.9315 0.0392

FTLD-PSP FW 0.4393 0.2639 0.5192 0.6858

FTLD-MAPT FG 0.4143 0.8974 0.0228 0.8299

FTLD-MAPT FW 0.731 1 0.6365 0.2639 0.3452

FTLD-TDPA FG 0.6653

FTLD-TDPA FW 0.3562 0.0027

FTLD-TDPB FG 0.9743 0.7528

FTLD-TDPB FW 0.1175 0.2866 0.1088

FTLD-TDPC FG 0.8819 0.8031 0.9231

FTLD-TDPC FW 0.2067 0.5247 0.6371 0.0796

FTLD-TDPA sporadic FG 0.1814

FLTD-TDPA sporadic FW 0.0543 0.138

FTLD-TDPA GRN FG 0.593 0.1646 0.0777

FTLD-TDPA GRN FW 0.7484 0.9149 0.1345 0.0796

FTLD-TDPA C9orf72 FG 0.8307 0.5212 0.285 0.4543

FTLD-TDPA C9orf72 FW 0.6689 0.8307 0.1088 0.9149 0.0796
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Microglial circularity: CR3/43-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.2249

FTLD TG 0.7222

FTLD TW 0.5362 0.00001

AD TG 0.2943 0.291

AD TW 0.6941 0.2511 0.2249

FTLD-tau TG 0.7944 0.2865

FTLD-tau TW 0.5458 0.2707 0.0032

FTLD-TDP TG 0.6328 0.3836 0.7297

FTLD-TDP TW 0.6414 0.3312 0.8094 0.0152

FTLD-FUS TG 0.9332 0.2835 0.7334 0.5898

FTLD-FUS TW 0.3679 0.2037 0.5814 0.4874 0.0679

FTLD-Picks TG 0.6061

FTLD-Picks TW 0.3445 0.2249

FTLD-CBD TG 0.4143 0.1829

FTLD-CBD TW 0.8299 0.4651 0.0431

FTLD-PSP TG 0.8299 0.7636 0.3024

FTLD-PSP TW 0.6674 0.6061 0.8299 0.0796

FTLD-MAPT TG 0.6061 1 0.1829 0.7636

FTLD-MAPT TW 0.4393 0.8635 0.5765 0.731 0.2249

FTLD-TDPA TG 0.608

FTLD-TDPA TW 0.6221 0.0262

FTLD-TDPB TG 0.2984 0.4298

FTLD-TDPB TW 0.8219 0.8887 1

FTLD-TDPC TG 0.9113 0.5154 0.2558

FTLD-TDPC TW 0.9408 0.6883 0.8722 0.138

FTLD-TDPA sporadic TG 0.1995

FTLD-TDPA sporadic TW 0.4227 0.5002

FTLD-TDPA GRN TG 0.9574 0.3924 0.1814

FTLD-TDPA GRN TW 0.9149 0.4227 0.3635 0.2249

FTLD-TDPA C9orf72 TG 0.8307 0.5565 0.2617 0.7893

FTLD-TDPA C9orf72 TW 0.7083 0.593 0.593 0.7893 0.0431
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Microglial circularity: CR3/43-positive microglia in the temporal lobe  
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Controls FG

