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Abstract 

Frontotemporal dementia (FTD) is the second most common type of early-onset dementia 

and is characterised by impairments in language and behavioural changes whilst memory is 

normally well preserved; it can be clinically subdivided into behavioural variant FTD, 

progressive non-fluent aphasia and semantic dementia. Underlying these dementia 

subtypes is a group of diseases that are referred to as frontotemporal lobar degeneration 

(FTLD). Macroscopically these diseases show cell loss in the frontal and temporal lobes 

which is accompanied by intracellular protein aggregation, which is used to pathologically 

differentiate FTLD into subtypes; FTLD-Tau, FTLD-TDP43 and FTLD-FUS. Abnormal 

accumulation of protein in some neurodegenerative disease has been linked to an 

impairment in autophagy, a cellular waste disposal process, however, this has not been well 

studied in FTLD. This study used markers associated with two subtypes of autophagy, 

macroautophagy (MA) (LC3 and Beclin-1) and chaperone-mediated autophagy (CMA) (Hsc70 

and LAMP2a) in order to explore variation in autophagy associated protein distribution in 

the three most common genetic causes of FTLD: C9orf72, MAPT and GRN. Human tissue 

from the frontal, temporal and occipital cortex from the Manchester Brain Bank was used to 

immunohistochemically assess a total of 24 FTLD cases which demonstrated genetic 

mutations in GRN (7 cases), C9orf72 (8 cases) and MAPT (9 cases), in addition to 8 cases with 

Alzheimer’s Disease (AD) and 9 no-disease aged controls.  Results showed that there was a 

regional decrease (P< 0.05) in the amount of LC3 and Beclin-1 detected in the hippocampus 

of FTLD-GRN cases. In addition, this decrease in MA marker detection was observed in all 

FTLD mutation groups and controls in Layer VI of the frontal grey matter. Moreover, Beclin-

1 was also decreased in temporal grey matter of FTLD-GRN cases. No significant differences 
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were found between controls and the individual mutation groups for either of the CMA 

markers, LAMP2a and Hsc70. 

The findings suggest a potential regional impairment in the formation of autophagosomes in 

addition to general impairment in MA initiation in FTLD, whilst the more selective CMA 

pathway were largely unaffected.  Therapies restoring autophagsome formation and 

maturation therefore may have a therapeutic benefit in FTLD.  
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1 Introduction 

1.1 Neurodegenerative diseases 

Neurodegenerative diseases are a group of disorders defined by a progressive loss of 

neurons in specific brain regions and include diseases such as Alzheimer’s disease, 

Parkinson’s disease, frontotemporal dementia, Dementia with Lewy Bodies, Cortical Basal 

Degeneration and Progressive supranuclear palsy (Matej et al., 2019). This broad group of 

diseases have a significant socioeconomic impact across the globe and have consequently 

been the focus of many research programmes.  

One subgroup of neurodegenerative disease are the diseases that give rise to dementia. 

According to the World Health Organization (WHO, 2021b), dementia is an umbrella term 

used to describe the diseases that cause a loss of cognitive functioning at a higher rate that 

is usually expected due to normal ageing. Dementia manifests in a clinically heterogenous 

way, depending on the underlying disease process driving it, with symptoms including 

memory loss, confusion, personality changes, communication deficits, sleep disturbances, 

behavioural changes and depression.  

Dementia impacts 56 million people worldwide (WHO, 2021a; WHO, 2021b) and an 

estimated 885,000 people in the UK, with 426,301 currently recorded diagnoses of 

dementia in England alone as of November 2021; this has been reported to cost the UK 

economy £34.7 billion with this figure expected to rise to £94.1 billion by 2040 (Wittenberg 

et al., 2019). There is currently no disease modifying therapy available for this group of 

diseases and so it is vital that we understand the pathogenic processes underlying dementia 

and strive to identify new targets for therapeutic intervention.  
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Dementia is caused by numerous diseases, in order of prevalence these include: Alzheimer’s 

Disease (AD), accounting for two-thirds of all cases, followed by vascular dementia (VD), 

which accounts for up to a 20% of cases, then Dementia with Lewy Bodies (DLB), which 

drives approximately 15% of dementia cases, then finally frontotemporal dementia (FTD) 

which accounts for less than 5% of dementia cases (ARUK, 2018b). 

Whilst FTD accounts for less than 5% overall dementia cases, it is the second most common 

cause of early onset dementia. The earlier clinical manifestation of early onset dementias 

(i.e, below the age of 65 years) brings an additional range of personal, family and societal 

challenges given patients may still have substantive work and family commitments. Whilst 

research into FTD has flourished over the last few decades, this heterogeneous group of 

disorders are still not fully understood with respect to variation in the pathogenic drivers of 

disease and how these may contribute the variation in clinical and pathological 

manifestation.  

The next section of the thesis will explore what is already known about FTD with respect to 

its clinical, pathological and genetic background along with an exploration of the autophagy 

pathways which are hypothesised to function differentially in relation to the different 

genetic subtypes of disease.  

 

1.1.1 Frontotemporal dementia 

Frontotemporal dementia (FTD) is more common in the under 65 age group, and is thus 

described as an early-onset dementia, and affects between 4 and 15 per 100,000 people 

within this age category (Coyle-Gilchrist et al., 2016; Rabinovici & Miller, 2010) making FTD 
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the second most common form of early-onset dementia (Mulders et al., 2016; Ting et al., 

2016).  

FTD is a pathologically and genetically heterogeneous group of disorders that presents with 

variable clinical manifestations, depending on the subtype of disease. The main clinical 

variants are behavioural variant FTD (bvFTD), progressive non-fluent aphasia (PNFA) and 

Semantic Dementia (SD) though progressive supranuclear palsy syndrome (PSPS), 

corticobasal syndrome (CBS) and FTD with motor neuron disease (FTD-MND) are all 

considered to also fall within the complex spectrum of FTD (Ferrari et al., 2011; Snowden et 

al., 2007; Warren et al., 2013; Woollacott & Rohrer, 2016). The FTD disorders can be 

categorised based on their clinical manifestations, their pathological presentation and/or 

the presence of genetic mutation or disease-causing variation, with clear overlaps being 

evident which underlies the tendency to consider these diseases on a spectrum.  

1.1.1.1 Clinical manifestations of FTD 
 

FTD can be divided into a number of clinically distinct disorders including bvFTD, PNFA and 

SD, with CBS, PSPS and FTD-MND also forming part of the FTD disease spectrum as shown in 

Figure 1.1 (Fernández-Matarrubia et al., 2015). The most common form of FTD is bvFTD 

which has been shown to account for approximately 70% of all FTD cases (Snowden et al., 

2002,Snowden et al., 2002) whereas PSPS is much more rare, with an estimated prevalence 

of 0.3-1.39 per 100,000 (Vanacore et al., 2001). Within these FTD subgroups, there have 

been additional phenotypic variations reported (Woollacott & Rohrer, 2016) but for 

simplicity, the typical disease manifestations as demonstrated in figure 1.1 (Fernández-

Matarrubia et al., 2015).   
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As mentioned previously, bvFTD is the most common clinical subtype of FTD, often 

presenting with apathy, selfishness and poor hygiene, along with disinhibition of behaviour 

(leading to a decline in socially appropriate behaviour), changes in diet (in particular, an 

increased consumption and a preference for sweet food) and an increase in wandering and 

hoarding behaviours (Kirshner, 2014; Seelaar et al., 2011). In contrast to bvFTD, both PNFA 

and SD demonstrate a characteristic and specific deficit in language. Patients with PNFA 

present with language that is hesitant and effortful, usually combined with a lack of 

grammatical flow, with phonetic or articulatory errors. As the disease progresses apraxia 

associated symptoms develop, such as impaired yawning and swallowing (Kirshner, 2014; 

Warren et al., 2013). In SD however, patient language remains grammatically correct and 

fluid , but instead the comprehension of single words is lost or confused, and semantic 

memory is impaired (Kirshner, 2014; Seelaar et al., 2011). 
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Figure 1.1: Clinical presentations of FTLD and the genetic associations. Arrows indicate 

association’s clinical and pathological associations. Image adapted from Fernández-

Matarrubia et al. (2015).  PSPS, Progressive Supranuclear Palsy Syndrome; PSP, Progressive 

Supranuclear Palsy; CBS, Corticobasal Syndrome; CBD, Corticobasal Degeneration; PNFA, 

Progressive Non-Fluent Aphasia; PiD, Pick’s Disease; bvFTD, behavioural variant FTD; SD, 

Semantic Dementia; FTD-MND, Frontotemporal Dementia with Motor Neuron Disease.  

 

Due to the nature of the aggregate proteins, FTD is associated with a wider spectrum of 

clinical presentations including the pure FTDs (bvFTD, PNFA, SD), CBS, PSPS and FTD-MND, 

as described previously (see section 1.1.1.1, as shown in Figure 1.1).  
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Corticobasal Syndrome (CBS) and Progressive Supranuclear Palsy Syndrome (PSPS) are both 

defined by a myriad of motor symptoms, most often including Parkinsonism (Attems & 

Jellinger, 2013). Symptoms of CBS include limb apraxia and rigidity, cortical sensory loss, 

myoclonus, bradykinesia, tremor and dystonia (Boeve, 2011), whereas PSP presents with 

postural instability resulting in frequent falls, supranuclear gaze deficits, dysarthia and 

cognitive impairment (Litvan et al., 1996).Litvan et al., 1996,Litvan et al., 1996). CBS typically 

presents with an asymmetrical phenotype in contrast to PSPS being symmetrical in motor 

symptom manifestation (Seltman & Matthews, 2012). 

MND is another neurodegenerative disease, characterised by a progressive loss of motor 

functioning leading to total paralysis and death, with an expected survival rate of up to five 

years following diagnosis (Turner et al., 2003; Williams et al., 2014,Turner et al., 2003; 

Williams et al., 2014), depending on the subtype such as Amyotrophic Lateral Sclerosis 

(ALS). In a subgroup of patients with FTD, MND may occur and present with muscle 

weakness and atrophy which is initially more prominent in the upper extremities and/or the 

tongue. This form of disease is particularly rapidly progressing with a mean survival of 

approximately 3 years (Coon et al., 2011,Coon et al., 2011), though since FTD-MND itself is 

considered to be a spectrum disorder, the clinical manifestations are expectedly variable 

(Couratier et al., 2017,Couratier et al., 2017).  

One thing that sets FTD aside from other more common forms of dementia such as 

Alzheimer’s Disease (AD), is the fact that episodic memory is generally well preserved 

(Silveri, 2007,Silveri, 2007). However, there is some pathological overlap between FTD and 

AD, as well as overlap between FTD and other tauopathies such as CBD, PSP and argyrophilic 
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grain disease (AgD). How clinical variations in disease are supplemented by genetic and 

pathological heterogeneity will be discussed in the subsequent sections.  

 

1.1.1.2 Pathological and genetic heterogeneity of FTD 
 

Pathologically, FTD is associated with variable pathological protein aggregation alongside 

significant cell loss and subsequent atrophy in the frontal and temporal lobes of the 

cerebrum, this feature often being referred to as Frontotemporal Lobar Degeneration 

(FTLD) (Ferrari et al., 2011,Ferrari et al., 2011). Rather than being a single entity, FTLD is a 

group of diseases that can be distinguished by the composition of the protein aggregates 

characteristic of each subtype of disease; FTLD-Tau, FTLD-FUS and FTLD-TDP-43. There are 

also reports of atypical cases of Multiple System Atrophy (MSA), a disease associated with 

α-synuclein aggregation, that presents with FTD and has cell loss concurrent with FTLD (Aoki 

et al., 2015; Rohan et al., 2015,Aoki et al., 2015; Rohan et al., 2015) and AgD is often seen as 

a comorbidity alongside FTD (Gil et al., 2018)(Gil et al., 2018)). The term FTLD therefore is 

often used to describe the atrophy and associated brain pathology, whereas the term FTD is 

more commonly used when referring to the clinical phenotype. 

It has been reported that approximately 25-30% of FTD cases are familial, having a known 

causative genetic link, with many previously reported sporadic cases having also later being 

demonstrated to have a genetic risk association (Turner et al., 2017,Turner et al., 2017) The 

most common of these genetic associations impact C9orf72, MAPT and GRN (Lashley et al., 

2015; Woollacott & Rohrer, 2016)(Lashley et al., 2015; Woollacott & Rohrer, 2016). 
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Figure 1.1 (from Fernández-Matarrubia et al. (2015) demonstrates the relationships 

between the pathology describing FTLD groups in relation to the clinical FTD subtypes, 

whilst also highlighting the main genetic links. The characteristic pathology of each of these 

FTLD groups will now be explored along with evidence for genetic influence on protein 

aggregate formation, since this thesis aims to explore the relationship between genetic 

mutation/variation, abnormal protein accumulation and levels of detectable autophagic 

markers.   

 

1.1.2 FTLD-Tau  

 

Figure 1.2: Splicing of the MAPT gene and the six isoforms of tau protein. N1 and N2 denote 

amino acid chain in the amino-terminal half of the protein whilst R2 demonstrates the 

inclusion or exclusion of exon 10 given 4R and 3R tau respectively. Image adapted from 

Wang and Mandelkow (2016). 

 

FTLD-tau is a subtype of FTLD that is defined by aggregation of abnormal tau protein 

associated with cell loss, and includes Pick’s Disease (PiD), CBD, PSP and FTLD-tau associated 

with MAPT mutations (Seelaar et al., 2011). Tau is a microtubule associated protein (MAPT) 
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and is implicated in the formation and stabilisation of microtubules (Goedert, 2004; 

Williams, 2006), which, in neurons, are found mainly in the axons and form part of the 

cytoskeleton (Letourneau, 1996). Tau’s role in microtubule maintenance is important in 

supporting the axonal transport of cellular cargo such as neurotransmitters (Sheetz et al., 

1987) and autophagosomes (Ravikumar et al., 2005), which are involved in synaptic 

transmission and macroautophagy respectively. Tau exists in a total of six isoforms, the 

function of which are explored in a review by Wang and Mandelkow (2016) (see figure 1.2). 

Briefly, the six isoforms can be divided into two groups, those of which have three 

microtubule binding domains (3R-Tau) and those with four microtubule binding domains 

(4R-Tau), with 4R-tau having greater stabilization effect on the microtubule than 3R-tau 

(Barbier et al., 2019). Those with three isoforms have an exclusion of a 31 amino acid repeat 

in the carboxyl terminal half of the protein (leading to the three microtubule binding 

repeats) whilst an inclusion leads to four repeats seen in 4R-Tau. Further variations in the 

isoforms are due to the inclusions or exclusion of a 29 or 58 amino acid chain in the amino 

terminal half of the protein (Goedert, 2004). Mutations in introns 10 and 16 of the MAPT 

gene are associated with an altered production of the different tau isoforms in disease, and 

this has been shown to be linked to disease pathogenesis  (Kopach et al., 2021; Sposito et 

al., 2015; Strang et al., 2019). These mutations will be discussed later in this section.  

As demonstrated in figure 1.1, FTLD-Tau most often associates with PNFA and bvFTD, 

however there are some reports of an association with SD. These stronger FTLD-Tau 

associations are related to specific subtypes with bvFTD, associating most often with PiD, 

whilst PNFA  appears most commonly with CBD and PSP as previously discussed (Fernández-

Matarrubia et al., 2015; Kertesz et al., 2007). Whilst PiD, CBD and PSP are clinically distinct 

diseases, referred to collectively as tauopathies, they each have their own pathological 
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presentation in the brain and epidemiology (Dickson et al., 2011 ) which will now be 

discussed. 

According to Barker et al. (2002) PiD is a rare cause of dementia, accounting for less than 5% 

of dementias. The characteristic lesion of this disease are the Pick Bodies, which are 

spherical intraneuronal inclusions consisting of 3R-Tau tau (Figure 1.3a-c). Pick bodies are 

most commonly found in the granular layer of the dentate gyrus, CA1 (Cornu ammonis) of 

the hippocampus and the cortical grey matter, and they are less commonly reported in the 

brainstem, cerebellum and hippocampal areas CA2-4 and the subiculum (Attems & Jellinger, 

2013; Dickson et al., 2011). In some patients, 4R-Tau positive astrocytic tau inclusions 

known as ramified astrocytes have been reported (Figure 1.3f, Dickson et al. (2011)), in 

addition to small, round oligodendroglial inclusions in the white matter (Figure 1.3e). 
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Figure 1.3: Pathology of Pick’s Disease showing pick bodies, (a, b and c), Ballooned neurons 

(d); Oligendroglial inclusions (e) and ramified astrocytes (f). Image from Dickson et al. 

(2011). 

In contrast to the 3R predominant lesions that characterise PiD, PSP and CBD are similar dis-

eases characterised by asymmetrical atrophy and pathological protein burden of aggregated 

and hyperphosphorylated 4R tau in the frontal and temporal gyri (Dickson et al., 2011; Sha 
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et al., 2006,Dickson et al., 2011; Sha et al., 2006). They can be distinguished by their charac-

teristic astrocytic lesions, the tufted astrocytes in PSP (Figure 1.4a) and the astrocytic plaque 

in CBD (Figure 1.4b) (Komori et al., 1998). Tufted astrocytes show AT8 immunoreactivity in 

their processes and cell membrane with sparing of the cell soma, whilst astrocytic plaques 

resemble neuritic plaques (when immunostained for tau) with denser globular aggregations 

spaced out from the cell body (Dickson, 1999; Dickson et al., 2007,Dickson, 1999; Dickson et 

al., 2007). Moreover, CBD has a higher number of granular ballooned or achromatic neurons 

(figure 1.4c) whilst the neuronal inclusions in PSP are more often flame-like or globus neu-

rons (figure 1.4d).  Additionally, the morphology of the white matter lesions in PSP and CBD 

are different (figure 1.4f) with those in PSP taking a more classical coiled body shape (figure 

1.4f) whilst in CBD the white matter lesions are prevalent and more threadlike (figure 1.4e) 

(Dickson et al., 2011). 

The clinical manifestations of CBS and PSPS are associated with aggregation of tau and their 

most common pathological classifications are Corticobasal Degeneration (CBD) and 

Progressive Supranuclear Palsy (PSP) respectively (Fernández-Matarrubia et al., 2015). 

Patients affected with either of these syndromes often meet the criteria for a diagnosis of 

bvFTD or PNFA (Armstrong et al., 2013; Kertesz et al., 2007) linked a pathological diagnosis 

of CBD with the clinical presentation and identified four distinct clinical presentations within 

the cohort, CBS, bvFTD, PNFA and PSPS, highlighting the need for a distinction between the 

clinical and pathological terms. 
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Figure 1.4: Variation of tau pathology in the CBD and PSP with the left column representing 

CBD pathology and the right PSP. Images a and b show hallmark astrocytic pathology, c and 

d neuronal and e and f the white matter and oligodendroglial tau aggregates. Image taken 

from (Dickson et al., 2011). 

 

In addition to overlapping tau associated disorders, FTD often co-presents with Motor 

Neuron Disease (MND) (Bak, 2010). MND on its own is often associated with aggregation of 
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Superoxide Dismutase 1 (SOD1), however MND can co-present with FTD when the protein 

aggregate is mostly composed of FUS or TDP-43 (Tiryaki & Horak, 2014). This further 

supports the notion that FTD and MND exists on a spectrum as previously described (see 

section 1.1.1.1), with co-presentations existing in the centre and FTD-only and MND-only 

diseases existing at either end. 

FTLD-Tau has a genetic association which presents in approximately 30% of familial FTLD 

cases (van Swieten & Spillantini, 2007). The genetic mutations have been found in the gene 

that codes for the MAP-tau protein, MAPT, with three groups first reporting mutations in 

1998 (Hutton et al., 1998; Poorkaj et al., 1998; Spillantini et al., 1998; Farlow, Klug & Ghetti, 

1998). From these initial mutations, the number of familial FTLD types with MAPT cases has 

grown to up to 63 reported mutations. 

MAPT mutations have been reported in numerous neurodegenerative disorders and can be 

found in exons 9-13 or an intronic mutation following on from exon 10, with the leading 

theory behind the pathogenesis of these mutations is that mutation leads to the disruption 

of 3R-Tau and 4R-Tau ratio, leading to the subsequent formation of tau aggregates (Bodea 

et al., 2016; Hutton et al., 1998; Spillantini et al., 1998). The mutations specifically linked to 

FTLD-MAPT include the K257T missense mutation and the IVS10+16 intronic mutation 

(Forrest et al., 2019). Disruption of 3R:4R-Tau ratio is significant, given these different tau 

forms have different physiological functions. For example, 4R-Tau has been shown  to 

assembly more quickly than 3R-Tau (Goedert & Jakes, 1990) whilst Adams et al. (2010), 

showed that 3R-Tau can inhibit the assembly of 4R filaments which leads to increased 

formation tau aggregates. However, the exact mechanism by which overexpression of 4R-

Tau leads to aggregation is not understood. Additionally, the 3R and 4R isoforms of tau are 
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differentially distributed in pathological lesions in disease, with the Pick Bodies of PiD 

consisting of 3R-Tau  whereas the astrocytic lesions associated with CBD and PSP containing 

predominantly 4R-Tau (Fyfe, 2018; Tolnay & Probst, 1999).   

Whilst it is known that the pathological accumulation of tau in FTD is associated with 

neurotoxicity and enhanced cognitive impairment (Theofilas et al., 2018) and mutations in 

MAPT are sufficient to give rise to FTLD, this is still a developing area of research. Not only 

have the insoluble tau aggregates been linked to neurotoxicity, but soluble and oligomeric 

forms of tau have been shown to induce cellular damage (Niewiadomska et al., 2021; 

Sebastian-Serrano et al., 2018; Silva & Haggarty, 2020) and so the role of tau homeostasis in 

brain function is complex, with still much to learn.   

 

1.1.3 FTLD-TDP43 

 

TDP43 (TAR DNA-binding protein 43) is found in the nucleus and is a transactive response 

protein  involved in the regulation of gene transcription, alternative splicing and RNA 

stability (Buratti & Baralle, 2008). It is proposed that it does this by binding to both DNA and 

RNA (Kuo et al., 2009 Shen and Yuan, 2009), with numerous RNA-binding sites in particular 

being discovered (Buratti & Baralle, 2001; Sephton et al., 2011); Sephton et al. (2011) 

showed that TDP43 binds to RNAs encoding other proteins associated with 

neurodegeneration such as Tau, Fused in Sarcoma (FUS) and progranulin and thus is 

implicated in regulating the expression of these proteins. More recent research has shown 

TDP43 is also involved in the tethering of the endoplasmic reticulum and mitochondria, a 

function which allows Ca2+ uptake by the mitochrondria after release from the endoplasmic 
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reticulum (Peggion et al., 2021). Additionally, TDP-43 has been linked to the regulation of 

autophagy and lysosomal function (Bose et al., 2011; Leibiger et al., 2018). 

Under pathological conditions, TDP-43 is found translocated from the nucleus to the 

cytoplasm and is both hyperphosphorylated and hyperacetylated. Physiologically, these 

modifications and altered cellular localisation results in an impaired ability to bind RNA and 

promotes the formation of cytosolic aggregates  (Cohen et al., 2015).  

Mackenzie et al. (2011) proposed criteria that pathologically characterised FTLD-TDP43 into 

four groups, which combined both previously proposed pathological categorisation 

techniques from Sampathu et al. (2006) and Mackenzie et al. (2006). The first group, Type A 

(figure 1.5a-e), is characterised by a prevalence of short dystrophic neurites (DN) and 

neuronal cytoplasmic inclusions in layer II of the isocortex (figure 1.5a) and is clinically 

associated with bvFTD and PNFA and is commonly linked to a GRN mutations and C9orf72 

expansions which codes for a protein called progranulin. Type B (figure 1.5f-i) often presents 

as bvFTD or MND with FTD linked to C9orf72 expansions (DeJesus-Hernandez et al., 2011; 

MacKenzie & Neumann, 2020; Renton et al., 2011) and is histopathological categorised by a 

moderate amount of NCI in all of the cortical layers, but with a distinctive lack of DN, whilst 

Type C has few NCI (figure 1.5k) and elongated DN (figure 1.5j,l,m) in the upper isocortical 

layers, often presenting as SD or bvFTD. Finally, Type D (figure 1.5 n-q) is often comorbid 

with Inclusion Body Myopathy with Paget’s disease of bone and Frontotemporal Dementia 

(IBMPFD), a variant where muscle weakness presents during adulthood followed by clinical 

presentation of FTD (Bayraktar et al., 2016). Pathologically, this type this has many short DN 

(figure 1.5p) and often has lentiform Neuronal Intracellular Inclusions (NII) (figure 1.5q) and 

is associated with Valosin Contain Protein (VCP) mutations. An additional subtype, Type E, 
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was added by Lee et al. (2017), which was associated with a rapid onset of symptoms and an 

average time to death of approximately three years, most of these cases were of the bvFTD 

variant and one had comorbid MND, however there were no consistent patterns of genetic 

mutations elucidated. Pathologically there were widespread phosphorylated TDP-43 

granulofilamentous neuronal inclusions (GFNI) inclusions and grains whilst NCI were rare. 

Protein aggregations were detected in grey matter of the frontal, temporal and parietal 

cortices, as well as the deep grey matter areas of the hippocampus, amygdala, striatum and 

thalamus; these deeper areas also demonstrated oligodendroglial coiled bodies, which were 

further present in the white matter of the subcortical white matter, corpus callosum and 

descending corticospinal tracts (figure 1.6).  Recently, distinct patterns of TDP43 pathology 

have also been described in Alzheimer’s disease (Tome et al., 2020) and due to the 

increasing prevalence of TDP43 pathology in neurodegenerative disease, this protein has 

received increasing research focus (Chen & Mitchell, 2021; Mol et al., 2021). 
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Figure 1.5: Image from Lashley, Rohrer, Mead and Revesz (2015) demonstrating the 
different TDP-43 lesions when using anti-TDP43 antibody. Arrows show pathological 
aggregates, whilst diffusely stained cells show normal TDP-43 distribution. a, f, j and n show 
the frontal cortex whilst b, g, k and o, show the hippocampus with the scale bar referencing 
40µm. c, d, e, h, I, l, m, p and q are scaled to 10µm 
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Figure 1.6: Image from Lee et al. (2017) demonstrating the TDP43 positive inclusions found 

in FTLD-TDP43 Type E. The frontal, hippocampal and striatum demonstrate grey matter 

pathology, whilst the corpus callosum is indicative of white matter pathology and the 

occipital neocortex shows sparing of this region. 

Whilst some cases of FTLD-TDP43 are due to mutations in the TARDBP gene that codes for 

TDP43, this actually represents a minority of cases in both FTLD and MND, and is more likely 

to be associated with ALS than FTD (Mackenzie, Rademakers & Neumann, 2010). The 

TARDBP mutations associated with FTLD include the P112H (Moreno et al., 2015) and, 

p.A382T TARDBP missense mutation (Floris et al., 2015). The TARDBP mutations 

predominantly increase the truncation of the TDP-43 protein (Gendron et al., 2013) 

resulting in C-terminal (CTF) and N-terminal fragments (NTF). Research into the aggregation 

of the TDP-43 has demonstrated that CTFs are more involved in TDP-43 aggregation (Yang et 

al., 2010) and it is the CTFs that are more toxic to the cell.  The leading theory behind TDP-

43 induced cell death is that within the cell there is an accumulation of  toxic CTFs which are 
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unable to be cleared from the cell which results in increased cellular stress, particularly, 

within the endoplasmic reticulum  (Wang, Ma, et al., 2015). 

A  hexanucleotide repeat expansion in C9orf72 is now known to be the most common 

genetic cause of FTD and MND (DeJesus-Hernandez et al., 2011; Renton et al., 2011)  with 

this genetic variation being associated with the underlying FTLD-TDP43 pathology. The 

C9orf72 gene is found on the short arm of chromosome 9 and the hexanucleotide repeat 

expansion of GGGGCC has been found in both familial and sporadic forms of the disease 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011).  Up until recently, the role of C9orf72 

protein was unknown, but recent research has identified a role in cellular homeostasis 

pathways including membrane trafficking and macroautophagy (Webster et al., 2016) and 

for review, see Nassif et al. (2017)).  However, how the hexanucleotide repeat expansion 

gives rise to FTLD-TDP-43 pathogenesis is poorly understood.  

The second most common group of genetic mutations associated with FTLD-TDP43 

proteinopathy are mutations in the GRN gene which codes for progranulin. Proganulin is a 

protein which is considered to be involved in the promotion of cell proliferation, cell survival 

and angiogenesis, from investigations into cancer and embryo biology (Arechavaleta-

Velasco et al., 2017; Desmarais et al., 2008; He et al., 2002), whilst immunological research 

supports an anti-inflammatory role, as well as enhancing bacterial clearance and organ 

survival (Tian et al., 2020). Within neurodevelopment progranulin is implicated in the 

synaptic pruning processing, with Uesaka and Kano (2018) finding that retrograde signalling 

of progranulin from the Purkinje cells of the cerebellum to climbing fibers inhibited the 

pruning of these synapses. Progranulin is expressed in the CNS, epithelial cells and immune 

system (Daniel et al., 2000; Townley et al., 2018) and within the CNS progranulin is 
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predominately expressed in astrocytes, neocortical neurons neurons, purkinje cells, motor 

neurons, activated mciroglia and within the pyramidal and granule cells of the hippocampus 

(Townley et al., 2018).  

GRN mutations are found in up to 26% of familial FTLD cases and in both of the original 

papers identifying GRN mutations (Baker et al., 2006; Cruts et al., 2006), the mutations were 

hypothesised to produce null alleles, suggesting that its link to FTLD-TDP43 is due to a loss 

of function, rather than progranulin accumulation. This loss of progranulin function was 

shown by (Tanaka et al., 2014) to be associated with lysosomal dysfunction and TDP43 

accumulation and more recent studies have also shown that progranulin deficiency causes 

an impairment of macroautophagy and subsequent accumulation of pathogenic TDP43 

forms (Chang et al., 2017). The newly emerging research linking progranulin to the 

regulation of the autophagy-lysosome pathway provides evidence that disturbances to the 

autophagy systems can lead to abnormal protein accumulation and cell damage (Elia et al., 

2019) and suggests a major role for autophagy disturbances in the pathogenesis of FTD. This 

will be explored further in chapter 1.3. 

 

The final gene often attributed to FTLD-TDP43 is the VCP gene which encodes the protein 

VCP (valosin-containing protein). A group of six missense mutations in a cohort of 13 

families with inclusion body myopathy with early-onset Paget disease and frontotemporal 

dementia (IBMPFD)  were discovered by (Watts et al., 2004), then further research has 

expanded this to ten VCP missense mutations in other families (Kimonis et al., 2008 2008). 

VCP has been attributed to a number of functions including membrane fusion and 

chromatin organisation, and has additionally been linked to the protein degradation 
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pathways, including the Ubiquitin-proteasome system (UPS) and autophagy (Yamanaka et 

al., 2012). Initial findings by Weihl et al. (2006) demonstrated that VCP mutations associated 

with IBMPFD impaired endoplasmic reticulum-associated protein degradation which was 

elicited by a failure of VCP to deliver proteins to the proteasome in the UPS. More recent 

findings by Ju et al. (2009) and Vesa et al. (2009) demonstrate a role of the regulation of 

autophagy where VCP has been shown to regulate autophagosome biogenesis and thus in 

the initiation of autophagy (Hill et al., 2021). 

Whilst it is clear that many of these FTLD-TDP43 mutations share a role in regulating protein 

degradation, it remains unclear why and how this gives rise to such clinical and pathological  

heterogeneity. One hypothesis associated with this work is that subtle variations in 

autophagy pathway deficit may underlie FLTD variation and the role of autophagy in disease 

will be explored in Chapter 1.2.  
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1.1.4 FTLD-FUS 

Fused in Sarcoma (FUS) is a protein that is involved in the regulation of gene transcription, 

similar to TDP43. Most commonly, FUS binds to both single stranded DNA (Tan et al., 2012 

Bussemaker and Manley, 2012) and RNA, but has also been show to bind to double 

stranded DNA (Wang, Schwartz, et al., 2015). FUS has been shown to share RNA targets with 

TDP43 (Honda et al., 2013) and along with TDP43, has been shown to be involved in mRNA 

stability, mRNA transport, mitochondrial function, cellular stress response and the 

regulation of autophagy by influencing the transcription of genes associated with 

autophagosome formation (Arenas et al., 2021; Birsa et al., 2020).  

 

FTLD-FUS was first described by Neumann et al. (2009), and was previously characterised by 

the presence of ubiquitin-positive inclusions lacking p62 immunoreactivity. The pathological 

hallmarks of FTLD-FUS are demonstrated in figure 1.6. Briefly, FTLD-FUS is characterised by 

neuronal cytoplasmic inclusions (NCI), neuronal intranuclear inclusions (NII) and dystrophic 

neurites (DN) (figure 1.6B-H). Pathological glial inclusions were also reported (figure 1.6I) 

and both neuronal and glial inclusions were shown to be distinct from those associated with 

normal ageing (figure 1.6A). Regional analysis identified the dentate gyrus of the 

hippocampus, the frontal and temporal lobes and striatum as the most often affected 

regions (Neumann et al., 2009) with later research confirming these findings and 

highlighting caudate nucleus atrophy as a key feature (Snowden et al., 2011) 
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Figure 1.7: Demonstrating the range of pathologies seen in FTLD-FUS. Morphology is shown 

in normal control brain tissue (A) and FTLD-FUS (B-I), arrows indicate abnormal FUS 

deposition. B shows an example of neuronal inclusion (arrow) in an FTLD-FUS case with C-E 

demonstrate the NCI in the middle and deep grey matter F and G show oval inclusions 

within the granule cells of the dentate gyrus whilst E provides example of a crescentic 

inclusion type. H is a globular NCI in a lower motor neuron. I is glial inclusions in the white 

matter. Taken from (Neumann et al., 2009). 

FUS additionally appears to be involved in ALS, and forms aggregates within the lower 

motor neurons ((Neumann et al., 2009), see figure 1.6H). Due to this association both 

(Kwiatkowski et al., 2009)) and (Vance et al., 2009) decided to investigate the genetic 

associations in relation to disease, and both groups found missense mutations in the gene 

that codes for FUS located on chromosome 16. They suggested this was due to a loss of 

function of regulated RNA transcription and neuronal inclusions, drawing parallels to the 

mechanisms of disease associated with TDP43 mutations. However most FUS mutations 
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results in ALS (Ishigaki & Sobue, 2018), whilst only novel mutations so far being linked to 

cases of FTLD (Langenhove, et al., 2010; Snowden, et al., 2011). 

1.1.5 Other tauopathies 

There are a number of so called tauopathies (neurodegenerative disorders characterised by 

neuronal or glial tau pathology) that align with FTD and/or FTLD due to either their similar 

clinical presentation or overlapping pathological features. These can be defined as primary 

or secondary tauopathies (Kovacs, 2018). As described previously in section 1.1.2, primary 

tauopathies can be defined as those disorders where tau pathology forms the predominant 

histopathological feature, and include diseases such as PSP, PiD, CBD, frontotemporal 

dementia linked to chromosome 17 (FTDP-17), AgD and globular glial taopathy. Secondary 

tauopathies however have other significant pathological characteristics, such as the 

accumulation of beta-amyloid containing lesions, and consequently AD and Down’s 

syndrome are considered to be secondary tauopathies. Given the likely variation in 

pathogenic drivers between primary and secondary tauopathies, this study also 

incorporated an inclusion of AD cases, given AD is arguably the most well studied of the 

neurodegenerative disorders and the most common cause of dementia (Castellani et al., 

2010). For completion, the next section will briefly summarise AD and the parallels and 

differences in disease process, in comparison to FTLD.  

1.1.6 Alzheimer’s disease 

 

Alzheimer’s disease (AD) is the most common form of dementia, accounting for 

approximately 70% of overall dementia cases (Castellani et al., 2010; Garre-Olmo, 2018; 

WHO, 2021a). Clinically it presents as memory impairment and a dysfunction of at least one 

other cognitive area such as speech or personality. The significant memory impairment 
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associated with AD is one of the major differences in clinical manifestation in comparison to 

FTD, though it should be noted that this symptom can present in FTD though with lower 

prevalence. Pathologically, AD is characterised by proteinaceous aggregations in the form of 

neuritic plaques (NP), neurofibrillary tangles (NFT) and neuropil threads (NT). NP are 

composed of a core containing mainly aggregated amyloid-β (Aβ), with fibrils of tau 

surrounding the densely packed core, referred to as the neuritic corona (Lace et al., 2007). 

NFT and NT are comprised of hyperphosphorylated tau, occurring mostly in layer III and V of 

the cortical grey matter (Charles Duyckaerts et al., 2009). According to Braak and Braak 

(19951991) tau pathology starts in the entorhinal cortex and spreads through the 

hippocampus to the isocortex; whereas amyloid pathology starts in the isocortex and 

spreads through the medial brain structures to the cerebellum (Braak et al., 2006; Braak & 

Braak, 1997; Thal et al., 2002). Other notable pathological features include cerebral amyloid 

angiopathy (CAA) which is an accumulation of Aβ within the walls of blood vessels (Biffi & 

Greenberg, 2011), glial pathology and the presence of AgD. Like FTD, AD is macroscopically 

characterised by significant and irreversible synaptic and neuronal loss and numerous 

research studies have evidenced a relationship between increased abnormal protein 

accumulation and cellular damage.  

 

1.1.7 Current Treatments for AD and FTD 

 

Current treatments for both FTD and AD focus on symptom management rather than 

altering disease progression and there are currently no preventative or curative therapies 

available for these diseases. Given the substantial socioeconomic impact of AD and FTD, it is 
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essential that disease modifying therapies are developed to halt the disease process and/or 

interfere with disease onset.  

In a review by Boxer and Boeve (2007) the most often prescribed class of drugs for FTD were 

selective serotonin reuptake inhibitors (SSRIs), normally used to treat depression and 

anxiety, but these also have effects on the digestive system, such as nausea. The SSRIs are 

used to manage mood and behavioural disturbances in patients with FTD (Devenney et al., 

2015).  

The antidepressant trazodone has also been shown to help control behavioural problems 

associated with bvFTD (Trieu et al., 2020) and anti-psychotics and anti-epileptics are also 

sometimes prescribed specifically to target the disease associated behavioural symptoms,  

however the efficacy of these treatments is questionable and there is minimal substantive 

research evidence to back up their utility (Tsai & Boxer, 2016).  Additionally, antipsychotics 

often cause adverse effects such as rigidity and immobility and as mentioned previously, 

have no impact on slowing disease progression.  

While like FTD, there are no disease modifying therapies of AD, there are however four 

licensed drugs available for the treatment of AD which include donezepil, galantamine, 

memantine and rivastigmine (ARUK, 2018a). Donezepil, galantamine and rivastigmine are 

acetylcholinesterase inhibitors that function to enhance cholinergic transmission in patients 

and induce positive cognitive effects with AD patients (Courtney et al., 2004; Polinsky, 1998; 

Wilcock et al., 2000). Memantine however is an uncompetitive N-methyl-D-aspartate 

(NMDA) receptor antagonist those mechanism of action is still not fully understood, but 

clinical trial evidence has demonstrated that this drug can be used to evoke cognitive 

benefits in AD patients (Thomas & Grossberg, 2009). 



39 
 

These four approved AD drugs are often used in combination with other drugs to help treat 

some of the specific psychiatric symptoms of AD (ARUK, 2018a) however, they do not 

interfere with disease progression and so the need for disease modifying therapies is 

urgent.  

When specifically considering the lack of disease modifying therapies for FTD, given the 

complexity and clinical and pathological heterogeneity of the disease, it is no wonder that 

there is no single drug available that can prevent or disrupt the disease process. The current 

treatments available only manage the psychological symptoms  associated with FTD and 

they have little to no effect on the underlying protein aggregation; as a result, the person 

affected will continue to decline (Boxer & Boeve, 2007). This highlights a need for novel 

approaches in the treatment of FTD, that take into consideration the pathological 

heterogeneity of the group of disorders, that either enhances the clearance of protein 

aggregations to prevent neurotoxicity or work to prevent the initial aggregation or build-up 

of abnormal protein aggregates, which are known to have toxic effects on neurons. As 

discussed previously, it is known that the accumulation of these aggregates is linked to 

advancing cellular toxicity and subsequent cell death (Ferrari et al., 2011; Ghemrawi & Khair, 

2020; Nelson et al., 2012; Seelaar et al., 2011; Wilson et al., 2013) and so interfering with 

this process has clear potential therapeutic benefits. 