Controls FW 0.2249

FTLD FG 0.9708

FTLD FW 0.3419 0.8535

AD FG 0.7038 0.5828

AD FW 0.7788 0.5671 0.5002

FTLD-tau FG 0.6469 0.3477

FTLD-tau FW 0.1789 0.3227 0.7369

FTLD-TDP FG 0.5896 0.9626 0.0978

FTLD-TDP FW 0.6551 0.932 0.135 0.6476

FTLD-FUS FG 0.244 0.1276 0.3131 0.0517

FTLD-FUS FW 0.31 0.453 0.9871 0.3929 0.2733

FTLD-Picks FG 0.8299

FTLD-Picks FW 0.9315 0.2249

FTLD-CBD FG 0.6061 0.7636

FTLD-CBD FW 0.6061 0.6674 0.6858

FTLD-PSP FG 0.2639 0.3669 0.5475

FTLD-PSP FW 0.0161 0.0203 0.0587 0.0796

FTLD-MAPT FG 0.8974 0.731 0.5192 0.2127

FTLD-MAPT FW 0.1974 0.2289 0.4393 0.2639 0.2249

FTLD-TDPA FG 0.2464

FTLD-TDPA FW 0.7572 0.925

FTLD-TDPB FG 0.6512 0.5478

FTLD-TDPB FW 0.4576 0.226 0.0431

FTLD-TDPC FG 0.3846 0.0256 0.1863

FTLD-TDPC FW 0.2067 0.0655 0.6031 0.8927

FTLD-TDPA sporadic FG 0.5565

FTLD-TDPA sporadic FW 0.4425 0.715

FTLD-TDPA GRN FG 0.048 0.0215 0.1646

FTLD-TDPA GRN FW 0.6717 0.112 0.1853 0.1441

FTLD-TDPA C9orf72 FG 0.8726 0.6305 0.6305 0.0692

FTLD-TDPA C9orf72 FW 0.653 0.0918 0.1669 1 0.5002
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Microglial circularity: Iba1-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.138

FTLD TG 0.2034

FTLD TW 0.8427 0.2761

AD TG 0.8139 0.3398

AD TW 0.7683 0.8427 0.2249

FTLD-tau TG 0.4195 0.6103

FTLD-tau TW 0.9861 0.7225 0.3135

FTLD-TDP TG 0.0862 0.1583 0.1444

FTLD-TDP TW 0.6447 0.9356 0.4691 0.7164

FTLD-FUS TG 0.9932 0.8177 0.4548 0.1163

FTLD-FUS TW 0.6393 0.4554 0.5552 0.3157 0.715

FTLD-Picks TG 0.9657

FTLD-Picks TW 0.699 0.0431

FTLD-CBD TG 0.323 0.3445

FTLD-CBD TW 0.9657 0.6674 0.8927

FTLD-PSP TG 0.8299 0.8635 0.4393

FTLD-PSP TW 0.5192 0.3024 0.5475 0.0796

FTLD-MAPT TG 0.1219 0.1326 0.5765 0.1829

FTLD-MAPT TW 0.7636 0.9315 0.731 0.3445 0.3452

FTLD-TDPA TG 0.024

FTLD-TDPA TW 0.2778 0.8647

FTLD-TDPB TG 0.6019 0.1068

FTLD-TDPB TW 0.3145 0.0205 0.3452

FTLD-TDPC TG 0.7543 0.0614 0.8347

FTLD-TDPC TW 0.9713 0.2588 0.3321 0.3452

FTLD-TDPA sporadic TG 0.149

FTLD-TDPA sporadic TW 0.2163 0.3452

FTLD-TDPA GRN TG 0.0162 0.3924 0.2396

FTLD-TDPA GRN TW 0.2716 0.3205 0.8946 0.715

FTLD-TDPA C9orf72 TG 0.1995 0.7893 0.9574 0.2617

FTLD-TDPA C9orf72 TW 0.653 0.736 0.4314 0.4994 0.8927
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Microglial circularity: Iba1-positive microglia in the temporal lobe  
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Controls FG