There exists in healthy individuals a group of pathways that aim to clear abnormal proteins 

and defunct cellular components, and these are the autophagy pathways. Given that some 

of the genetic risk factors for FTD have roles associated with this group of protein clearance 

pathways, it could be hypothesised that the different genetic forms of FTD (ie those 

harbouring MAPT or GRN mutations, or C9orf72 repeat expansions) might demonstrate 
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different types of autophagy deficit and this might be what drives some of the variation in 

clinical manifestation and may contribute to the heterogeneity of the pathology. 

Understanding why abnormal proteins aren’t detected and cleared via autophagy in FTD, 

and precisely where in these complex pathways the deficits lie, could help identify new 

therapeutic targets for the different forms of FTD. The following section will explore the 

autophagy processes in detail, along with how they relate to the abnormal accumulation of 

protein in FTD.  
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1.2 Autophagy 

 

Autophagy is a complex biological mechanism that functions to remove misfolded and 

damaged proteins and organelles and consequently has a significant role in cellular 

homeostasis (Dikic & Elazar, 2018). There are three main types of autophagy; 

Macroautophagy (often referred to as simply autophagy), chaperone-mediated autophagy 

and microautophagy (Yin et al., 2016). Each of these forms of autophagy will be explored in 

the following section, with particular focus on macroautophagy and microautophagy, given 

their association with the clearance of proteins associated with neurodegenerative disease 

(see chapter 1.3). 

 

1.2.1 Macroautophagy 

Macroautophagy (MA) is the main autophagy pathway, responsible for processing both 

aggregated proteins and damaged cellular organelles (see figure 1.7). The function to 

remove organelles that are damaged or in overabundance is particularly important in 

neurons given the need to maintain mitostasis and general cellular homeostasis to ensure 

longevity of health (Graef, 2020; Misgeld & Schwarz, 2017).  

MA is initiated physiologically under cellular stress conditions such as nutrient starvation, 

which results in inhibition of mTOR (mammalian target of Rapamycin) or activation of AMPK 

(AMP-activated protein kinase) (Kim et al., 2011) , Russell et al. (2013). This results in 

activation of ULK1, then phosphorylation of Beclin-1 which subsequently interacts with 

VPS34 to allow the recruitment of membranes into immature precursor vesicles, called 

phagophores. These phagophores then flatten and join to form a structure called an 
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autophagosome, which engulfs the damaged organelles and proteins (see figure 1.7). To 

guide this assembly an ATG5-ATG12-ATG16 L (Menzies et al., 2015; Romanov et al., 2012) 

complex mediates the fusion of phagophores whilst, in mammalian cells, LC3B-II guides the 

closure of the mature functional vesicle, the autophagosome, around the autophagic cargo 

(Menzies et al., 2017; Menzies et al., 2015). In order to target only damaged components for 

clearance, LC3B-II uses receptor proteins as a guide to mark the damaged proteins and 

organelles for degradation. These receptor proteins include proteins such as 

p62/Sequestosome1 (hereafter referred to as p62), optineurin (Korac et al., 2013) and 

huntingtin (HTT) (Menzies et al., 2015; Pankiv et al., 2007); in some cases this can also act as 

a positive feedback loop, for example optineurin both activates autophagy via ULK1 

translocation and is further recruited by ATG8-homologues such as LC3 (Padman et al., 

2019). Following the assembly of the autophagosome, it is transported to the cytosolic area 

surrounding the cell nucleus for degradation via the influx of catabolic enzymes delivered by 

lysosomes, which fuse with the formed autophagosome. The autophagic cargo is then 

degraded along with LC3B-II and the receptor proteins, releasing recyclable constituents 

such as amino acids into the cytosol (Menzies et al., 2015). 
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Figure 1.8: A diagram showing the overall process of macroautophagy, showing the key 

proteins and their involvement in neurodegeneration. Taken from Menzies et al. (2015). 

It is important to note that the membrane bound LC3B-II is the 15KDa cleaved isoform of 

the cytosolic protein LC3B-I, which is a 17kDa protein, whereby LC3B-I is cleaved to form 

LC3B-II during the process of autophagosome formation. LC 3B-II then attaches to the 

autophagosomal membrane by a subsequent conjugation to phosphatidylethanolamine 

(Kabeya et al., 2004 Oshitani-Okamoto, Ohsumi and Yoshimori, 2004; Sou et al., 2006 Ueno 

and Kominami, 2006). For this reason the ratio of LC3B-I and LC3B-II can be used as a marker 

of MA, specifically to indicate the formation of autophagosome (Ghosh & Pattison, 2018; 

Sharifi et al., 2015).  

Another useful marker in the assessment of MA is p62, since this binds to most 

ubiquitinated proteins tagged for macroautophagic clearance, and is often used in 

neuropathology to visualise numerous protein aggregates (Kuusisto et al. (2001). P62 can be 

used to visualise pathologically relevant lesions containing α-synuclein or tau, and other 

studies have shown that p62 can be used as a marker of some types of TDP43 lesions but 

not FUS aggregates (Kuusisto et al., 2008; Neumann et al., 2009). This suggests that TDP43, 
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Tau and α-synuclein are MA substrates and this has been further demonstrated in a series 

of other studies (Caballero et al., 2018) though some mutant forms of pathogenic protein 

(eg tau) do not get readily degraded via this process (Lee et al., 2013). Since p62 binds with 

LC3-II and becomes degraded within the lysosome, changes in p62 can be indicative of 

altered autophagic flux but since p62 can also be degraded by the ubiquitin protease system 

(UPS), then this measure can only be used as a corroborative measure alongside assessment 

of other markers, such as LC3 (Ghosh & Pattison, 2018). Considering this evidence, p62 can 

be used as an indirect indicator of alterations in MA as well as a marker of damaged, 

aggregated protein accumulation. 

Beclin-1 is another common marker used to study MA, due to its role in regulating the 

autophagic activity of Vps34 and thus the recruitment of membranes to the process of 

autophagosome formation (Pickford et al., 2008). Used together, LC3, P62 and Beclin-1 are 

markers that can shed light on different parts of the MA pathway, from initiation, 

autophagosome formation, recruitment of cargo and autophagic flux. Failure of MA could 

occur at each of these different stages and consequently contribute to the abnormal 

accumulation of proteins in FTD as well as other neurodegenerative disorders. Assessment 

of LC3, P62 and Beclin-1 across different subtypes of FTD could therefore allow a deeper 

understanding of MA associated deficits in normal protein degradation.  
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1.2.2 Chaperone-Mediated Autophagy 

 

Chaperone-mediated autophagy (CMA) is a more selective protein degradation pathway 

(figure 1.8) and degrades single proteins as opposed to aggregates or organelles (Xilouri & 

Stefanis, 2015).  Physiologically, CMA therefore functions to control cellular protein quality 

and is able to degrade damaged proteins before aggregation occurs (Kaushik & Cuervo, 

2018).  

As the name suggests, the CMA process utilises a chaperone, which takes the form of a 

protein such as heat shock cognate 70 (hsc70) (Chiang et al., 1989) which functions to guide 

the dysfunctional protein through the protein degradation process. In order for a protein to 

be removed by CMA, it needs to possess a specific pentapeptide KFERQ motif, which 

becomes exposed upon damage (Bejarano & Cuervo, 2010; Ciechanover & Kwon, 2015; 

Kiffin et al., 2004). Hsc70 then binds to this motif along with co-chaperone proteins (see 

figure 1.8), such as hsp90 and hsc70-interacting protein (Bejarano & Cuervo, 2010). This 

chaperone complex then transports the single protein to a lysosome where it binds to a 

receptor called lysosome-associated membrane protein type 2A (LAMP2A), which exists as a 

monomer and this triggers assembly with other LAMP2A monomers to form a pore in the 

lysosomal membrane (Bandyopadhyay et al., 2008). Once bound to the receptor, a lysosolic-

hsc70 binds to the KFERQ-like motif, initiating further unfolding of the protein so it can pass 

through the newly assembled LAMP2A receptor (Salvador et al., 2000) and into the 

lysosome where is it degraded. Meanwhile the hsc70/cochaperone complex detaches from 

the outside of the lysosome and the LAMP2A complex dissembles (Bandyopadhyay et al., 

2008).  
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Figure 1.9: Diagram of chaperone mediated autophagy, showing the unfolding location of 

the KFERQ-like motif, being targeted by chaperone proteins and transported to the 

lysosome for degradation. Figure from Bejarano and Cuervo (2010). 

The KFERQ-like motif is an important part of the suitability of a protein to be degraded by 

CMA, it refers to an amino-acid chain on the protein and was identified by Dice et al. (1990). 

In order to have a KFERQ-like motif the protein must have a sequence that follows a set of 

rules: chiefly a Q (Glutamine) should be the flanking amino acid, either at the beginning of 

the end of the motif, next there can be a maximum of two hydrophobic amino acids (I – 

Isoleucine, F- Phenylalanine, L- Leucine or V – Valine) or two positive residues (R - Arginine 

or K – Lysine) however there can be only one negative charge (E – Glutamic Acid or D – 

Aspartic acid) (Cuervo, 2010). Many of the proteins associated with neurodegeneration are 

known to be potential substrates of CMA,  for example, tau contains two of these regions 

QVEVK and KDRVQ meaning it has high suitability for degradation in a hsc70 dependent 

system (Wang et al., 2009).  TDP43 however only contains one such motif (QVKKD) which is 
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required for its degradation by CMA and this could be inhibited in mutants that affect the 

required pentapeptide motif (Huang et al., 2014). 

 

LAMP2A is most often used as a marker to monitor CMA due to its formation of the 

lysosomal membrane receptor during activity pathway recruitment and low cytosolic 

availability in comparison to hsc70 (Bandyopadhyay et al., 2008). There is an abundance of 

hsc70 in the cytosol since it is required for chaperoning damaged proteins to the lysosome 

and so changes in detection of hcs70 could indicate an inability to target damaged proteins 

to the lysosome and a subsequent accumulation of damaged protein.  Analysing both 

LAMP2a and hsc70 simultaneously therefore allows the study of the machinery required for 

correct detection and transport of damaged proteins to the lysosome, along with insight 

into the formation of the transmembrane pore. It is currently unclear if these key elements 

of the CMA pathway function differentially within the different types of FTD and so 

understanding in the first instance if there is variable detection between disease subgroups 

is an essential starting point in exploring CMA functioning in FTD.  

 

1.2.3 Microautophagy 

 

Microautophagy was reviewed by Li et al. (2012) and is a non-selective process by which 

proteins are degraded. It involves lysosomes directly engulfing proteins via specific 

invaginations called autophagic tubes, this tubes close engulfing the cargo inside the tube, 

along with a portion of the lysosolic membrane. Mijaljica et al. (2011) stated on of the most 

commonly used techniques to observe microautophagy was using electron microscopy to 
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observe the formation of the autophagic tubes, however this technique is expensive, and 

they state the role of microautophagy in the degradation of neurodegeneration specific 

proteins is unclear. An alternative method of study is demonstrated by Kawamura et al. 

(2012) and involves using LAMP2A to track the lysosome and a confocal microscope; 

however this requires the use of live cells and therefore cannot be applied to post-mortem 

tissue making it difficult to study with respect to neurodegenerative disease. This study will 

therefore focus on the potential role of MA and CMA in FTD given the nature of the tissue 

available for study and the evidence linking both these processes to the process of FTD 

associated protein degradation.  
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1.3 Autophagy in Neurodegeneration  

Due to protein aggregation being associated with cell loss in neurodegenerative diseases, 

research has turned to autophagy as a potential therapeutic target which could be used to 

eliminate abnormal proteins using the cells own innate biological mechanisms (Liu & Li, 

2019). Given the complexity of these protein degradation pathways it is imperative to 

understand if specific autophagy pathway deficits are associated with different subtypes of 

the disease and how this relates to protein aggregation and accumulation. It is also vital to 

understand if there are specific failures are within these complex pathways so that targeted 

functionally restorative medicines can be developed, which would reduce the likelihood of 

off target impacts.  

Over the last few decades there has accumulated increasing evidence that autophagy is 

impaired in a number of neurodegenerative disease and that autophagy failure directly 

contributes to the abnormal  protein build up that pathologically characterises a number of 

disorders the drive the development of dementia (Liu & Li, 2019). Whilst the investigation of 

the role of autophagy with FTD is still in its infancy, there is a more substantial body of 

research exploring the role of protein degradation pathway failure in the most commonly 

researched neurodegenerative disorders, namely AD and PD (Liu & Li, 2019). 

 

1.3.1 Autophagy impairments in PD 

Research into autophagy in Parkinson’s disease (PD) particularly has given insight into some 

of the mechanisms behind the familial forms of the disease, with many of the genes 

associated with PD being known to have key roles within the autophagy systems. SNCA, 

LRRK2, PARK7 and VPS35 are known to be involved in both MA and CMA, whereas PINK1, 
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PRKN, SNCA, LRRK2, FBX07, VPS35 and VPS13C have also been implicated in mitophagy (for 

review see Hou et al. (2020)).  

For example, one of the most common pathogenic mutations in  PD is leucine-rich repeat 

kinase (LRRK2) G2019S (Bouhouche et al., 2017) which has been associated with impaired α-

synuclein protein degradation via the CMA pathway. Orenstein et al. (2013) showed that 

this was due to improper translocation of the protein following binding to the LAMP2A 

receptor, preventing the degradation of α-synuclein. This has demonstrated that a 

“jamming” of the autophagy pathway can lead to neurodegeneration where clearance of 

misfolded or damaged proteins is impaired.  

Other research has shown that the PD associated pathological mutations in the SNCA gene 

(which codes for the protein α-synuclein), often affect the KFERQ-like motif of the protein, 

meaning that the chaperone proteins associated with CMA cannot bind to α-synuclein. This 

means  α-synuclein cannot be efficiently targeted to the lysosome for degradation where 

SNCA mutations disrupt the pentapeptide recognition sequence, and this seems to lead to 

protein aggregation and cell death (Cuervo et al., 2004).  

Autophagy changes have also been detected in post-mortem human brain tissue derived 

from PD patients. LC3, which as described previously is responsible for autophagosome 

formation in MA, has been found in Lewy neurites and in the halo of LB within dopaminergic 

neurones, where it also co-localised with α-synuclein (Dehay et al., 2010).   In this same 

study, LC3-II was found to be elevated in the PD samples, compared to the controls. 

Whereas HSC70 were found to be significantly decreased in samples derived from the 

substantia nigra of PD cases, in comparison to controls (Alvarez-Erviti et al., 2010). This 
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evidences a variation in protein degradation across multiple autophagy pathways, yet it is 

unclear if this variation is also evidence across FTD brains.  

 

1.3.2 Autophagy impairments in AD 

Impairments in CMA are not specific to PD, with research into the fragmentation of tau 

across other diseases, including AD, has shown that whilst the procedure starts in the 

cytosol, it is completed on the surface of the lysosomal membrane, suggestive of 

incomplete translocation into the lysosome and subsequent failure of degradation (Wang et 

al., 2009). Furthermore, (Caballero et al., 2021 found that whilst tau is normally degraded by 

CMA, acetylated tau inhibits the process in their mouse model. This group also reported 

elevated levels of acetylated tau in association with lysosomes in the brains of AD patients. 

Other research has confirmed CMA as a potential viable therapeutic target in AD by 

demonstrating that upregulating this pathway can reduce the formation of Aß oligomers in 

iPSC models (Dou et al., 2020) and plaques in mouse models (Xu et al., 2021). 

Moreover, the autophagy deficit in AD has not just been shown in CMA. Research by 

Pickford et al. (2008) has shown that in both post mortem human brain tissue and mouse 

models there is an impairment in the MA recruitment mediated by Beclin-1, evidenced by a 

reduced expression of this key MA associated protein with increasing Braak Stage. Another 

later study (Esteves & Cardoso, 2020) showed differences in the regional expression of 

autophagy markers, with reduced beclin-1 levels in the cortex and an increase in p62 and 

LC3-II in the cortex and hippocampus, which could be indicative of incomplete 

macroautophagy within some brain regions. This study also highlighted the need for 
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regional assessment of these key markers in relation to abnormal protein accumulation, 

something that has not yet been done in relation to FTD.  

 

1.3.3 Autophagy impairment in FTD - evidence so far 

Within FTD, most autophagy research has focused upon cell culture and mouse models 

which has allowed some consideration of the impact of specific FTD associated genetic 

factors, but leaves gaps in understanding with respect to FTD in humans, given the clinical, 

pathological and genetic heterogeneity of the group of diseases.  

Given the evidence described previously (see Chapter 1.1) in relation to the key FTD genes 

such as C9orf72 and GRN having roles in autophagy and lysosomal function, and the 

reduced accessibility to FTD brain tissue due to its decreased societal prevalence, it makes 

sense that much of the FTD based protein degradation pathway research has been done in 

animal and cellular based models of disease.  

In a mouse model of FTLD-TDP43, rapamycin was used by Wang et al. (2013) as potential 

treatment to reduce proteinaceous accumulations and subsequent cell death. Findings 

showed that when rapamycin was administered from 2-months of age (when the mice start 

to show impairments in motor and memory function) impairment is rescued and sustained 

up  to for four months. If a combination of mTOR dependent and mTOR-independent drugs 

were given at six months of age, improvement was sustained for one month and the survival 

of neurons was increased. While these findings suggested that a there was a rescuable 

deficit in autophagy in FTLD-TDP43, it did not identify the exact nature of the deficit and 

where abouts in the complex pathways the system was failing. 

 



53 
 

Valproate is another drug with autophagy enhancing properties and this particular drug has 

been trailed unsuccessfully (Piepers et al., 2009) in the treatment of TDP43 proteinopathy in 

humans. However, this may have been due to a limitation of the dosage used before 

adverse effects presented and overshadowed and potential benefits of protein clearance. 

To further explore this, subsequent research has attempted to see how valproate 

attenuates the toxic effects of TDP43. By using plasmids for full length TDP43 and shorter 

fragments (TDP-5 and TDP25) on SH-SY5Y cells, Wang, Ma, et al. (2015) showed that whilst 

the shorter TDP43 C-terminal fragments enhanced toxicity, all TDP43 fragments also 

enhanced MA, demonstrated by an increase in LC3-I to II conversion and an upregulation of 

Beclin-1. This was in conjunction with an increase in endoplasmic reticulum stress. However, 

with the administration of valproate, endoplasmic reticulum stress was decreased and 

autophagy further increased, thus suggesting that autophagy upregulation could be a 

cellular defence mechanism in TDP43 proteinopathy which when combined with ER stress 

could lead to cell death. The authors proposed that valproate not only increased the 

autophagic activity but it also decreased the ER stress, though the exact mechanism was not 

elucidated.  

Other studies have also explored the relationship between FTD and autophagy. Ju et al. 

(2009) demonstrated with respect to macroautophagy using U-2 OS cells and found that 

silencing the VCP gene resulted in an accumulation of autophagos and when autophagogy 

was induced using rapamycin the autophagosomes failed to mature. An accumulation of 

TDP43 was also noted. Furthermore, other research by Webster et al. (2016) discovered a 

possible autophagy associated function of C9orf72 protein and discussed how its role 

implicates autophagy disruption in FTLD-TDP43. Using cell culture methods, they found that 

C9orf72 is a protein that is involved in the initiation of autophagy by controlling the 
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phosphorylation of the ULK1 complex as previously described (see 1.2.1), however a loss did 

not prevent activation of the ULK1 complex, but it did prevent the translation of the ULK1 

complex to RAB1a. Moreover, their study showed that haploinsufficiency of C9orf72 with 

the hexanucleotide repeated expansion, as found in patients with FTLD and ALS, resulted in 

an increase in p62 accumulation suggesting a defect in early autophagy, as opposed to late 

autophagy. Specifically, it implies that C9orf72 expansions appear to inhibit the ability of 

cells to degrade abnormally protein that has been marked by p62. Unfortunately, it does not 

fully explain at which stage as the downstream effects on other MA initiation proteins or if 

the accumulation in p62 is due to a lack of engulfment by the autophagosome meaning it is 

not catabolised following fusion to the lysosome.  

A mouse knockout study by Wooten et al. (2008) supports p62’s role in the protein 

clearance, finding that mice lacking p62 developed tau pathology with neurofibrillary 

tangles which was associated with cell death. This also implies that neurons lack an 

appropriate alternative to mark these aggregated proteins for degradation by MA. P62 

therefore is not just a useful marker of abnormal proteins marked for clearance, but in 

relation to proteins such as tau, it could also shed light on MA given its crucial role in the 

process.  

Many studies have also shifted focus towards the lysosome given their key involvement in 

the degradation of damaged proteins (for review see (Darios & Stevanin, 2020)). There is 

conflicting evidence for C9orf72’s impact on overall lysosomal counts, with several cell 

culture models suggesting an increase in lysosomes in these models of neurodegeneration, 

whilst the opposite has been reported in patient-derived motor neuron models (Casterton 

et al., 2020). This raises the question as to whether there is a more global variation in 
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autophagy associated deficit across the different forms of FTD, given the different genetic 

mutations and pathological proteins seem to have been differentially implicated across the 

subtypes of disease.  

Whilst the research outlined above investigates the role of autophagy in FTLD related 

protein aggregation, it heavily relies upon cellular or animal models of the disease. Likewise, 

it does not often consider the individual subtypes of the FTLD proteinopathy observed in 

humans or how that relates to the clinical phenotype or genetic background. It is now 

known that many of the different genetic risk factors associated with FTD are differentially 

associated with the autophagy pathways, yet it is unclear if variations in autophagy 

associated proteins and machineries exist in the brain as manifestations of the FTD 

associated mutation. Due to this, valuable insight can be gained by looking at post mortem 

human brain tissue to see if pathological protein aggregation relates to autophagy marker 

distribution, and if this varies in relation to FTD genetic background. Furthermore, by 

looking at markers of specific stages of the autophagy pathway this will narrow down the 

autophagy impairment which will give targets for more selective drugs that could address 

the issues associated with more generic prescriptions such as valproate and rapamycin.  

Due to the nature of the in vitro model studies, where pathology is induced, they don’t 

explain the process by which some cells avoid becoming burdened with protein aggregates. 

This is particularly of interest in relation to the genetic mutations, as despite universal 

expression there is still specificity of the pathology in terms of the affected brain regions. 

Looking at post mortem tissue could resolve this as the areas of high protein burden can be 

compared alongside those that appear to age normally, without the accumulation of 

abnormal protein, and this will allow an exploration further down the line to see if there 
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seems to be any compensatory mechanism initiated in the ‘healthy’ cells of the disease 

brains and this could shed light on key neuroprotective mechanisms. 
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2. Project Aims 

 

The overall goal of this project is to investigate alterations in autophagy pathway marker 

distribution in human FTLD brain tissue, in relation to genetic background, with AD and 

normal-aged brain tissue also being investigated providing both disease and no-disease 

group comparisons. To achieve this, markers of different stages of MA (p62, Beclin-1, LC3) 

and CMA (LAMP2a and hsc70) were investigated using immunohistological methods in brain 

regions differentially impacted by FTLD in different forms of FTD (including those with MAPT 

or GRN mutations, or C9orf72 variation). To date there have been no studies that have 

compared MA and CMA marker distribution across different genetic forms of FTD and so 

this study has the potential to give a novel insight to the potential variation in autophagic 

pathway disturbances in relation to abnormal protein accumulation, in FTD. 

Moreover, to assess variations in relationships between autophagic machinery and 

pathological protein burden in regions that are differentially impacted by disease 

pathogenesis in FTD, sections from the frontal and the temporal lobes will be compared, 

due to their varying subregional involvement in disease with respect to abnormal protein 

accumulation. In addition, the temporal sections will include the hippocampus, an area of 

the brain associated with memory formation and retrieval (Fell et al., 2001) which has 

subregions that are affected differently by each of the disease subtypes, as described 

previously. 

The techniques involved in this study will allow for the visualisation of the relationship 

between the autophagy pathways. Immunohistochemical study will give valuable 

information related to the regional distribution of autophagy markers, whilst shedding light 
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on the utility of further western blotting type analysis which would give more quantifiable 

information changes in markers of autophagic flux in a given area, will also be explored. 

Some pilot data will be presented on western blot analysis of autophagic flux and a 

consideration of this method will be presented. An exploration of the utility of other 

approaches such as immunofluorescent double labelling will also be offered, as this 

approach has the potential to show both the pathological protein and the autophagy marker 

distribution at a cellular level which could give further insights into relationship between 

autophagy impairment and protein aggregation. Given the precious nature of human brain 

tissue and the limited amount of tissue available for the project, this exploration part of the 

future experiments that could add value to the immunohistochemistry data is important 

given the scarcity of post-mortem human brain tissue studies. 
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3 Methods  

3.1 Cohort 

The cohort being studied is summarised in table 3.1 and includes 24 cases of FTLD, 

comprised of genetic mutations in GRN (7 cases), C9orf72 (7 cases) and MAPT (7 cases). 

Human brain tissue from patients with AD (8 cases) and no-disease, aged controls (9 cases) 

were also taken from a previous project exploring the changes in autophagy markers in AD. 

The no-disease aged controls were used for optimisation of immunohistochemistry runs. 

Disease 

group 

Count (N) Mean Age at 

death (SD) 

Min age Max Age % Female 

No-disease 9 86 (4.74) 76 94 66.6 

GRN 7 68 (3.93) 61 73 57.1 

C9orf72 7 67 (7.81) 58 73 42.9 

MAPT 7 61 (4.71) 55 70 71.4 

AD 8 76 (4.39) 70 82 50.0 

Table 3.1: Summary of the basic demographic data from the cohort used in this study. 

Human brain tissue was sourced from the Manchester Brain Bank, part of the Brains for 

Dementia Research project. Brains were collected from donors at autopsy and sent to the 

Manchester Brain Bank for processing and storage. Tissue is stored in paraffin wax blocks 

following fixation in formalin or fresh-frozen and stored at -80°C. Data on the relevant 

genetic info including FTLD associated mutation (MAPT, GRN or C9orf72) and APOE status, 

age at time of death, gender and clinical and pathological diagnosis has been provided to 

experimenters though the PI, who held this data to ensure experimental blinding. Each case 

has a unique anonymous code which is used to identify sections and to achieve blinding 
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when regions are scored, and it was agreed that clinical data would not be used unless to 

address a specific hypothesis arising after preliminary investigation. 

3.2 Ethics 

Local ethical approval for this project was granted by the University of Salford and ethical 

approval for the tissue collection, storage and distribution of human brain tissue was 

granted to the Manchester Brain Bank. Human brain tissue used by the University of Salford 

in accordance with their guidance and requisition was granted under REC 09/H0906/52. 

3.3 Immunohistochemistry 

Five micrometre thick sections of formalin fixed-wax embedded sections of human brain 

tissue from the Manchester Brain Bank were used in the current study, sections were 

provided from the frontal lobe and temporal lobe, with the latter including the 

hippocampus; these were chosen as these areas include a variety of anatomically distinct 

sub-regions which are known to be differentially impacted by the accumulation of 

pathogenic protein aggregates in AD and the FTD subtypes and at different stages of the 

disease process (Barnes et al., 2006; Braak et al., 2006; Braak & Braak, 1997; Mackenzie & 

Neumann, 2016). All experiments were conducted using a previously stained positive 

control (from a case previously identified by either the Manchester Brain Bank or previous 

study into autophagy markers and AD (Stan, 2018) to harbour the antigens of interest and a 

primary antibody devoid negative control. 

For all immunohistochemistry experiments sections were dewaxed in Histoclear (National 

Diagnostics) via two five-minute incubations then rehydrated through five-minute 

incubations in descending alcohols (100%, 100%, 95% and 75% to distilled water). Antigen 
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retrieval for hsc70 facilitated then by a four-hour incubation in >99% formic acid before 

blocking endogenous peroxidase. 

Endogenous peroxidase was blocked using 3% H2O2 in methanol, with a 20-minute 

incubation for primary antibodies including, AT8 (Mouse, Pierce) antibody and whilst a one-

hour incubation for anti-P62 (Mouse, Abcam), anti-LC3 (Rabbit, Santa Cruz), anti-LAMP2a 

(Rabbit, Abcam), anti-Beclin1 (Mouse, Abcam) and anti-Hsc70 (Mouse, Abcam) antibodies 

was required to adequately prevent non-specific reactivity. Heat Induced Epitope Retrieval 

(HIER) was employed by microwaving the sections in boiling 0.01M tri-sodium citrate buffer 

pH 6.5 for 10 minutes for anti-p62 however this resulted in significant loss of sections and 

subregions so whilst a LabVisionTM PT module (Thermofisher) was used for all other 

antibody experiments, except for anti-Hsc70 as this required boiling in a at 126oC for 10 

minutes in a pressure cooker to unmask the antigen for detection. The automated system 

heats the slides up to 98oC for 20 minutes then cools the buffer to a temperature of 85oC, in 

all cases sections were cooled in running tap water. For anti-TDP-43 (Rabbit, ProteinTech) 

immunohistochemistry, HEIR was conducted before the endogenous peroxidase block, 

achieved via a 30-minute incubation in 3% H2O2 in methanol. 

Non-specific binding sites were blocked prior to primary antibody incubation using the 

relevant 1.5% normal serum from the appropriate Vectorstain ELITE kit (Vector 

Laboratories) and incubated at room temperature for 30 minutes for AT8, anti-LC3 and one 

hour for anti-P62, anti-LAMP2a, anti-Beclin-1, anti-Hsc70 whilst anti-TDP43 was incubated in 

blocking serum for 16 hours at 4oC, times were adjusted for each antibody to prevent on-

specific staining. 
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Primary antibodies where incubated for one hour at room temperature and used at a 

dilution of 1:750 for AT8, 1:200 for P62, 1:500 for anti-LAMP2a, 1:5000 for anti-LC3 and 

1:1000 for anti-TDP43 antibodies; Meanwhile anti-Beclin-1 and anti-hsc70 antibodies were 

incubated for 16 hours overnight at 4oC using a dilution of 1:2000 and 1:4000 respectively,  

before washing with tris-buffered saline (TBS, 50mM Tris Base, 150mM NaCl , pH 7.5) with 

0.1% Tween 20. TDP43 immunohistochemistry washing protocols were an exception where 

Phosphate Buffered Saline (PBS, Sigma-Alrich) was used as an alternative to TBS. This was 

succeeded by a 30-minute incubation in animal specific anti-IgG secondary antibody (1:200, 

Vectorstain ELITE). Sections were then washed with TBST or PBS (anti-TDP43 only) and 

incubated for another 30 minutes in avidin-biotin complex (ABC, 1:25, Vectorstain ELITE), 

made up 30 minutes prior as per manufacturer’s instructions before a final wash in 

TBST/PBS.  

 

Antibody Host species Dilution Antigen retrieval Manufacturer 

AT8 Mouse 1:750 HEIR @ 98°C 20 mins Pierce 

P62 Mouse 1:200 HEIR @ 98°C 20 mins Abcam 

LAMP2a Rabbit 1:500 HEIR @ 98°C 20 mins Abcam 

LC3 Rabbit 1:5000 HEIR @ 98°C 20 mins Santa-Cruz 

TDP43 Rabbit 1:1000 HEIR @ 98°C 20 mins ProteinTech 

Hsc70 Mouse 1:4000 4 hours Formic acid  
HEIR @ 128°C 20 mins 

Abcam 

Beclin-1 Mouse 1:1000 HEIR @ 98°C 20 mins Abcam 

Table 3.2: A summary of the antibodies used in immunohistochemistry, blocking serums and 

secondary antibodies where from the appropriate VectaStain Elite kit. 

 



63 
 

Immunopositivity was visualised using 3, 3’ Di-aminobenzidine (DAB) using DAB tablets 

(Sigma-Aldrich) (anti-P62, AT8, anti-TDP43, anti-LC3 and anti-LAMP2a), or DAB powder 

(ThermoFisher Scientific) made up to 1:100 in PBS 0.096% H2O2 (anti-Beclin-1 and anti-

hsc70). The difference in DAB protocols was due to consulting with the team at Queen 

Square brain bank due to inconsistent visualisation of the anti- Beclin-1 and hsc70 markers, 

where more favourable results were achieved with the latter protocol. Visualisation of the 

antigen was conducted with reference to the positive control for a maximum of ten minutes 

and the same positive control was used to ensure consistency between experimental runs. 

Development of peroxidase activity was stopped by washing in tap water thoroughly. 

Sections were counterstained in haematoxylin, washed in tap water and dehydrated by 5 

minute incubations through ascending alcohols (75%, 95% and 100%, 100%) and cleared in 

fresh Histoclear, then mounted and cover slipped using Dibutyl Phthalate with Xylene (DPX). 

A summary of the antibodies used and the antigen retrieval methods used can be found in 

table 3.1. 
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3.4 Assessment 

3.4.1 Hippocampal assessment  

 

Figure 3.1: Anatomy of the hippocampus, showing the dentate gyrus, CA4-1, the subiculum 

and parahippocampal gyrus, which contains the entorhinal cortex with transitions into the 

temporal cortex at the collateral sulcus (not shown). Image from Hippocampus 2011). 

Immunoreactivity for p62, Beclin-1, hsc70, LAMP2a and LC3 were scored in the temporal 

lobe of a cohort made up of 7 cases with C9orf72 expansions, 7 GRN mutations, 7 MAPT 

mutations, 8 AD and 9 normal-aged. The sections of the temporal lobe were taken at the 

level of the hippocampus and so given the anatomical complexity of this region, a number of 

different subregions were independently assessed for the markers of interest, given these 

regions are known to differentially demonstration pathological load in relation to the stage 

and type of neurodegenerative disease. The subregions scored included the dentate gyrus, 

CA4, CA1, the subiculum and hippocampal white matter. The grey matter areas included in 
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the assessment can be seen in figure 3.1. Additionally, temporal grey and white matter was 

scored in inferior temporal gyrus.  

The proportion of cells stained was scored on a semi-quantitative scale from 0- (0% 

positively stained cells), 1 – mild (>20% positively stained cells), 2-moderate (20-70% 

positively stained cells or 3- severe (>70% positively stained cells). Since there was a notable 

variation in the intensity of the staining documented (even when the positive control 

remained consistent), this too was noted on a semi-quantitative and this scale is 

demonstrated in figure 3.2 and ranged from 0-absent, + -pale, ++ -mild, +++ - intense).  

 

The scores were combined by adding them together for analysis to give a final value 

between 0 and 6 for each subregion (Dentate gyrus (DG), CA4, CA1, Subiculum, Temporal 

Grey Matter, and Temporal and Hippocampal white matter.  

This semi-quantitative scoring approach which considered both number of cells impacted 

and intensity of staining was a scoring methodology in use at the Manchester Brain Bank 

and was also was similar to Pickford et al. (2008) and Ma et al. (2010) in their assessment of 

Beclin-1 and LC3 immunohistochemistry in human brain studies.  

Absent 0 Pale + Moderate ++ Intense +++ 

Figure 3.2: images showing severity of scoring using anti-LC3 immunohistochemistry an example, showing 0 

to intense staining from left to right. Bar indicates 50μm 
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Scoring was conducted with the assessor blind to the pathological subtypes of FTLD and 

Braak-stage. Specifically, when assessing neuronal inclusions, threads, grains and 

oligodendroglial coiled bodies were scored according using the above semi-quantitative 

scale. There was also an additional category for comments about the nature of the lesions 

or if there was any other pathology of note, such as unspecified WM pathology or significant 

spongiosis in the tissue, which could allow for further investigation at a later time. 

3.4.2 Frontal lobe assessment 

For the frontal lobe scoring criteria was the same for as for the temporal lobe and has been 

completed and analysis for anti-LC3, anti-LAMP2a, anti-Beclin-1 and anti-Hsc70 

immunohistochemistry. The regions of interest in the frontal lobe were the six layers of the 

grey matter (noted as Layers I, II, III, IV, V and VI) which are numbered from the most 

superficial layer (Layer I) to the deepest grey matter layer (Layer VI) (figure 3.3). These cell 

layers are known to be differentially impacted by pathogenic protein load in different types 

and stages of neurodegenerative disease (Charles Duyckaerts et al., 2009; Mackenzie & 

Neumann, 2016). Each layer was scored 0 to 3 for both number of cells stained and the 

intensity of the staining and combined to give a final score of 0 to 6, in the same fashion as 

the temporal cortex. The frontal white matter immediately below Layer VI was also scored, 

with this particular region of white matter being used to ensure the same type of white 

matter was scored in each case.  

For AT8 and TDP-43 immunohistochemistry, only rudimentary information on the ability of 

these methods to detect the proteins target and lesion types has been collected due to the 

mitigating circumstances that interrupted part of this project.  
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Figure 3.3: Micrograph demonstrating the layers in the GM seen in the frontal lobe (image 

from Orehek AJ, Iglesias-Rozas JR and Garrosa M, 2018). Inset regions show x400 

magnification micrographs of these layers as stained in this project. 

 

3.5 Statistical Analysis and Software 

 

To visualise the prevalence of P62 positive lesions in different regions and disease groups, 

scores were dichotomised so that scores of 0 and 1 were grouped into ‘no significant 

pathology’ and score of 2 and 3 were grouped into a ‘significant pathology’ group. These 
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groups were encoded as a binary variable of 0 and 1 respectively. Regional variation in 

pathology and the lesions types were then analysed with respect to the disease types (FTLD-

MAPT, FTLD-C9orf72, FTLD-GRN, AD and no-disease controls). This method was employed as 

the aim was to assess if there was variation in the ability for p62 to mark the proteins for 

degradation rather than to rely on p62 to assess pathological protein burden; however due 

to mitigating circumstances associated with the project, the pathological protein markers 

scoring has not been complete for this comparison.  

For each of the autophagy markers, scores (LAMP2A, LC3, Beclin-1 and Hsc70) were 

combined into a single score by addition giving a final value between 0 and 6 as described 

previously, to allow consideration of both number of cells demonstrating positive staining 

along with the intensity of staining. Analysis was conducted using IBM SPSS statistics version 

22 using Kruskal-Wallis test to observe differences between the mutation groups (FTLD-

MAPT, FTLD-C9orf72, FTLD-GRN, AD and no-disease). For post hoc assessment Dunn-

Bonferroni test was utilised, due to the small sample size and, to assess the significant 

differences between two disease groups. Significance was set at p ≤ 0.05 without exception, 

exact p-values are reported unless otherwise stated. 

3.6 Protein extraction and Western Blotting 
 

Some preliminary work initiated as part of this project aimed to begin the optimisation of 

western Blotting studies and assess the utility of this method in exploring alterations in 

autophagic flux. 

3.6.1 Human-derived fibroblasts 

In order to minimise the use of fresh-frozen human brain tissue, skin-derived fibroblasts 

from a healthy individual used for another project were used in the optimisation of the 
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western blotting. Cells had been stored in liquid nitrogen and were thawed in a 37°C and 

centrifuge for four minutes at x400g, the pellet was resuspended in cell culturing media and 

incubated for 24-48hrs in a culturing flask at 37°C, 5% CO2. For all fibroblast culturing MEM 

media enriched with 15% Fetal-Bovine Serum, 1% non-essential amino-acids, 1% MEM non-

Vitamins, 2mM Glutamine and 100µg/ml penicillin-streptomycin was used. After 24- and 48-

hours cells where checked for adhesion, once cells had adhered culturing media was 

changed every two days until they reached approximately 80% confluency. 

Once cells had grown to cover 80% of the flask they were subcultured, frozen or underwent 

protein extraction. In all cases, cells were washed twice in sterile PBS and incubated with 

5mls of Trypsin/EDTA at 37°C for up to 3 minutes, culturing media was added to the flask to 

neutralise the trypsin and then centrifuged at x400g for 4 minutes.  