Controls FW 0.5002

FTLD FG 0.5402

FTLD FW 0.273 0.0002

AD FG 0.2314 0.0261

AD FW 0.2694 0.6943 0.138

FTLD-tau FG 0.6539 0.0498

FTLD-tau FW 0.4884 0.4812 0.218

FTLD-TDP FG 0.4887 0.0249 0.7016

FTLD-TDP FW 0.1879 0.9095 0.3186 0.0007

FTLD-FUS FG 0.7099 0.159 0.9388 0.9132

FTLD-FUS FW 0.4424 0.7847 0.7578 0.812 0.1088

FTLD-Picks FG 0.0587

FTLD-Picks FW 0.9315 0.0796

FTLD-CBD FG 0.3902 0.3024

FTLD-CBD FW 0.0781 0.0647 0.0431

FTLD-PSP FG 0.4918 0.0099 0.1219

FTLD-PSP FW 0.3445 0.3024 0.4143 0.8927

FTLD-MAPT FG 0.731 0.0255 0.2289 0.731

FTLD-MAPT FW 0.7966 0.8635 0.0434 0.2289 0.138

FTLD-TDPA FG 0.3802

FTLD-TDPA FW 0.3602 0.0052

FTLD-TDPB FG 0.5543 0.8827

FTLD-TDPB FW 0.8076 0.5389 0.6858

FTLD-TDPC FG 0.7808 0.2221 0.3846

FTLD-TDPC FW 0.0558 0.1481 0.095 0.0796

FTLD-TDPA sporadic FG 0.0692

FTLD-TDPA sporadic FW 0.6689 0.0431

FTLD-TDPA GRN FG 0.4871 0.4543 0.2396

FTLD-TDPA GRN FW 0.336 0.2189 0.593 0.0431

FTLD-TDPA C9orf72 FG 0.593 0.5565 0.1646 0.8726

FTLD-TDPA C9orf72 FW 0.4871 0.336 0.8307 0.7893 0.138
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Microglial perimeter: CD68-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.2249

FTLD TG 0.2874

FTLD TW 0.3901 0.0001

AD TG 0.0733 0.0005

AD TW 0.4842 0.9338 0.0431

FTLD-tau TG 0.4023 0.0019

FTLD-tau TW 0.6708 0.6455 0.433

FTLD-TDP TG 0.3299 0.001 0.8423

FTLD-TDP TW 0.2236 0.7537 0.2009 0.0001

FTLD-FUS TG 0.0956 0.0013 0.1973 0.2281

FTLD-FUS TW 0.8181 0.6675 0.9153 0.4119 0.1088

FTLD-Picks TG 0.9657

FTLD-Picks TW 0.9315 0.2249

FTLD-CBD TG 0.3669 0.3445

FTLD-CBD TW 0.0938 0.1119 0.0431

FTLD-PSP TG 0.8299 0.7966 0.4918

FTLD-PSP TW 0.5765 0.6365 0.2639 0.6858

FTLD-MAPT TG 0.0857 0.0781 0.4143 0.1326

FTLD-MAPT TW 0.5475 0.4918 0.0228 0.246 0.5002

FTLD-TDPA TG 0.363

FTLD-TDPA TW 0.3887 0.001

FTLD-TDPB TG 0.2777 0.6461

FTLD-TDPB TW 0.5879 0.8889 0.1441

FTLD-TDPC TG 0.7664 0.5852 0.4206

FTLD-TDPC TW 0.196 0.4627 0.4982 0.138

FTLD-TDPA sporadic TG 0.0759

FTLD-TDPA sporadic TW 0.4227 0.0679

FTLD-TDPA GRN TG 0.9149 0.1345 0.1061

FTLD-TDPA GRN TW 0.149 0.0543 0.0371 0.0431

FTLD-TDPA C9orf72 TG 0.4543 0.3924 0.2547 0.5212

FTLD-TDPA C9orf72 TW 0.285 0.1211 0.0872 0.7083 0.0431

C
o

n
tro

ls
 T

G

C
o

n
tro

ls
 T

W

F
T

L
D

 T
G

F
T

L
D

 T
W

A
D

 T
G

A
D

 T
W

F
T

L
D

-ta
u

 T
G

F
T

L
D

-ta
u

 T
W

F
T

L
D

-T
D

P
 T

G

F
T

L
D

-T
D

P
 T

W

F
T

L
D

-F
U

S
 T

G

F
T

L
D

-F
U

S
 T

W

F
T

L
D

-P
ic

k
s
 T

G

F
T

L
D

-P
ic

k
s
 T

W

F
T

L
D

-C
B

D
 T

G

F
T

L
D

-C
B

D
 T

W

F
T

L
D

-P
S

P
 T

G

F
T

L
D

-P
S

P
 T

W

F
T

L
D

-M
A

P
T

 T
G

F
T

L
D

-M
A

P
T

 T
W

F
T

L
D

-T
D

P
A

 T
G

F
T

L
D

-T
D

P
A

 T
W

F
T

L
D

-T
D

P
B

 T
G

F
T

L
D

-T
D

P
B

 T
W

F
T

L
D

-T
D

P
C

 T
G

F
T

L
D

-T
D

P
C

 T
W

F
T

L
D

-T
D

P
A

 s
p

o
ra

d
ic

 T
G

F
T

L
D

-T
D

P
A

 s
p

o
ra

d
ic

 T
W

F
T

L
D

-T
D

P
A

 G
R

N
 T

G

F
T

L
D

-T
D

P
A

 G
R

N
 T

W

F
T

L
D

-T
D

P
A

 C
9
o

rf7
2
 T

G

F
T

L
D

-T
D

P
A

 C
9
o

rf7
2
 T

W

 
 