For subculturing, supernatant was discarded, pellet resuspended into 6ml of media, and one 

third of this resuspension was added to each T75 flask with culturing media added to a 

make a final volume of 17ml. To freeze cells, the cell pellet was resuspended in 1ml of 

freezing media containing DMSO, placed in a Mr FrostyTM (Thermo Scientific) and left in a -

80°C freezer for at least 24 hours before transferring back to liquid nitrogen.  

For protein extraction, the pellet was washed via resuspension in PBS and centrifuges at 

x400g three times, before the final pellet was resuspended in 150µl RIPA buffer containing 

1x protease and 1x phosphatase inhibitor cocktails. The resuspension was lysed on ice whilst 

agitating for five minutes and then transferred to storage at -80°C. 
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3.6.2 Human Brain Protein Extraction  

Protein was extracted from fresh-frozen human brain tissue in accordance with the method 

used by Murphy et al. (2014), which was an adaption of the methodology used by Zhou et 

al. (2011). In brief, 300mg of brain tissue from the frontal lobe was homogenised using a 

motor driven homogeniser in 3ml of homogenisation buffer (0.32m sucrose, 1mM EDTA, 

10mM Tris-Hcl pH 7.4, 1 x protease inhibitor cocktail [Roche] and 1 x phosphatase inhibitor 

cocktail [Roche]). This homogenate was centrifuged for 10 minutes at 1000g 4oC and the 

pellet washed twice by resuspending in buffer and repeating the centrifugation. The pellet 

from this step contained mostly unbroken cells and the resulting supernatant was harvested 

and then centrifuged at 17,000g for 15 minutes at 4oC to produce a lysosomal enriched 

pellet, which was then resuspended in the homogenisation buffer. Finally, this supernatant 

was centrifuged at 100,000g 4oC for 30 minutes producing a supernatant containing the 

cytosolic compounds and a pellet of the microsomal extract. All fractions were stored at -

80°C until use. 

3.6.3 Sample Preparation 

All samples were prepared for SDS-PAGE by adding equal volumes of the homogenate 

sample with to an activated sample buffer, composed of 2x sample buffer (100mM TrisHcl, 

pH6.8, 4% SDS, 0.02% Bromophenol blue) and 200 mM Dithiothreitol (DTT) in a 4:1 mixing 

ratio. Samples were boiled in a dry bath at 99.9oC for 5 minutes to complete protein 

denaturation before being loaded onto polyacrylamide gels. 

3.6.4 SDS-PAGE 

The homogenised protein extracts were separated by SDS-PAGE using 12% bis-acrylamide 

1:29 (BioRad) gels, with the volume in each well equalised to 20μl with the addition of 1x 
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sample buffer. Electrophoresis was conducted using 4oC electrolyte buffer (25mM Tris Base, 

192 mM Glycine, 2mM SDS) at a constant 150V in an ice bath for all experiments except for 

the initial gel which was run at room temperature. Acrylamide gels were then washed in a 

25mM Tris base, 192mM Glycine, 20% Methanol buffer and then transferred to a 0.2μm-

pore nitrocellulose membrane for 1 hour at 100V. Membranes were washed in TBST and 

blocked for 30 minutes in a 1% BSA/5% Milk TBST blocking solution and probed with primary 

anti-LC3 (Novus) antibody for 1 hour; For optimisation a variety of antibody dilutions were 

attempted including 1:500, 1:1000, 1:2000 and 1:4000. Following primary antibody 

incubation membranes were blocked for 30 minutes in blocking solution followed by a 30 

minute incubation in goat raised anti-rabbit IgG antibody (1:5000), which was HRP 

conjugated (Thermo scientific). Bands where visualised using West Femto (ThermoFisher 

Scientific) Enhances Chemiluminescent (ECL) substrate and imaged via a Syngene G:Box with 

GeneSys software. 

A variety of protein loads were used in the optimisation of the protocol to detect LC3B, 

which was expected to yield bands at ~15kDa and ~17kDa, which necessitated the use of a 

miniium of a 12% acrylamide gel for resolution. Initially a Bradford assays were used to 

quantify the protein concentrations of the samples. This was achieved by comparing a 2.5μl 

of sample diluted in 997.5ul distilled water against standards made up of Bovine Serum 

Albumin in 2.5µl of RIPA buffer to create protein concentrations of 1μg/ml, 2µg/ml, 4μg/ml, 

6µg/ml, 8μg/ml, 10µg/ml, 15µg/ml, 20µg/ml and 25μg/ml creating a protein curve.  

To visualise the protein load G250-Coomassie Blue (Pierce, ThermoScientific) reagent was 

added in equal quantities to protein standard/sample and the optical density measured at 

595nm. However, in later experiments this found to produce many false negative results 
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(i.e. no detectable protein) which were contradicted by incubating gel/membranes with 

Coomassie blue reagent for 10-minutes. Therefore, later studies used similar volumes to 

load and use a β-actin as a control to normalise the marker results. 

To strip and reprobe the membranes for the β-actin loading control, membranes were 

washed 4 times for 5 minutes in TBST and then incubated for 10 minutes in a high pH 

stripping buffer (15.38mM Glycine, 0.1% SDS, 1% Tween 20, pH2.2). Membranes were 

washed another 4 times in TBST before being blocked for 30 mins in 1% BSA in TBST and 

then were incubated with a 1:5000 or 1:10000 dilution of the primary β-actin antibody 

(Pierce, ThermoFisher), at room temperature for 1 hour. Washing was repeated followed by 

another 30 minute block in 1% BSA in TBST solution and then the membrane was incubated 

for 1 hour at room temperature in anti-mouse IgG HRP antibody, before the membrane was 

rewashed and proteins were visualised using the ECL method as previously described. 
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4 Pathology 

4.1 Introduction and Aims 
In accord with the tissue request agreement it was important to ensure the hippocampus 

would provide variability in the marking of pathological proteins for degradation, so p62 

immunohistochemistry was used to assess the present of pathological proteins in the 

subregions of the hippocampus and will be outlined in this chapter. There was also an aim 

to assess the pathological proteins themselves, however this was not completed due to 

mitigating circumstances of this project, but the initially attempts to conduct 

immunohistochemistry for TDP43 and using AT8 for tau will be included. 
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4.2 Case Overview 
Case No. Sex Age at 

death 
Clinical Diagnosis  Pathological Diagnosis Mutation APOE 

status 

2009026 M 85 No Disease No Disease  33 

2009031 F 94 No Disease No Disease  33 

2011015 F 87 No Disease No Disease  33 

2011022 F 90 No Disease No Disease  33 

2014004 F 87 No Disease No Disease  34 

2014008 M 85 No Disease No Disease  33 

2014009 M 84 No Disease No Disease  33 

2014016 F 76 No Disease No Disease  34 

2014020 F 90 No Disease No Disease  33 

DPM95/32 F 58 FTD FTLD-tau MAPT MAPT 33 

DPM96/21 M 55 FTD FTLD-tau MAPT MAPT 34 

DPM99/01 M 70 FTD FTLD-tau MAPT MAPT 34 

DPM01/01 F 65 FTD FTLD-tau MAPT MAPT 33 

DPM07/09 F 60 FTD FTLD-tau MAPT MAPT 33 

DPM09/32 F 58 FTD FTLD-tau MAPT exon 10 +16 
mutation 

MAPT 33 

DPM12/30 F 63 FTD (MAPT mutation) FTLD-tau exon 10 +16 
mutation 

MAPT 33 

NSP87/81 F 71 FTD FTLD-TDP A GRN 33 

NSP90/80 F 61 FTD FTLD-TDP A GRN 
 

DPM94/13 F 66 FTD FTLD-TDP A GRN 33 

DPM97/33 F 67 FTD FTLD-TDP A GRN 33 

DPM01/02 M 66 FTD FTLD-TDP A GRN 33 

DPM12/02 M 73 Pick’s Disease FTLD-TDP Type A (PGRN) GRN 33 

DPM13/04 M 72 PNFA FTLD-TDP Type A GRN 34 

N114/92 M 58 FTD FTLD-TDP A C9ORF72 33 

DPM01/06 F 64 FTD FTLD-TDP A C9ORF72 33 

DPM09/08 F 70 FTD FTLD-TDP type B C9ORF72 33 

DPM09/29 M 82 FTD FTLD-TDP type A C9ORF72 33 

DPM13/26 M 65 FTD FTLD-TDP type A C9ORF72 33 

NSP88/82 M 59 FTD+MND FTLD-TDP B C9ORF72 33 

DPM11/18 F 73 MND/FTD FTLD-TDP type B C9ORF72 33 

2010010 M 82 Alzheimer’s Disease Alzheimer’s Disease  34 

2011002 F 70 Alzheimer’s Disease Alzheimer’s Disease  44 

2011028 F 71 Alzheimer’s Disease Alzheimer’s Disease  44 

2012003 F 72 Alzheimer’s Disease Alzheimer’s Disease  34 

2012005 M 73 Alzheimer’s Disease Alzheimer’s Disease  44 

2012017 M 76 Alzheimer’s Disease Alzheimer’s Disease  44 

2012029 F 81 Alzheimer’s Disease Alzheimer’s Disease  33 

2013045 M 79 Alzheimer’s Disease Alzheimer’s Disease  33 

 Table 4.1 Overview of the clinicopathlogical information of the cases used in the present 

study. 
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Table 4.1 outlines the cohort as provided by Manchester Brain Bank. As expected all 7 of the 

cases with a MAPT mutation had pathological FTLD-tau and a clinical diagnosis of FTD, whilst 

all of the 7 GRN mutations cases were pathologically FTLD-TDP Type A with a diagnosis of 

FTD, it is noted that one is listed at Pick’s Disease however clinically this is sometimes used 

to refer to bvFTD. The C9orf72 expansion cases have a FTLD-TDP43 subtype of type A or B, 

which is in keeping with the literature as previously described and a clinical diagnosis of and 

FTD variant, two of these cases had co-morbid MND. For all of the cases in the no disease 

group there were no a clinical or pathological diagnoses of a neurological or 

neurodegenerative disease, whilst the AD group only had AD as a clinical and pathological 

diagnosis. Overall for FTLD mutations and their pathological diagnosis are in keeping with 

the literature and clinically there are no atypically presenting cases. 

 

4.3 P62 immunohistochemistry 
 

Following successful optimisation of p62 immunohistochemistry, the inclusion types were 

characterised for scoring. Within the AD and control cohort, neuronal inclusions similar to 

neurofibrillary tangles (figure 4.1) were noted in grey matter areas. In addition, in the white 

matter (WM) of the FTD cases oligodendroglial coiled bodies were observed (figure 4.2), 

characterised by immunoreactivity curling around the glial cell nucleus with a thin ‘tail’. 

Final observations, where a slightly different neuronal inclusion in some of the FTD cases 

(figure 4.3), which in some cases demonstrated a more bulbous or swollen cell body and/or 

a flame-like appearance. Astrocytic and plaque pathology was not observed in any of the 

cases but the presence of argyrophilic grain like structures was also recorded. 
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Figure 4.2: x100 micrograph of oligodendroglial coiled bodies. Inset x400 micrograph of the 
same case and region. Bar indicates 100µm 

Figure 4.1: x100 micrograph of AD neuronal p62 pathology, inset x400 micrograph of the 
same case and region. Bar indicates 100µm. 
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Figure 4.3: x100 micrograph of neuronal inclusions in an FTLD-Tau case, inset a x400 micro-
graph of the same case and region. Bar indicates 100µm 
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Figure 4.4: A bar chart showing the percentage of cases showing p62 immunoreactivity for the different aggregate 
types with respect of the disease groups, frontotemporal lobar degeneration (FTLD), Alzheimer’s disease (AD) and 
Normal-aged and the mutation groups (C9orf72, GRN and MAPT) 
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Figure 4.5: Bar chart showing the percentage of cases showing significant p62 immunopositivity (in considera-
tion of all lesion type) by temporal lobe sub-region; “All FTLD” groups all four mutations; AD Alzheimer’s dis-
ease  
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Figure 4.4: Bar chart showing the distribution of the different p62 positive lesions by temporal lobe sub-region; 
“All FTLD” groups all four mutations; AD Alzheimer’s disease  
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From the C9orf72 subgroup 3 of the cases failed to successfully stain for p62 due to the 

integrity of the tissue from cases N114/92, DPM 01/06 and DPM 09/08. For MAPT this was 

also true case DPM96/21 and case NSP87/81 from the GRN cohort. 

In the first instance, the different sub-types of FTLD were grouped for comparison with AD 

and the no disease control to allow an overall view of these cases as part of the FTLD 

spectrum (noted as ‘all FTLD’ on figure 4.4), this was done initially due to small sample sizes, 

especially when considering missing brain regions from the tissue provided. With respect to 

the prevalence of the aggregate types detected, neuronal inclusions were present in all 

three disease groups, however they were most common in AD, present in 6 out of 8 of 

cases, and least common in across the FTLD group with only 1 out 16 detecting significant 

neuronal p62, with the normal-aged group also detecting significant pathology in 1 out of 9 

groups. Both FTLD and AD demonstrated the presence of P62 positive threads, in 6 out of 16 

and 1 out of 8 cases respectively, whilst none of the no disease controls showed any P62 

positive thread pathology. Only the FTLD cases showed the presence of P62 positive 

argyrophilic grain-like structures or white matter oligodendroglial coiled body pathology in 3 

out of 16 and 4 out 16 of cases respectively. 

Investigating the FTLD mutations most of the p62 immunoreactivity was found within the 

MAPT cases (N=6) with 1 case out of the 6 demonstrating neuronal inclusions, 4 out 6 cases 

demonstrating p62 positive threads, 2 cases showing grains and 2 having oligodendroglial 

coiled bodies. C9orf72 (N=4) cases showed no p62 immunoreactivity and the GRN cases (N=6) 

presented with threads in 1 of the cases.  

In terms of the regional distribution, the most commonly affected subregion in MAPT mutant 

cases was the trans-entorhinal cortex (2 cases), however this area was only available in 3 cases 
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due to the way the tissue section had be sectioned and provided. Other regions which 

demonstrated p62 immunoreactivity in the MAPT group included the temporal grey matter 

(50.00%, 2 out of 4), subiculum (50.00%, 2 out of 4), temporal white matter (40.00%, 2 out of 

5 cases), CA1 (1 out of 6) and CA4 (1 out of 6). In the GRN mutant group only the entorhinal 

cortex demonstrated significant p62 immunopositivity, with 1 out of the 4 cases having some 

degree of significant pathology. None of the C9orf72 mutant cases had a significant amount 

of immunoreactivity in the temporal lobe (n=4). 

In terms of regional distribution (figure 4.5), none of the ND, AD or FTLD cases showed 

significant- pathology in the dentate gyrus or hippocampal white matter. Whilst in the AD 

group,  pathology was most predominantly focused around the hippocampal, entorhinal and 

temporal grey matter areas, negating CA4. In the dentate gyrus, hippocampal white matter 

and temporal white matter none of the AD cases had significant p62 pathology, whilst, for 

AD cases, p62 pathology was most prevalence in the subiculum (7 out of 8 cases), entorhinal 

cortex (4 out of 7 cases), transentorhinal cortex (3 out of 7 cases), CA1 (3 out of 8 caes) and 

finally temporal grey matter (2 out of 8 cases).  

When all FTLD groups are considered together they had a lower prevalence of P62 

pathology compared to AD in CA1, the subiculum, and the entorhinal cortex, but a higher 

prevalence in CA4 and temporal WM when compared to the AD and normal-aged groups. 

Significant temporal grey matter pathology was similar in both AD (2 out of 8 cases) and 

FTLD (2 out of 11 regions scored) whilst in normal-aged brains was not evident in any of the 

case (n=9). 3 of the FTLD cases (n=11) showed Temporal WM pathology (where this region 

was available), which comprised of OCB and threads, whilst the AD and normal-aged groups 

showed no such pathology. 
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In conclusion, the MAPT FTLD group harboured some distinct P62 positive lesions, namely 

the OCB and grains, that were not detected in the other groups investigated, along with a 

particularly high detection of P62 positive thread pathology. The P62 positive neurons 

detected in AD were significantly less prevalent across the FTLD and control group. A 

regional variation of P62 immunopositivity was also noted across the normal-aging, AD and 

different FTLD subgroups.  

4.4 AT8 immunohistochemistry 
 

The brain tissue provided by the Manchester Brain bank had already been Braak staged as 

part of their tissue collection process, but an assessment of the accumulation of tau 

pathology in the different anatomical sub-regions and cell layers across the different study 

groups was a complementary piece of work that was initiated but not completed due to the 

mitigating circumstances associated with this project.  

AT8 immunohistochemistry was first optimised using a 1:500 (image 4.19a) antibody 

dilution using the FTLD-MAPT tissue, however in order to compare tissue with the no-

disease controls and AD, which had been previously stained as part of another project, 

further optimisation was needed since the previous AD and no-disease controls experiments 

used a 1:750 dilution (image 4.19b). When the FTLD tissue was stained using this antibody 

dilution, the results were not consistent with the other study (Images 4.19 c&d). Therefore, 

due to the time and tissue constraints in association with the mitigating circumstances of 

this study, along with the fact that the known inconsistency of pathogenic tau presence in 

no-disease aged and some of the FTLD sub-groups, AT8 immunohistochemistry was not 

pursued across this cohort.  
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Figure 4.6: Examples of AT8 immunohistochemistry, figure A shows Neuronal inclusions in the 
dentate gyrus of a MAPT mutation case using 1:500 dilution, whilst B shows an AD case with 
neurofibrillary tangles in the temporal grey matter using 1:750, C shows the same case and region as 
A but using 1:750 dilution whilst D shows the same AD case as B within the same experimental run as 
C. Bars indicate 100μm 
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4.5 TDP43 immunohistochemistry 

TDP43 immunohistochemistry was also completed across all cases in the temporal lobe 

tissue, as part of a complimentary project to understand abnormal protein accumulation 

across the different dementia sub-groups, in the different brain sub-regions and cell layers 

that had been investigated for autophagy marker distribution (see figure 5.7.). Due to the 

mitigating circumstances associated with this project, the scoring was not completed, and 

full analysis was not made.  

However some preliminary analysis evidenced neuronal inclusions and dystrophic neurites 
in an FTLD-TDP43 A and an FTLD-TDP43 B case, which were similar in morphology to those 
described in Lashley et al. (2015).  

Figure 4.7: Micrographs showing the staining using anti-TDP43 antibody. Arrows show neuronal 

inclusions, whilst arrowheads denote dystrophic neurites. Top Row: FTLD-TDP43 Type A pathology in the 

same case. Bottom Row: FTLD-TDP43 Type B neuronal inclusions. 
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5 Macroautophagy 

5.1 Introduction and Aims 
As described in section 1.2 and 1.3 damaged proteins and organelles can be degraded via a 

cellular process, macroautophagy which is a multi-step process, with Beclin-1 being 

associated with initiation and LC3 being involved in autophagosome maturation, however 

availability of these proteins in the brain regions associated with FTLD need further 

investigation. 

In order to assess this anti-LC3 and anti-Beclin-1 immunohistochemistry was used in order 

to observe the regional difference in macro autophagy marker distribution across ND, 

C9orf72, MAPT, GRN and AD groups. 

5.2 LC3 Immunohistochemistry 
LC3 immunohistochemistry was conducted on sections of the frontal and temporal lobe 

(including the hippocampus) of the normal ageing, AD and FTLD groups to allow a gross 

regional comparison of this key MA associated marker, across different types of dementia 

inducing disease. 

The immunoreactivity detected was noted to appear with a varying intensity despite the 

control section remaining consistent, as described previously (see figure 3.2). Further 

examples of the LC3 staining can be seen in the temporal lobe in figure 5.1 and in the frontal 

in figure 5.3.  
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Figure 5.1: Demonstrating the immunohistochemistry using anti-LC3 antibody in the 
hippocampal/temporal regions shown. Bar indicates 50μm  
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Figure 5.1 therefore demonstrates the variation in LC3 staining across the different sub-re-

gions, between the FTLD mutations (MAPT, C9orf72, and GRN), AD and no-disease (ND) con-

trols.  

In the Dentate gyrus no-disease (Mdn= 3, IQR= 4) and AD (Mdn= 3, IQR= 3) had similar levels 

of LC3 detected with moderate variation in the scores for cases in these two groups. FTLD 

groups tended to have lower LC3 scores (FTLD-GRN Mdn=1, IQR= 1; FTLD-C9orf72, Mdn= 0, 

IQR= 2; FTLD-MAPT, Mdn= 0, IQR= 2) suggestin lower LC3 protein immunoreactivity and low 

variation in these groups. In CA4 scores on average were higher in each group, with less var-

iation in No-disease (Mdn=5, IQR= 1) and AD (Mdn= 5, IQR= 1) groups compared to FTLD-

GRN (Mdn= 3, IQR, 2), FTLD-C9orf72 (Mdn= 4, IQR= 5) and FTLD-MAPT (Mdn= 4, IQR= 2); 

However, the FTLD groups still had low levels of variation with the exception of FTLD-

C9orf72 which demonstrated much more variation. In CA1, all average scores where moder-

ate but again there were differences in the spread. No-disease (Mdn= 4, IQR= 2) and AD 

(Mdn= 4, IQR= 3) demonstrated mildly less variability in their LC3 scores thant FTLD-GRN 

(Mdn= 3, IQR= 4), FTLD-C9orf72 (Mdn= 4, IQR= 5), FTLD-MAPT (Mdn=3, IQR= 4), with FTLD-

C9orf72 showing the most variation. For the subiculum FTLD-GRN (Mdn= 0, IQR= 0), and 

FTLD-C9orf72 (Mdn= 2, IQR= 4) had low levels of LC3, with the GRN group only having one 

case with a score above 0; This is compared to the relatively higher detected levels of LC3 

no-disease (Mdn= 5, IQR=3), AD (Mdn= 5, IQR= 1) and FTLD-MAPT (Mdn= 4,5, IQR= 5), in 

this region all groups apart from FTLD-GRN had high levels of variation in their scores. No-

disease (Mdn= 3.5, IQR= 3) and AD (Mdn= 3, IQR= 4) both moderate scores and spread in 
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the temporal grey matter, with a similar degree of variation in the levels of LC3 detected in 

FTLD-GRN (Mdn= 1, IQR= 3), FTLD-C9orf72 (Mdn= 2, IQR= 3), and FTLD-MAPT (Mdn= 0, IQR= 

2), but in these latter three groups the median score tended to be lower. 

White matter areas had much lower scores for LC3 in general; In the temporal white matter 

No-disease (Mdn= 1, IQR= 2), AD (Mdn= 0, IQR= 1) and FTLD-C9orf72 (Mdn= 0, IQR=1), had 

low levels detected on average with a small amount of variation, whilst FTLD-GRN (Mdn= 0, 

IQR= 0), and FTLD-MAPT (Mdn= 0, IQR= 0) had very little immunoreactivity. Similar trends 

where found in the hippocampal white matter with No-disease (Mdn= 1, IQR= 2), AD (Mdn= 

0, IQR= 1) and FTLD-C9orf72 (Mdn= 0, IQR=2) having low scores and limited variability 

within the groups and FTLD-GRN (Mdn= 0, IQR= 0),and FTLD-MAPT (Mdn= 0, IQR= 0) tending 

to fall below detection for LC3 immunoreactivity, with the exception of one outlier in the 

FTLD-MAPT group. These data suggest there is limited LC3 available in the white matter 

structure of the hippocampus and temporal lobe. 

Kruskal-Wallis test was used to demonstrate no statistically significant differences in the 

dentate gyrus, CA1, temporal grey matter, temporal white matter and the hippocampal 

white matter (p >.05). However there was an observed difference in two of the subregions 

CA4 and the subiculum where the output gave H(4)= 11.941, p= .018 and H(4)=11.493, p= 

.022 respectively, which indicated that there was at least two subgroups would be different 

in this region, but post hoc analysis is required. Variation of scores in the CA4 can also be 

seen in figure 5.2.  
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Figure 5.2: Boxplots for each region of the hippocampus scored for LC3 immunoreactivity grouped by the mutation/disease group. ND, No disease; AD, 
Alzheimer’s Disease  * p< .05 
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To further investigate the nature of the exact differences detected in relation to which dis-

ease group was driving the variation, Dunn’s-Bonferroni test for post hoc analysis was ap-

plied. In CA4 no specific group differences could be discovered after adjusting for multiple 

testing. Meanwhile in the subiculum there was a statistically significant difference between 

the AD and the GRN group was found (p = .017), suggesting the AD had significantly higher 

scores (Mdn=5), which was significantly higher than for the GRN group (Mdn= 0). 

Immunohistochemistry and analysis for LC3 has been completed in frontal lobe in addition 

to the temporal lobe since these are regions predominantly impacted by FTLD. The different 

cell layers of the frontal lobe were assessed independently, given their variation in 

anatomical connectivity, variation in physiological characteristics (such as neurotransmitter 

predominance) and variable involvement in different stages in neurodegenerative disease 

(Mackenzie & Neumann, 2016, Duyckaerts, 2009), examples of how the Layers stain can be 

seen in figure 5.3. 

In Layer I of the frontal grey matter no-disease and AD groups had fairly similar spreads of 

detection (Mdn=0, IQR = 3, and Mdn = 0, IQR = 5 respectively), with generally low levels of 

LC3 protein available in this area but some variation.  In the FTLD groups, the GRN and 

MAPT cases had similar scores with low amounts of spread (Mdn= 0, IQR= 0 and Mdn= 0, 

IQR= 0 respectively) meanwhile the FTLD-C9orf72 group also had relatively low scores 

(Mdn= 0, IQR= 2) but more variance compared to FTLD-MAPT and FTLD-GRN groups. It was 

also noted that both the MAPT and GRN groups had one outlier with a score 3 and C9orf72 

had an outlier with a score of 5. 
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Figure 5.3: Demonstrating immunohistochemistry using anti-LC3 antibody in the frontal grey 
matter layers and frontal white matter. Bar indicates 50μm  
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Within layer II scores, cases demonstrated similar variance in all groups, with the no-disease 

groups having a slightly higher average score (Mdn= 2.5, IQR =4) with AD, FTLD-GRN, FTLD-

MAPT and FTLD-C9orf72 groups having a median of 0 (IQR= 6, 3, 3, and 4 respectively). 

Median Layer III scores were similar in all groups (No-disease Mdn= 3, IQR=3; AD Mdn= 4, 

IQR= 2; FTLD-GRN Mdn= 3, IQR= 3; FTLD-C9orf72 Mdn= 3, IQR= 1; FTLD- MAPT Mdn= 3, IQR 

= 5), whilst the IQRs suggest variation in the no-disease, AD, FTLD-GRN and FTLD-MAPT, but 

comparative heterogeneity in the FTLD-C9orf72 group in this region. In Layer IV no disease 

(Mdn, 3, IQR= 4) and AD (Mdn= 3, IQR= 5) had higher average scores and moderate spread 

compared to the average lower scores of FTLD-MAPT (Mdn=1, IQR= 3)  and FTLD-GRN 

(Mdn= 0, IQR = 3) groups which also had some variability within their groups, whilst FTLD-

C9orf72 was more uniform in layer IV (Mdn= 0, IQR= 1) suggesting lower levels of LC3 

protein. All of the groups in layer V showed moderate LC3 staining and with some variation, 

no-disease (Mdn= 3.5, IQR= 2), AD (Mdn= 3, IQR= 3) and GRN (Mdn= 2, IQR= 3) all had a 

similar degree of LC3 staining, with the latter have a slightly lower average score; however, 

whilst there was a moderate level of staining in FTLD-C9orf72 (Mdn= 3, IQR= 4) and FTLD-

MAPT (Mdn= 3, IQR= 5) their IQRs imply more variability around this average. In Layer VI, 

average scores tended to be low, with the no-disease and AD groups having (Mdn= 3), FTLD-

C9orf72 Mdn= 2, and FTLD-MAPT all have Mdn= 1 suggesting slightly less LC3 positivity and 

FTLD-GRN have no LC3 immunoposivity on average (Mdn= 0). No-disease and AD cases had 

similar spreads, with each groups have an IQR= 2, whilst FTLD-GRN, FTLD-C9orf72, and FTLD-

MAPT, all had IQRs of 3 suggesting a slightly higher degree of variability in the FTLD groups 

compared to no disease or AD. Finally, in the frontal white matter, immunoposivity was 

scared with both FTLD-MAPT, and FTLD-GRN tending to show no LC3 immunopositively cells 
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(Mdn= 0, IQR= 0 and Mdn= 0, IQR= 0), with only one case in the FTLD-GRN having 

detectable LC3. Meanwhile both AD  (Mdn= 0, IQR= 3) and FTLD-C9orf72 (Mdn= 0, IQR= 1) 

had similar scores, but the AD group had more spread than FTLD-C9orf72, and it was only 

the no-disease groups that usually had detectable LC3 (Mdn= 2.5, IQR = 4), they also had the 

highest IQR indicating this is a regional with variable LC3 levels when no neurological 

disease is present. 

When exploring variation across normal-aging, AD, FTLD-MAPT, FTLD-GRN and FTLD-

C9orf72 groups, Kruskal-Wallis testing showed no significant differences in the LC3 

immunopositivity scores across the frontal cortex  grey matter layers I, II, III, IV and V 

However, layer VI and the frontal white matter showed significant variation (H(4)=10.951, 

p= .027, and H(4)=10.129, p= .038 respectively) and required further analysis to assess the 

statistical relevant differences between each of the disease groupings which was conducted 

via Dunn-Bonferroni test. 

A summary of the LC3 scores in frontal lobe regions is shown in figure 5.4. Briefly, post hoc 

analysis did to reveal any significant difference between groups in Layer VI of the frontal 

grey matter, however, in the frontal white matter, Dunn-Bonferonni tests showed that the 

No-Disease group’s LC3 score (Mdn=2.5) was significantly higher than the FTLD-MAPT group 

(Mdn=0, p=0.037).  

  

It was also noted that both the FTLD-GRN and FTLD-MAPT groups had LC3 levels below 

detection in the frontal white matter, with only one of the FTLD-GRN cases showing an 

observable level and none of the MAPT mutation groups showing detection. Meanwhile the 
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no-disease and AD had a comparably larger amount of spread in the frontal white matter 

(see figure 5.4). 
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Figure 5.4: Boxplots for the distribution of scores in the frontal lobe grey matter cell layers and white matter. ND, No Disease; AD, Alzheimer’s Disease; *p<.05 
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5.3 Beclin-1 Immunohistochemistry 

Beclin-1 immunohistochemistry was conducted and analysed in the temporal lobe and 

frontal lobe as an additional marker of MA.  

Assessment of the temporal lobe allowed investigation of anatomically distinct sub-regions 

that are known to have variable involvement in the different types of neurodegenerative 

disease including AD and FTLD, with pathological deposition occurring at different stages of 

disease (Charles Duyckaerts et al., 2009; Mackenzie & Neumann, 2016). The sub-regions 

investigated included dentate gyrus, CA4, CA1, subiculum, temporal cortex grey matter, 

temporal white matter and hippocampal white matter. Figure 5.5 demonstrates an example 

of the typical Beclin-1 immunoreactivity seen in temporal lobe neurons. Like the other 

autophagy antibodies it stained with a varying intensity despite the staining control being of 

consistent staining. Sections were therefore scored in the same way as described for LC3, 

with both % of cells and intensity being considered to give an overall score of 6.  

In the dentate gyrus no-disease (Mdn= 4, IQR= 1), AD (Mdn= 4, IQR= 0) and FTLD-GRN 

(Mdn= 3, IQR= 2) had similar levels of Beclin-1 detected with only a small variation in the 

scores for cases within these two groups meanwhile FTLD-C9orf72 (Mdn= 3, IQR= 3) and 

FTLD-MAPT (Mdn= 4, IQR= 3) also had moderate Beclin-1 scores, but greater variation. In 

CA4 scores on average were higher in each group, with less variation in No-disease (Mdn=5, 

IQR= 1), AD (Mdn= 5, IQR= 1) and FTLD-GRN (Mdn= 4.5, IQR= 1 ) groups compared to FTLD-

C9orf72 (Mdn= 4, IQR= 2) and FTLD-MAPT (Mdn= 5, IQR= 3). In CA1, all average scores were 

high with were differences in the spread; No-disease (Mdn= 4.5, IQR= 1), AD (Mdn= 5, IQR= 

2) and FTLD-MAPT (Mdn=3, IQR= 4) demonstrated less variability in their Beclin-1 scores 

than FTLD-GRN (Mdn= 4, IQR= 3) and FTLD-C9orf72 (Mdn= 4, IQR= 4), suggesting that whilst  
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Figure 5.5: Demonstrating the immunohistochemistry using anti-Beclin-1 antibody in the 
hippocampal/temporal regions scored. Bar indicates 50μm  
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Beclin-1 is relatively abundant, there is some within group variation for FTLD-GRN and FTLD-

C9orf72. 

For the subiculum a similar trend to CA4 was observed; No-disease (Mdn= 5, IQR=2), AD 

(Mdn= 5, IQR= 1), FTLD-GRN (Mdn= 4.5, IQR= 3), FTLD-C9orf72 (Mdn= 5, IQR= 3), and FTLD-

MAPT (Mdn= 5, IQR= 1) all had moderate-to-high average scores, indicating a stable level of 

Beclin-1, variation was for ND, AD and FTLD-MAPT was lower than for FTLD-GRN and FTLD-

C9orf72.  

No-disease (Mdn= 5, IQR= 2), AD (Mdn= 4, IQR= 5), FTLD-GRN (Mdn= 3.5, IQR= 3), FTLD-

C9orf72 (Mdn= 4, IQR= 5), and FTLD-MAPT (Mdn= 5, IQR= 1) all had high scores  in the tem-

poral grey matter, however there was a more variability in Beclin-1 scores for AD, and FTLD-

C9orf72 compared to the other groups. 

The temporal white matter No-disease (Mdn= 5, IQR= 2), AD (Mdn= 4, IQR= 5) and FTLD-

MAPT (Mdn= 4, IQR=2) has higher levels of Beclin-1 compared to FTLD-GRN (Mdn= 1.5, IQR= 

5),and FTLD-C9orf72 (Mdn= 0, IQR= 4) had very little immunoreactivity and a large amount 

of variation this suggests between and within disease variation in Beclin-1 scores. Finally the 

hippocampal white matter showed at least moderate beclin-1 staining with a large amount 

of data spread indicated by the IQRs (No-disease, Mdn= 5.5, IQR= 3;, AD Mdn= 3, IQR=5; 

FTLD-GRN Mdn= 2, IQR= 4; FTLD-C9orf72, Mdn= 3, IQR=5; FTLD-MAPT Mdn= 5, IQR= 2) sug-

gesting a typically high level of Beclin-1 but a lack of heterogeneity within diseases. 

Kruskal-Wallis test was used to identify regions with statistically significant differences 

between the control, healthy-ageing, FTLD-MAPT, FTLD-GRN and FTLD-C9orf72 groups.  This 

analysis identified only the temporal lobe grey matter (see figure 5.6) as having statistically 
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significant differences (c2(4)= 11.326, p= .023) meanwhile all other regions had no significant 

differences (p> .05) and so were not appropriate for further post hoc investigation.
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Figure 5.6: Beclin-1 immunoreactivity scores in the hippocampal subregions. ND, No Disease; AD, Alzheimer’s Disease; *p< .05 
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Anti-Beclin-1 immunohistochemistry was also conducted using in the frontal lobe with the 

different cell layers being independently scored in the same way as for LC3 (see in figure 

5.7).  Kruksal-Wallis tests demonstrated significant differences in layer I of the frontal grey 

matter (H(4)=11.416, p= .022, n=28)), with post hoc testing indicating and significant 

difference between AD groups (Mdn=5.5) and FTLD-C9orf72 (Mdn=0), suggesting 

significantly more immunopositivity for Beclin-1 in Layer I for AD cases compared to FTLD-

C9orf72 expansion cases. 
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Figure 5.7: the six frontal grey matter layers and WM demonstrating the staining with anti-beclin-1 
immunohistochemistry. Bar indicates 50µm.  
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Figure 5.8: Beclin-1 immunoreactivity scores in the frontal lobe subregions. ND, No Disease; AD, Alzheimer’s Disease; *p< .05 
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6 Chaperone Mediated Autophagy 

6.1 Introduction and Aims 
Macroautophagy is just one of the ways of the ways cells can degrade proteins and as 

previously described primarily involves on aggregate proteins and organelles, however some 

proteins can be degraded before they aggregate via CMA. 

In this section the aim was to use IHC to assess the distribution of the CMA associated 

proteins LAMP2a and Hsc70 in the different FTLD mutation groups and compare them to AD 

and ND. 

6.2 LAMP2a immunohistochemistry 
 

LAMP2a is a marker of the CMA process as described in section 1.2.2 immunohistochemistry 

and was first assessed in the temporal lobe, and example of the staining can be found in fig-

ure 6.1. As with LC3 and Beclin-1, key anatomically distinct subregions were scored in con-

sideration of the % cells stained as well as the staining intensity. No statistically significant 

variations were observed when investigation the comparisons between the groups by look-

ing the mutations groups using Kruskal-Wallis test, the variations in these scores can be 

seen in figure 6.2. Average Dentate gyrus LAMP2a scores in no-disease (Mdn= 4, IQR= 4), 

and AD (Mdn= 4, IQR= 3) where similar moderate variation within whilst FTLD-GRN (Mdn= 0, 

IQR= 2),  FTLD-C9orf72 (Mdn= 2, IQR= 3) and FTLD-MAPT (Mdn= 2, IQR= 2) where lower with 

moderate within group variation. CA4 had higher levels of LAMP2a detected in no-disease 

(Mdn=4, IQR= 2), AD (Mdn= 4, IQR= 3), FTLD-C9orf72 (Mdn= 4, IQR= 1) and FTLD-MAPT 

(Mdn= 4, IQR= 1) compared to FTLD-GRN (Mdn= 1, IQR= 4). A similar trend was found in 

with CA1 no-disease (Mdn=4, IQR= 4), AD (Mdn= 5, IQR= 3), FTLD-C9orf72 (Mdn= 4, IQR= 1) 

and FTLD-MAPT (Mdn= 4, IQR= 2) compared to FTLD-GRN (Mdn= 1.5, IQR= 4), this indicates 
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a lack of available LAMP2a in both CA4 and CA1 in FTLD-GRN. The subiculum suggests more 

consistency between diseases with LAMP2a detection tending to be high with low variation 

within each group (No-disease, Mdn= 4, IQR= 2; AD, Mdn= 5, IQR=2; FTLD-GRN Mdn= 4, 

IQR= 1; FTLD-C9orf72, Mdn= 4, IQR= 3; FTLD-MAPT Mdn= 5, IQR= 2). 

No-disease (Mdn= 4, IQR= 1), AD (Mdn= 5, IQR= 2), and FTLD-MAPT (Mdn= 5, IQR= 1) all had 

moderate-to-high LAMP2a scores with a very narrow variability whilst FTLD-GRN (Mdn= 3, 

IQR= 3), and FTLD-C9orf72 (Mdn= 0, IQR= 3), had larger variation with FTLD-C9orf72 also 

having a low score in this region and all had high scores in the temporal grey matter, how-

ever there was a more variability in Bcl-1 scores for AD, and FTLD-C9orf72 compared to the 

other groups.  

In the temporal white matter No-disease (Mdn= 2.5, IQR= 3), AD (Mdn= 2, IQR= 4) and FTLD-

C9orf72 (Mdn= 0, IQR=0), FTLD-GRN (Mdn= 0, IQR= 3), and FTLD-MAPT (Mdn= 3, IQR= 3). 