Microglial perimeter: CD68-positive microglia in the temporal lobe  
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Controls FG

Controls FW 0.0431

FTLD FG 0.9514

FTLD FW 0.9966 0.00001

AD FG 0.1033 0.033

AD FW 0.722 0.6291 0.3452

FTLD-tau FG 0.6399 0.0115

FTLD-tau FW 0.3556 0.6357 0.0022

FTLD-TDP FG 0.5857 0.1209 0.0974

FTLD-TDP FW 0.5377 0.2828 0.0115 0.0002

FTLD-FUS FG 0.8877 0.0935 0.7994 0.5018

FTLD-FUS FW 0.4425 0.2698 0.0744 0.6944 0.0679

FTLD-Picks FG 0.7636

FTLD-Picks FW 0.8974 0.0796

FTLD-CBD FG 0.0647 0.0317

FTLD-CBD FW 0.4651 0.3902 0.0431

FTLD-PSP FG 0.699 0.4918 0.144

FTLD-PSP FW 0.1119 0.0857 0.3902 0.5002

FTLD-MAPT FG 0.5192 0.731 0.0127 0.3024

FTLD-MAPT FW 0.8635 0.7636 0.5765 0.1562 0.2249

FTLD-TDPA FG 0.5803

FTLD-TDPA FW 0.608 0.0016

FTLD-TDPB FG 0.5626 0.8246

FTLD-TDPB FW 0.2513 0.3608 0.285

FTLD-TDPC FG 0.9113 0.4899 0.4994

FTLD-TDPC FW 0.8527 0.458 0.1909 0.0431

FTLD-TDPA sporadic FG 0.3924

FTLD-TDPA sporadic FW 0.4543 0.0431

FTLD-TDPA GRN FG 1 0.593 0.3098

FTLD-TDPA GRN FW 0.5565 0.2617 0.9574 0.0431

FTLD-TDPA C9orf72 FG 0.5212 0.9149 0.7083 0.5212

FTLD-TDPA C9orf72 FW 0.9574 0.5565 0.4227 0.593 0.2249
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Microglial perimeter: CR3/43-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.5002

FTLD TG 0.6313

FTLD TW 0.5331 0.00001

AD TG 0.2533 0.0437

AD TW 0.8222 0.7484 0.0796

FTLD-tau TG 0.8823 0.1112

FTLD-tau TW 0.6655 0.8823 0.0366

FTLD-TDP TG 0.6321 0.0514 0.594

FTLD-TDP TW 0.4692 0.6638 0.6446 0.0008

FTLD-FUS TG 0.1685 0.0141 0.1208 0.2024

FTLD-FUS TW 0.6557 0.815 0.8797 0.9163 0.0679

FTLD-Picks TG 0.4393

FTLD-Picks TW 0.3445 0.6858

FTLD-CBD TG 0.5475 0.1691

FTLD-CBD TW 0.731 0.5475 0.3452

FTLD-PSP TG 0.3445 0.0857 0.731

FTLD-PSP TW 0.4393 0.0857 0.2639 0.2249

FTLD-MAPT TG 0.731 0.6674 0.3445 0.1974

FTLD-MAPT TW 0.2289 0.7966 0.3902 0.0481 0.2249

FTLD-TDPA TG 0.9361

FTLD-TDPA TW 0.4845 0.0113

FTLD-TDPB TG 0.4276 0.3922

FTLD-TDPB TW 0.9743 0.5441 0.285

FTLD-TDPC TG 0.3342 0.2662 0.9658

FTLD-TDPC TW 0.8819 0.606 0.8722 0.0796

FTLD-TDPA sporadic TG 0.9574

FTLD-TDPA sporadic TW 0.3924 0.6858

FTLD-TDPA GRN TG 0.7083 0.593 0.7893

FTLD-TDPA GRN TW 0.6689 0.7893 0.593 0.0796

FTLD-TDPA C9orf72 TG 0.7484 0.6305 0.8307 0.9574

FTLD-TDPA C9orf72 TW 0.6305 0.8307 0.6689 0.9574 0.0796
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Microglial perimeter: CR3/43-positive microglia in the temporal lobe  
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Controls FG