Similar trends where found in the hippocampal white matter with No-disease (Mdn= 2, IQR= 

2), AD (Mdn= 3, IQR= 3), FTLD-C9orf72 (Mdn= 0, IQR=2), FTLD-GRN (Mdn= 1, IQR= 3), and 

FTLD-MAPT (Mdn= 2, IQR= 4). These two white matter regions together suggest a typically 

low level of LAMP2a in white matter regions and a lack of heterogeneity within diseases. 
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Figure 6.1: Demonstrating the immunohistochemistry using anti-LAMP2a antibody in the 
hippocampal/temporal regions scored. Bar indicates 50μm  
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Figure 6.2: Distribution of LAMP2a scores in the hippocampal and temporal subregions. ND, No Disease; AD, Alzheimer’s Disease. 
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Anti-LAMP2a immunohistochemistry was also assessed in the frontal lobe and the 

distribution of immunopositivity can be seen in figure 6.4. Kruksal-Wallis analysis did not 

elucidate any significant different in any of the frontal grey or white matter layers (p>.0.05). 

Examples of frontal staining with anti-LAMP2a antibody can be found in figure 6.3. 
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Figure 6.3: Anti-LAMP2a immunohistchemistry in the frontal cortex and WM. Bar indicates 50µm. 
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Figure 6.4: Distribution of LAMP2a scores in the frontal grey and white matter layers. ND, No Disease; AD, Alzheimer’s Disease. 
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6.3 Hsc70 immunohistochemistry  

Hsc70 immunohistochemistry was used as marker of the CMA process and this assessment 

was conducted in both in the temporal lobe and frontal lobe, as per the other autophagy 

markers under investigation. The same anatomical sub-regions and cell layers were assessed 

as per LC3, Beclin-1 and LAMP2A. No statistically significant differences could be elucidated 

by comparing the clinical (no-disease, AD and all of the FTLD) groups or by comparing no-

disease and AD to the FTLD mutation groups (GRN, C9orf72 and MAPT). An example of 

staining see across the temporal lobe can be seen in figure 6.4 and the distributions of the 

Hsc70 scores can be found in figure 6.5, demonstrating the variation of hsc70 scores by the 

disease grouping. 
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Figure 6.5: Demonstrating the immunohistochemistry using anti-hsc70 antibody in the 
hippocampal/temporal regions scored. Bar indicates 50μm  
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Figure 6.6: Distribution of Hsc70 scores in the hippocampal and temporal subregions. ND, No Disease; AD, Alzheimer’s Disease. 
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The distribution of anti-Hsc70 immunohistochemistry in the frontal lobe can be seen in 

figure 6.6.  Analysis of the values in the frontal region using Kruskal-Wallis testing indicated 

differences in grey matter layers III (H(4)=9.804, p= .044, N=36), IV (H(4)=13.244, p= .010, 

n=36), V (H(4)=14.928, p= .005, n=36), and VI (H(4)=13.830, p =.008, n=36) in addition to 

white matter (H(4)=10.8880, p= .028, n= 36). Post hoc analysis failed to find any significant 

differences between groups in Layers III, IV, V and the frontal white matter (p>0.05). In layer 

VI Dunn-Bonferroni testing demonstrated that no disease group had significantly greater 

scores (Mdn=4) when compared to the FTLD-MAPT group (Mdn=0, p= .022).   In conclusion, 

there is a clear trend for decreased HSc70 in the FTLD groups in comparison to the AD  and 

control groups. 



115 
 

 

 

 

 

 

 

 

 

Figure 6.7: Distribution of Hsc70 scores in the frontal lobe grey and white matter. ND, No Disease; AD, Alzheimer’s Disease. * denotes p<0.05 
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7 Western Blotting 

7.1 Introduction and Aims 
IHC is just one of the techniques that can be employed to assess autophagy markers and 

whilst it has the benefit giving visualisation of subregional distribution, it has the limitation 

of lacking the ability to quantify proteins. Moreover there is the specific issue for LC3 that is 

visualises both isoforms (LC3-I and LC3-II) of the protein, but the ratio of these two isoforms 

gives insight in the autophagic flux, as described in section 1.2. Therefore one of the aims of 

this project was to optimise a protocol to be able to observe this in human brain tissue. 

7.7 LC3 Western Blotting Optimisation 
 

Understanding variation in autophagy marker distribution across the different genetic FTLD 

subtypes, in relation to AD and no-disease controls was the principle aim of this study, 

however, the immunohistochemical analysis is not without limitation (to be discussed later) 

and so another aim of this study was to explore the potential utility of western blotting as a 

tool to understand autophagic flux, using LC3 marker detection in western blotting of 

human brain tissue.  
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The initial stage for the optimisation of the western blot aimed to assess the suitability of 

the available human tissue samples given that these were post-mortem derived samples 

where factors such as post-mortem delay have been known to impact analysis of proteins 

via western blot. An attempt to detect both bands of LC3 in both human brain tissue 

(including fractions of the whole tissue extract, a lysosomal and microsomal enriched 

extracts and the waste pellet and cytosolic supernatant were included for completeness, see 

section 3.6) ) no-disease control patient fibroblasts was performed. 

 

The conditions were as described in the methods section using 1% BSA blocking solution and 

a 1:2000 anti-LC3 dilution and samples loaded at 10ug/ml. The presence of non-specific 

bands detected in the first experiments (not all data shown) suggested incomplete blocking, 

thus it was decided to add 5% milk powder to the blocking solution (see figure 7.1). As a 

consequence of this, there was no detected protein in the fibroblast sample. The cytosolic 

fraction was mostly devoid of protein whilst the other fractions had a detectable level of 

~130 
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~35 

1 2 3 4 6 5 
~180 

Figure 7.1: Western blot assessing the suitability of the fractions 1) fibroblast, 2) waste pellet, 3) whole 
tissue (WT), 4) Microsomal enriched, 5) cytosolic supernatant, 6) lysosomal enriched pellet.  
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protein but bands at the correct molecular weight could not be observed as the gel did not 

run down far enough due to overheating.   

Repeated experiments explored a range of primary antibody dilutions and different overall 

protein loading amounts including 5µg, 15μg and 30μg of total protein the results of which 

can be seen in Figure 7.2. All gels showed some degree of non-specific binding; however, 

this was to be expected according to the manufacturer’s information (Novus Bio) and are 

possible due to lysate preparation or post translational modifications.  

The 1:2000 primary antibody dilution seemed to give the best results, coupled with loading 

the smallest amount of sample as there was no patchiness to the band as seen in the 1:4000 

blot. However, the second band was still not detected under these conditions.   

 

Figure 7.2: Assessment of different antibody dilutions, samples were cell culture lysates 
loaded at 1 5µg, 2 15μg and 3 30μg from left to right. Scale indicates approximate molecular 
weights in kDa 
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Figure 7.3 shows a blot with using a variety of AD and control skin-derived human fibroblast 

cell lines repeating the previous conditions using 1:2000 antibody dilution and 20µl of each 

sample. A few of the cell lines showed clear bands for both LC3-I and LC3-II which can be 

used to shed light on autophagic flux. 

Figure 7.3: LC3 western blot using 1:2000 antibody dilution using several human fibroblast 
lysates to detect both LC3-I and LC3-II bands. Scale indicates approximate molecular weight 
sizes in kDa 

 

Figure 7.4: Beta-actin western blotting following strip and reprobe using a primary antibody 
dilution of 1:5000. Scale indicates approximate molecular weight sizes in kDa 
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Further western blotting was conducted for LC3 using 1:2000 and 1:4000 primary antibody 

dilutions as show in figure 7.5. Samples were the fibroblast “controls” identified in the 

previous blot and loaded at 5, 10 and 15µl and a whole tissue human brain extract loaded at 

10μl. 1:2000 gave the best results, detecting both isoforms of LC3 with minimal non-specific 

bands shown. Meanwhile 1:4000 gave no detectable bands. Beta-actin gave a large degree 

of non-specific binding at both 1:5000 and 1:10000 antibody dilutions (Figure 7.5).  
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Figure 7.5: LC3 western blot using dilutions of 1:2000 and 1:4000. (1) 10µl of human brain whole tissue 
extract, and (2-4) Human fibroblast extract loaded at 20μl, 10µl, and 5μl of sample respectively. Scale 
indicates approximate molecular weight sizes in kDa 
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Figure 7.6: Beta-actin blots using antibody dilutions of 1:5000 and 1:10000. (1) 10µl of human brain whole 
tissue extract, (2) 20μl human fibroblast extract, (3)10µl of human fibroblast sample and (4) 5μl of human 
fibroblast sample. Scale indicates approximate molecular weight sizes in kDa. 
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8 Discussion 

The aim of this project was to review the distribution of both MA and CMA markers in 

different forms of FTLD, specifically, those linked to MAPT, C9orf72 and GRN mutations. 

Understanding variation in the detection of key autophagy markers could shed light on 

potential impairments in theses protein degradation pathways which may underlie some of 

the pathogenic protein accumulations associated with these neurodegenerative diseases. 

Comparative human brain studies have not been performed in relation to MA and CMA and 

so this study provides a novel insight to the potential role of protein degradation pathway 

disruption in disease. By furthering understanding of the variation in the MA and CMA it 

could uncover targets for future researchers to develop specific therapeutics for FTD and 

AD.  

8.1 Macroautophagy 

 

8.1.1 P62 immunohistochemistry 

P62 immunohistochemistry allowed for the observation of the different morphologies and 

regional distributions of proteinaceous aggregates across the FTLD disease groupings, 

specifically showing protein aggregates that have been marked for degradation by 

macroautophagy. The differences noted between the lesion types within the disease 

grouping are consistent with what is expected of the literature into the pathology of the 

diseases, with white matter lesions being more prevalent in FTLD cases whilst neuronal 

inclusions were present in FTLD, AD and ND groups (Dickson et al., 2011; Charles Duyckaerts 

et al., 2009; Sha et al., 2006). The majority of the FTLD cases expressing p62 

immunoreactivity lesions were the cases harbouring  MAPT mutations suggesting a high 
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affinity of p62 for marking tau aggregates, given  FTLD-MAPT commonly presents with tau 

positive lesions (Bodea et al., 2016; Dickson et al., 2011; Snowden et al., 2007; Sposito et al., 

2015). The regional distributions of neuronal staining in AD was consistent the Braak staging 

criteria for classification as asymptomatic (aged-controls/ND) and prevalent AD with 

neuronal staining being predominant in the subiculum, EC and TEC of AD cases (Braak & 

Braak, 1995), whereas in the FTLD groups the EC, TEC and temporal grey matter most 

commonly harboured P62 positivity (Mackenzie & Neumann, 2016). 

The full range of the protein aggregates such as TDP-43, tau, and Aβ that have been 

observed in other studies was not observed, due to the choice of antibody, anti-p62 

(Mouse, Abcam ), which was demonstrated by Kuusisto et al. (2001) to only show specific 

types of tau lesions, particularly NFTs and NTs but not astrocytic tau pathology. This was 

also the case in this current investigation, however a later study by Kuusisto et al. (2008) 

identified  both tufted astrocytes and astrocytic plaques using a different p62, but in the 

putamen and amygdala of case with a diagnosis of CBD and PSP. This might suggest the p62 

marker and method used in this study might not have been sufficient for the detection of 

astrocytic pathology or there may have been issues with respect to unmasking or choice of 

section. The lack of detection of astrocytic lesions may also have be due to the brain region 

in which the p62 immunochemistry was conducted as Kuusisto et al. (2008) which used 

sections including the basal ganglia and amygdala, which were not available in the present 

study. 

The higher amount of p62 white matter staining in the FTLD group was as expected, given 

white mater glial inclusions have been more commonly reported in FTLD compared to no-

disease control and AD brains (Duyckaerts et al., 2009). Due to the function of p62, this 
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suggests that these lesions are being marked for degradation by macroautophagy, but they 

are not being degraded by this pathway, and this could be due to an impaired initiation of 

macroautophagy or a downstream process such as autophagosome formation.  

Double labelling immunofluorescence would be an interesting approach to use to explore if 

LC3 protein is interacting with p62, which is required to complete the engulfment of the 

marked autophagic cargo for degradation  (Menzies et al., 2015; Schlafli et al., 2015; Sharifi 

et al., 2015). If the protein marked for degradation fails to be fully engulfed by the 

autophagosome, that could explain the abnormal accumulation of protein seen across the 

different forms of FTLD, however, there was insufficient tissue remaining in this study to 

allow of complex interactions between these key protein degradation associated proteins.  

By investigating the exact nature of the macroautophagy deficits, it could identify potential 

therapeutic targets that can rescue protein degradation by restarting macroautophagy, 

however the small group sizes at present means the cohort lacks the power to do this. 

The differences in the group based prevalence of these are of interest as neuronal inclusions 

are associated with cell loss, cellular dysfunction and worsened cognition (Nelson et al., 

2012; Wilson et al., 2013), however the role of the other lesions is unclear (Miller et al., 

2004), with cell culture investigations into oligodendroglial cells showing that aggregated 

tau does not impair the cells ability to function (Leyk et al., 2015). 

TDP43 lesions would be expected in the FTLD-C9orf72 and FTLD-GRN groups and studies 

have indicated that P62 detects TDP43 pathology in FTLD (Kuusisto et al., 2008; Tanji et al., 

2012; Webster et al., 2016). The data from this study suggests P62 positive aggregates were 

`not widely detected in the FTLD-C9orf72 and FTLD-GRN cases, which most often present 

with TDP-43 lesions, but this may be due the method for p62 antigen retrieval as another 
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study used a lower dilution (1.:100) to detect p62 positive dipeptide repeats (Mann et al., 

2013), another possibility is incomplete antigen unmasking in this cohort and may have 

necessitated chemical antigen retrieval such as with formic acid or the use of a pressure 

cooker in the HEIR method; this may have been missed when optimising protocols due the 

blinding in place. In other studies, p62 positive, TDP43 negative, neuronal inclusions have 

been reported in the hippocampus of FTLD-C9orf72 cases (Al-Sarraj et al., 2011) but given 

p62 itself is a substrate for autophagy, the story here is complex. TDP43 data was not 

available for the cases used in this study, but it would have been interesting to correlate 

TDP43 burden with p62 across the subgroups (and indeed, in relation to Braak stage in the 

AD cases) to see if this relationship varied.  

Lashley et al. (2015) recommend for the assessment of TDP43 lesions the use of an antibody 

that stains both abnormal and normal TDP43 and using the cellular location and distribution 

to distinguish the two types from each other and noting this in relation to p62 would shed 

light on whether proteins marked for clearance were in face being effectively degraded.  

In addition, it should be considered that p62 is also part of the Ubitquitin-Proteosome 

degradation system (UPS). This means that whilst the observed immunoreactivity could be 

marked abnormal ubitiquitinated protein intended for degradation by macroautophagy, 

these proteins could also be degraded via this alternative pathway, which has also been 

shown to be dysfunctional in some studies of neurodegenerative disease (Bedford et al., 

2008).  

There is lots of evidence linking p62 to the autophagy pathways in relation to FTLD. A very 

recent study demonstrated ALS-FTLD associated SQSTM1/P62 mutations had the capacity to 

interrupt autophagy (Deng et al., 2020), with mutations impacting p62 being identified in 
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ALS-FTLD (Goode et al., 2016). Given p62 is only one of the ‘marker’ proteins for 

macroautophagy, (Menzies et al., 2015) one that is well known for its ability to bind to most 

abnormal tau and TDP43 deposits, it is interesting to note the variation in detection across 

the different genetic subtypes of FTLD. Alone however, this marker forms part of a complex 

story that cannot fully explain the role of autophagy in abnormal protein accumulation.  

LC3 and Beclin-1 are other, more stringent MA markers, given their exclusive involvement 

within this pathway and clear association with specific phases in the process. With Beclin-1 

being a requirement for MA initiation and LC3 being associated with autophagosomal 

formation (Menzies et al., 2015; Russell et al., 2013).  

 

8.1.2 LC3 immunohistochemistry 

Findings with LC3 immunohistochemistry suggest FTLD-MAPT cases had lower LC3- 

immunopositivity than controls in the frontal white matter. This is interesting, since high 

levels of LC3 in white matter has been linked to autophagy associated cell death in cerebral 

autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 

(CADASIL) (Hase et al., 2018) yet in myelinating disorders, LC3 and Beclin-1 has also been 

reported to be decreased (for review see Nutma et al., 2021 ) which is significant since 

myelin disturbances have also been reported in FTLD (Wang et al., 2018; Wu et al., 2021). 

This reduced LC3 immunopositivity in the white matter in the FTLD-MAPT cases may be 

linked to the tau mutation driven axonal malfunctioning, thought the exact nature of this 

relationship is something that could be explored as part of a further study.  By designing 

interventions to address the LC3 deficit seen in the FTLD-MAPT cases, it may be possible to 

aim MA protein clearance as LC3 is necessary to complete autophagosomal maturation in 
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order to degrade  the damaged proteins and organelles (Menzies et al., 2015; Russell et al., 

2013). 

In other brain regions, omnibus testing indicated variance in CA4 and the subiculum in LC3 

assessment, however it was not possible to identify which groups this was attributed to, due 

to the small sample size presented in this study. CA4 is a particularly interesting area of the 

hippocampus that is relatively spared of abnormal protein accumulation in both AD and 

FTLD (Hatanpaa et al., 2014) and so the decrease of LC3 across the FTLD disease groupings 

compared to AD and control may suggest a reduction in autophagosome formation in this 

region.  The data collected in this study also suggest a general variation in the amount of 

LC3 detected in temporal and frontal sub regions rather than a general trend of decrease or 

increase across hippocampus or frontal lobe (Menzies et al., 2015).This could be a 

consequence of these different areas being associated with different physiological roles and 

thus, they may have different levels of autophagic flux in relation to the protein clearance 

needs of the region.  

In the frontal lobe, different cells layers were investigated due to their different 

physiological roles with respect to information processing and functional connectivity, as 

well as their differential involvement in neurodegenerative disease (Briggs, 2010; C. 

Duyckaerts et al., 2009). Layer VI is a cortical layer known to have a variety of cell types and 

processes information coming in and out of local neural networks, as well has having 

connections with deeper structures such as the thalamus (Briggs, 2010).  

Meanwhile, the association fibers in the region of white matter scored contain short axons 

that connect neighbouring brain regions (Oishi et al., 2008). An impairment in the 

functioning of cells in this area could prevent neuronal networks from communicating and 
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thus give rise to an impairment in functions associated with the frontal cortex such as 

language production and behavioural regulation (Neubert et al., 2014). This inference 

should be taken with caution and cell loss protein aggregation have not been analysed 

therefore it is difficult to draw a stringent conclusion. 

The difference between AD and the FTLD-GRN cases in CA4 is difficult analyse as there is no 

differences between the no-disease controls and AD or the no-disease controls and FTLD-

MAPT groups. One potential explanation could be that because the AD and ND groups are 

statistically similar, and the presence of the outlier in the ND group for CA4 may have 

affected the mean rank score of the ND group in the ND vs MAPT comparisons, meaning it 

resulted in a non-significant difference. However, it must be considered that the group sizes 

were small, and variation within the groups large and this may be a reflection of the 

pathological heterogeneity, even within disease groups driven by the same mutation. 

Expansion of this study to include a much larger cohort would be extremely beneficial, as 

would the sue of serial sectioning and double staining immunofluorescence to explore the 

relationship between L3 and some of the FTLD associated pathogenic proteins.  

 

8.1.3 Beclin-1 immunohistochemistry 

Beclin-1 immunoreactivity indicated variance in the temporal lobe grey matter, however 

due to the sample size post hoc analysis failed to identify specific differences between the 

study groups, due to the size of the cohort. This might indicate disease associated variability 

in the initiation of the formation of the autophagosome from the pre-autophagosomal 

structures which is a key role of Beclin-1 (Menzies et al., 2017; Russell et al., 2013).  
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While Beclin-1 has not specifically been investigated previously in FTLD, a pathogenic role 

has been suggested in ALS, where in both cellular and animal models expressing mutant 

SOD1, Beclin-1 was found to be upregulated (Nassif et al., 2014). Other studies have also 

indicated that Beclin-1 can be upregulated in cellular stress conditions, such as those that 

occur as a consequence of trauma (Diskin et al., 2005).  

FTLD-TDP associated with GRN cases normally results in Type A Classification(DeJesus-

Hernandez et al., 2011; Renton et al., 2011); Whitwell et al. (2010) stated that FTLD-TDP 

type A cases show more lateral temporal lobe atrophy compared to controls and other FTLD 

subtypes . Whilst the temporal gyrus scored (collateral) is not in this region, the more 

generic findings showed that FTLD-Type A has more generic pattern of temporal atrophy 

whilst the other types showed more focal patterns of loss. This means any cases with a type 

B classification, commonly seen in those with C9orf72 expansions (DeJesus-Hernandez et al., 

2011; Renton et al., 2011), would have very specific regions of protein accumulation and cell 

loss which may not have been included in the sections that were scored in this study. This 

would need to be further investigated with respect to the pathological lesions to assess 

whether the temporal lobe decrease in Beclin-1 immunoreactivity is a response to a lack of 

abnormal protein or due to a pathological role. The novel insight into the reduced detection 

of Beclin-1 and in the GRN indicates there could be some benefit addressing the specific 

deficit In the MA initiation, and this may also be true on C9orf72 however the lack of 

statistically significant different to controls makes this harder to elucidate. 

Moreover, when comparing the results between Beclin-1 and LC3 immunohistochemistry 

there is no overlap between the mutation affected and the region that the decrease is 

observed; no region showed a significant difference in both MA markers, though this could 
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be suggestive that in some cases failure of abnormal protein clearance could be being driven 

by differential and specific pathway deficits; in some cases a failure of initiation of the 

autophagosome formation or in other cases, the failure of the maturation of the 

autophagosome and subsequent protein degradation. 

This makes the identifying the exact nature of the autophagy deficit more difficult without 

quantifying the absolute autophagy protein levels in relation to each other, as well as 

pathogenic protein accumulation. Given the variation detected, exploration of the potential 

utility of western blotting as a tool for the assessment of autophagic flux was explored as a 

subsidiary aim of this project. (Menzies et al., 2015; Russell et al., 2013; Rosenfeldt et al., 

2012) 

8.1.4 Western Blotting 

A number of optimisation conditions were explored to see if western blotting could be used 

to detect LC3-I and LC3-II, the ratio of which has been commonly used to assess autophagic 

flux, however other researchers have reported difficulties in using this approach in human 

brain tissue due to the sensitivity of the protein to degradation and the impact of post-

mortem delay (insert ref).  

This study identified an optimum approach for detecting the LC3 doublet, using a 1% 

BSA/5% Milk blocking solution prior to a 1:2000 one hour incubation with anti-LC3 antibody 

at room temperature. This method allowed the detection of the LC3 bands at 15 and 17 kDa 

as expected (Novus, 2017; Schlafli et al., 2015). Whilst this did also have some non-specific 

bands, this recognised by the antibody manufacturer (Novus, 2017).  

Whilst the aim to successfully optimise the conditions for LC3 western blot analysis of 

human brain tissue were achieved, this was not performed across the study cohort as the 
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frozen brain tissue was not released in time for this element of the project work to be 

completed. However, LC3 analysis via western blot would give an indication of variation in 

autophagic flux across the different subtypes of FTLD. A recent study indicated that C9orf72 

depletion reduced in enhanced autophagic flux (Ji et al., 2017) and so one might predict a 

more significant impact on flux in the FTLD-C9orf72 disease group because of this. 

Understanding the overall impact of how the MA ‘machinery’ detection and variation 

relates to overall autophagic flux would give a much stronger picture regarding how 

proteostasis could be improved in the different forms of FTLD.  

 

 

8.2 Chaperone-Mediated Autophagy 

To date there are no studies exploring the variation in key CMA markers in FTLD and given 

the role of CMA in the clearance of key FTLD associated proteins such as tau and TDP43, this 

is an increasingly important area of research.  

 

8.2.1 LAMP2a 

Investigation into CMA using LAMP2a failed to yield any statistically significant results with 

respect to different FTLD mutations. (Salvador et al., 2000). These finding with LAMP2a 

suggest there no differences in amount of protein, when investigated by mutation, 

suggesting in all groups have the same availability of LAMP2a for the forming of the 

lysosomal receptor to transport to abnormal protein into the lysosome for degradation 

(Bandyopadhyay et al., 2008). 
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LAMP2a exists in both monomer and oligomer forms, and it is the formation of the LAMP2a 

receptor from several monomers that creates the receptor that allows for the transport of 

protein through the lysosomal membrane (Salvador et al., 2000). The current analysis does 

not assess the different forms of LAMP2a due to the unavailability of such specialised 

markers, and alternative techniques, such specialised gel electrophoresis as implemented in 

Bandyopadhyay et al. (2008), may be able to distinguish between these different forms. 

Should any variation in LAMP2a have been identified between the different FTLD disease 

groups, then it would have been interesting to pursue variation in monomeric and 

oligomeric forms to allow consideration of functional receptor formation.  

Furthermore, the current analysis only gives rudimentary information on the amounts of 

these proteins, whereas other studies have shown it is not the amount of protein but other 

factors such as tau fragments of the exterior of the lysosome could contribute to the 

pathogenesis of the disease (Wang et al., 2009); Meanwhile Orenstein et al. (2013) found 

that α-synuclein protein was not translocated into the lysosome, and therefore not 

degraded, rather than the availability of the LAMP2a protein being the limiting factor. This 

suggests that the cellular location of the pathological proteins and the CMA markers in 

relation to each other is also important in the study of CMA in neurodegenerative disease 

and this poses a challenge, particularly when working with human brain tissue.  

8.2.2 Anti-Hsc70 Immunohistochemistry 

Investigations into Hsc70 in the hippocampal and temporal lobe did not find any evidence 

for a variance in the amount of Hsc70 protein in any of the hippocampal or temporal 

subregions studied. A lack of significance with the amount of Hsc70 detected suggests that 

is expressed at the same levels in all groups, meaning suitable abnormally folded proteins 
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should be able to bind to co-chaperone complex and this is important to know since this 

could be a rate limiting factor in the CMA process (Bain et al., 2018). 

Meanwhile in the frontal lobe variances in the Hsc70 immunopositivity were identified in 

Layers III, IV, V and VI in addition to the frontal white matter. However, the only specific 

difference that could be identified between in the no-disease and FTLD-MAPT mutation 

groups was that in the disease group, Hsc70 detection was lower than in the no-disease 

group which could therefore mean decreased targeting of damaged proteins (namely tau), 

to the lysosome for degradation. 

Firstly, Hsc70 is responsible for biding to the KFERQ-like motif on the tau protein (Wang et 

al., 2009), and so any decrease in chaperone levels my decrease may reduce the targeting of 

the pathogenic protein form for degradation via CMA (Bejarano & Cuervo, 2010). Hsc70 is 

known to rapidly interact with tau once it detached from the microtubule and so given it 

exists in a hyperphosphorylated state in disease, once might expect this interaction to 

increase assuming the chaperone is available in abundance (Jinwal et al., 2010).  Another 

implication would be that a lack of availability of Hsc70 could also mean that there is no 

receptive protein inside the lysosome to ensure the tau protein straights out and enters the 

lysosome for degradation (Jinwal et al., 2010, Salvador, 2000, Wang, 2009 ). Given the 

decreased Hsc70 noted in the FTLD-MAPT group of this study, it could be speculated could 

be speculated that there is insufficient chaperone to direct hyperphosphorylated tau for 

degradation and this could contribute to the aggregation of this protein. Chaperone 

restoring therapies might therefore be a viable therapeutic avenue to explore, specifically in 

FTLD-MAPT.   
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8.3. Overall findings 

Overall this study has added to the understanding of autophagy recruitment pathways in 

FTLD. Specifically it has highlighted variation markers for macroautophagy (LC3 and Beclin-1) 

and CMA (Hsc70 and LAMP2a) in the frontal and temporal lobes and that there are 

differences between FTLD mutation groups (GRN,MAPT and C9orf72). It has also laid out a 

basis for better quantifying autophagic flux using the LC3 western blotting using fresh-

frozen human brain tissue. 

9 Limitations 
 

A limitation of the current analysis is due the small sample at present. These small group 

sizes means that the p62 prevalence rates cannot be assessed by chi-square for statistical 

significance due to many expect cell counts of zero. This could be remedied by increasing 

the cohort size, which will also increase the power of the statistics conducted for the 

autophagy markers (as outline in section 7.1). Given the relative scarcity of human brain 

tissue, particularly in the rarer forms of neurodegenerative disease such as FTD, studies such 

of this that provide a ‘proof of concept’ are important to see if the release of further tissue 

and cohort expansion is warranted. Given the variation reported in this study, this 

expansion of the study would give a valuable insight on to the variation in autophagy deficit 

in FTLD.  

 

With respect to the methodology used, it is important to acknowledge that the scoring of 

IHC is subjective, even when using a semi-quantitative scale. To limit the impact of this at 

the current stage, each section was scored twice to ensure the scoring was consistent 

throughout, if any scores where different they would be scored a third time.  



135 
 

Another issue with the use of IHC that was noted with regards to the p62 protocol, the use 

of the microwave to boil the sections for HIER for anti-p62 IHC damaged a significant 

amount of the tissue. This of particular importance with FTLD-C9orf72 cases leading to only 

4 of the total 8 cases with tissue suitable for scoring and many regions damaged in other 

cases. This was not an issue with the Labvision™ PT module (Thermo Scientific) preparations 

in later protocols, hence all future HEIR will be conducted using the latter method to 

preserve tissue. 

Furthermore, since the autophagy markers LC3, Beclin-1, LAMP2a, and Hsc70 stain with a 

varying intensity, there is a lower threshold for detection meaning that some of the 

variation may be lost. This is occurred due to the optimisation phase for the 

immunochemistry, in which only few cases are used to set the protocol and antibody 

dilution. This was completed using mid-Braak stage sections in another study and is 

necessary to preserve the very limited supply of tissue. To correct this Western blotting 

could be employed, using the developed protocol, which allow for further quantification of 

smaller levels of protein and differences between groups. 

In addition, the use of anti-LC3 antibodies in immunohistochemistry stain all isoforms of 

LC3, whilst this gives some insight into the alterations in autophagy it is very difficult to draw 

definitive conclusions. Whilst a low amount of LC3 could indicate a problem with the 

MAP1LC3B gene expression/transcription it does not necessarily indicate a problem with 

autophagy as this is best studied by looking at the different isoforms of LC3. Whilst this is 

not been analysed, it will be via western blotting (as discussed in section 7.2). 
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With respect to protein quantification, neither IHC nor Western blot are the ideal methods 

to use, for example an ELISA would be the best option for the analysis of specific protein 

amounts. However this is expensive and with respect to LC3 suffers from the same issue as 

IHC in that it will only quantify total LC3 and not the different the LC3-I and LC3-II isoforms 

that give a better insight into autophagic flux (Schlafli et al., 2015; Sharifi et al., 2015). For 

comparison of the different autophagy markers it is better to conserve the scientific 

methods employed, hence the intended use of western blotting as we have demonstrated 

that it is a viable technique to identify the different isoforms of LC3. 

 

Finally, in the pathology of these diseases it is often noted that within a given region, some 

cells will demonstrate pathology, whilst their neighbouring will not, neither the use of IHC or 

western blotting allows for the analysis of this. The way in which the IHC has been assessed 

so far only allows for an overall score of the region and cell counting would be swayed by 

individual variation in cell numbers, meanwhile western blotting lacks more spatial 

resolution than IHC as it uses several gyri from a brain region in a homogenisation form. One 

way to study abnormal protein and changes in autophagy between single cells is via the use 

of double-labelling immunofluorescence which visuals two proteins of interest at the same 

time; plans to follow this are outlined in section 7.3. 
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10 Future work 

10.1 Further Immunohistochemical assessment  

Future immunohistochemical studies could include pathological protein analysis using the 

markers initiated in this project (AT8 and TDP43) and compare these markers to the 

autophagic proteins. For the AD cohort this would also include amyloid-beta pathology 

marker such as 4G8 (Baghallab et al., 2018). An alternative approach if protein analysis using 

these markers is not possible would be to use Braak staging (Braak & Braak, 1995; Braak et 

al., 2006)(ref) and Thal phases (Thal et al., 2002) as a quasi-measure of pathology in well 

characterised tissue from sources such as Brains for Dementia Research, this is possible due 

to AD pathology having well characterised progression throughout the brain unlike FTLD 

(Ferrari et al., 2011; Mackenzie & Neumann, 2016) 

Further considerations would be to compare to other neurodegenerative diseases or 

subtypes. An obvious comparison would be to compare to  MND variants due to the link 

between FTLD and MND as previously described (Bak, 2010; Tiryaki & Horak, 2014). An 

example of this would include those with a SOD1 mutation as in these cases SOD1 

aggregates have been observed in the neuronal and glia cells, predominantly in the motor 

cortex (Forsberg et al., 2019; Nolan et al., 2020). Currently the mechanism linking SOD1 

aggregates to cell death is thought to be oxidative stress (An et al., 2014; Mahoney et al., 

2006; Tu et al., 1997).  

Alternatively, the more specific mutations in the pathological proteins could be studied 

where the tissue is available such as missense mutations in TARDBP (Gendron et al., 2013; 

Moreno et al., 2015, Floris, 2015 ) and MAPT (Forrest et al., 2019) as mentioned previously. 
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This would provide insight into how these mutations affect the further effect the protein 

degradation pathways in post-mortem samples.  

Another avenue for future research would be to stain an area not usually involved in the 

early stages of diseases that cause dementia such as the occipital lobe (Braak & Braak, 1995; 

Braakman et al., 2006 ; Kril & Halliday, 2011). Including the occipital lobe into study would 

allow for a within case control region, as this area of the brain is not normally as heavily 

affected in FTLD by cell loss or protein aggregation, adding a further level of complexity to 

the understanding of autophagy pathways in FTLD. 

 The tissue request for this study did include provisions to expanded to include 96 cases, this 

will consist of a total 64 FTLD, 13 AD and 13 control cases and given this study has identified 

a number of key variations between the different genetic forms of FTLD, then this work will 

now be continued in the larger group. The FTLD groups will include 11 MAPT mutations, 11 

C9orf72 expansions and 11 GRN mutations. It also included a number of sporadic cases for 

FTLD- TDP-43, with 17 FTLD-TDP type A, 6 FTLD-TDP type B and 8 FTLD-TDP type C cases, the 

use of genetic and sporadic cases would allow for the comparison of different underlying 

associations of FTLD and their impact of autophagy, as well as have implications for 

autophagy altering treatments. 

Furthermore, an expanded cohort would allow for the analysis would allow for the 

comparison of changes in autophagy markers and clinical phenotypes such as bvFTD, PFNA 

and SD. The utility of this is at present there are no diagnostic tests other than post mortem 

analysis for assessing the aggregate protein in sporadic FTD cases (Bruun et al., 2019; 

Greaves & Rohrer, 2019; Ntymenou et al., 2021 542; Sancesario & Bernardini, 2015) and 

genetic testing is usually reserved for cases with a family history of FTD or MND (Greaves & 
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Rohrer, 2019). If a link between specific autophagy deficits could be demonstrated, it would 

improve access to any approved treatments that would aim to correct the autophagy 

impairment. 

By including groups of the same pathological diagnosis but having both genetic and sporadic 

causes, the study will compare the differences between the familial and sporadic forms of 

FTLD with respect with their proteinopathy, this will help gain understanding of whether any 

autophagy marker changes are associated with the presence of abnormal protein or if there 

are differences between the sporadic and familial causes of the disease. Finally, conducting 

analysis between the different clinical phenotypes will allow for the observation of changes 

in autophagy by FTLD presentation, which if syndrome specific could be useful for tailoring 

autophagy-based therapeutics for FTD in the future. 

10.2 Western Blotting 

Western blotting analysis would allow for the further quantification autophagic protein 

markers such as LC3, Beclin-1, LAMP2a and Hsc70.  

This would be especially useful for LC3 as this this would allow for the analysis of the LC3-I 

to LC3-II ratio which is a superior marker of autophagic flux compared to total LC3 as 

demonstrated by the immunohistochemical assessment (Schlafli et al., 2015; Sharifi et al., 

2015). As previously discussed, LC3-I is cleaved into LC3-II and bound to the autophagosome 

as it engulfs the autophagic cargo (Kabeya et al., 2004; Sou et al., 2006). A lower LC3-II to 

the LC3-I ratio, compared to controls, would suggest a slower or impaired autophagosomal 

formation, whilst a however an increased ratio would suggest the inverse, possibly as a 

response to the abnormal protein load. This can also be compared to other markers of 

macroautophagy such as p62 (Pankiv et al., 2007; Schlafli et al., 2015; Wooten et al., 2008) 
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or Beclin-1. Comparison to degradation marking proteins such as P62 would allow for insight 

into effective proteins marked for degradation are being broken down by MA, where a high 

p62 to LC3 ratio indicated an impairment in MA (Masuda et al., 2019 545). Beclin-1 western 

blotting would indicate that the abnormal protein is initiating the MA response (Pickford et 

al., 2008; Russell et al., 2013). 

In addition, western blotting for LAMP2a would be a useful as a marker of CMA; LAMP2a is 

the receptor protein that forms a pore in the lysosome membrane, allowing singular 

abnormal proteins to pass through for degradation (Bandyopadhyay et al., 

2008)(Bandyopadhyay et al., 2008)(Bandyopadhyay et al., 2008)(Bandyopadhyay et al., 

2008). A lack of LAMP2a would inhibit the ability of the protein to enter the lysosome which 

would prevent it from being degradation via the CMA pathway (Bandyopadhyay et al., 

2008). Western blotting under non-reducing conditions (such as used inBandyopadhyay et 

al., 2008) would also demonstrate if the monomer LAMP2a is polymerising into the 

tetramer which is crucial for the formation of the lysosomal pore allowing proteins to 

directly enter the lysosome (Bandyopadhyay et al., 2008; Salvador et al., 2000). 

Further investigating Hsc70 with western blotting would allow for more quantitative 

measures of the protein and would allow for further insight in the availability of the protein, 

which is crucial for the abnormal proteins to chaperoned to the lysosome (Bandyopadhyay 

et al., 2008; Chiang et al., 1989; Salvador et al., 2000). 

An alternative approach would be use ELISAs which would provide a more accurate 

quantification of the protein levels, this would be especially useful for Beclin-1, LAMP2a and 

Hsc70 analysis. However due to the aforementioned LC3-I and LC3-II ratio the use of an 

ELISA would be limited as there aren’t any antibodies currently available that can distinguish 



141 
 

between the two isoforms, however a sandwich ELISA technique has been demonstrated in 

cell culture models (Oh et al., 2017). For LAMP2a it would also not assess the polymerisation 

of the monomers (Bandyopadhyay et al., 2008). 

 

10.3 Double Immunofluorescence analysis 

Using double labelling immunofluorescence would allow for the observation of the direct 

interaction of the autophagy markers (LC3, LAMP2a, Hsc70 and Beclin-1) and pathological 

markers (AT8 and TDP-43), it would allow for the observation of two markers within a single 

cell; this could be the observe the localisation of an autophagic marker in relation to 

pathogenic protein such as abnormal TDP-43, Aß or Tau, or it could be used to identify 

stages of the autophagy processes. Such techniques have been previously used, for example 

some studies have shown that LC3 will aggregate around abnormal TDP-43 in cell culture 

models (Wang, Ma, et al., 2015)(Wang, Ma, et al., 2015). Analysis could also focus on cells 

with a high and low abnormal protein burden within the same region and case, this may 

improve understanding of why some cells in a given area will be heavily affect by abnormal 

protein whilst their neighbours show no pathology, as seen in the variation of inclusions in 

our study and in diagnostic criteria (Braak et al., 2006; Braak & Braak, 1997; Mackenzie et 

al., 2011).  
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11 Summary 
 

Overall, the project has addressed the aim of conducting immunochemistry for four 

autophagy markers and observing differences in protein aggregates in the hippocampus and 

confirming a variation of markers in the hippocampal subregions. Moreover, analysis has 

shown differences between MA and CMA recruitment which differentially affect 

hippocampal and frontal subregions with the mutation (MAPT, C9orf71, and GRN). 

Furthermore, the study has addressed its goal of having both a protein extraction and LC3 

western blotting protocol optimised in preparation for investigations using fresh-frozen 

human brain tissue following a confirmatory experiment using the different brain fractions. 

Future work also includes the use of specific pathological protein markers (AT8 and anti-

TDP43) and comparing them to autophagy markers via IHC and immunofluorescence.  
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