Controls FW 0.138

FTLD FG 0.2373

FTLD FW 0.0475 0.6816

AD FG 0.7999 0.401

AD FW 0.6 0.2018 0.5002

FTLD-tau FG 0.1712 0.2947

FTLD-tau FW 0.0135 0.0709 0.6274

FTLD-TDP FG 0.4465 0.6651 0.2934

FTLD-TDP FW 0.1738 0.493 0.0616 0.3037

FTLD-FUS FG 0.1039 0.1654 0.4579 0.1806

FTLD-FUS FW 0.1392 0.325 0.6576 0.5495 1

FTLD-Picks FG 0.2639

FTLD-Picks FW 0.1974 0.6858

FTLD-CBD FG 0.144 0.731

FTLD-CBD FW 0.1119 0.7636 0.6858

FTLD-PSP FG 0.3024 0.9315 0.6674

FTLD-PSP FW 0.0077 0.1691 0.2827 0.138

FTLD-MAPT FG 0.2639 1 0.731 0.9315

FTLD-MAPT FW 0.0161 0.2639 0.4143 0.7966 0.5002

FTLD-TDPA FG 0.9829

FTLD-TDPA FW 0.4264 0.5509

FTLD-TDPB FG 0.4442 0.334

FTLD-TDPB FW 0.0947 0.2174 0.8927

FTLD-TDPC FG 0.0604 0.0193 0.2657

FTLD-TDPC FW 0.1475 0.3356 0.8237 0.3452

FTLD-TDPA sporadic FG 0.9574

FTLD-TDPA sporadic FW 0.3081 0.4652

FTLD-TDPA GRN FG 0.4871 0.0975 0.4227

FTLD-TDPA GRN FW 0.5962 0.1379 0.6911 0.2733

FTLD-TDPA C9orf72 FG 0.7893 0.4871 0.9149 0.336

FTLD-TDPA C9orf72 FW 0.5365 0.1292 0.6856 0.9577 0.8927
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Microglial perimeter: Iba1-positive microglia in the frontal lobe  
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Controls TG

Controls TW 0.0431

FTLD TG 0.9883

FTLD TW 0.0466 0.0742

AD TG 0.5145 0.3874

AD TW 0.6062 0.1952 0.0796

FTLD-tau TG 0.6801 0.6801

FTLD-tau TW 0.0484 0.1863 0.1354

FTLD-TDP TG 0.6822 0.2099 0.1721

FTLD-TDP TW 0.0658 0.2403 0.7754 0.4593

FTLD-FUS TG 0.5967 0.932 0.7858 0.3015

FTLD-FUS TW 0.1915 0.4121 0.8399 0.9629 0.4652

FTLD-Picks TG 0.3024

FTLD-Picks TW 0.4918 0.0431

FTLD-CBD TG 1 0.3024

FTLD-CBD TW 0.1219 0.3902 0.8927

FTLD-PSP TG 0.5192 0.699 0.5192

FTLD-PSP TW 0.0647 0.246 0.7636 0.5002

FTLD-MAPT TG 0.699 0.1562 0.699 0.3024

FTLD-MAPT TW 0.0532 0.2127 0.699 0.9315 0.3452

FTLD-TDPA TG 0.3381

FTLD-TDPA TW 0.2349 0.4603

FTLD-TDPB TG 0.702 0.1526

FTLD-TDPB TW 0.0406 0.1869 0.5002

FTLD-TDPC TG 0.5543 0.0914 0.8347

FTLD-TDPC TW 0.1612 0.5975 0.5179 0.6858

FTLD-TDPA sporadic TG 0.6689

FTLD-TDPA sporadic TW 0.694 0.0431

FTLD-TDPA GRN TG 0.1814 0.3635 0.4543

FTLD-TDPA GRN TW 0.1943 0.8116 0.382 0.715

FTLD-TDPA C9orf72 TG 0.6305 0.9574 1 0.3924

FTLD-TDPA C9orf72 TW 0.3686 0.4651 0.613 0.6525 0.8927
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Microglial perimeter: Iba1-positive microglia in the temporal lobe
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