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Abstract

The ‘selective vulnerability’ of cells and systems to disease pathomechanisms is a
defining feature of amyotrophic lateral sclerosis (ALS), where the relative clinical and
pathological involvement of cortical motor neurons varies between patients.
Mislocalisation and aggregation of hyperphosphorylated TDP-43 (pTDP-43) is the major
neuropathological finding in the majority of ALS cases (ALS-TDP), however the
relationship between TDP-43 aggregation and neurodegeneration remains unclear. Here,
we sought to reconcile the selective vulnerability of specific cell types within the human
primary motor cortex to the pathological hallmarks of ALS, and define commonalities
and differences of neurodegenerative phenotypes across the genetic spectrum of the
disease. We analysed human post-mortem tissue from a large cohort of genetically defined
ALS/FTD (n =78), and mean age-matched control cases (n = 15) using a combination of
quantitative immunohistochemical techniques and multi-level generalized linear
modelling. The utility of novel methods such as CLARITY, imaging mass cytometry,
combined RNA-ISH/IHC and multiplexed immunofluorescence is also explored.
Additionally, two monogenic forms of the disease which exhibit striking UMN/LMN
predominance, ALS-FUS and ALS-OPTN, are discussed and compared in the context of
a novel BAC transgenic mouse and a unique human index case.

We show that there is considerable variance in neuropathology within the ALS primary
motor cortex both within and across the genetic spectrum of disease, including in pTDP-
43 aggregation, microglial activation, and inhibitory interneuron number. We also assess
the extent of this pathology across the corticospinal neuraxis, and begin to examine the
interactive relationship of pathologies using multiplexed immunofluorescence. Using
RNA-ISH, we also show that while FUS is significantly more highly expressed in the
primary motor cortex, TARDBP demonstrates a higher retention of transcripts localised to
the nucleus. We also begin to assess the expression of transcription factors associated with
projection neuron diversity including CTIP2, SATB2 and TBR1 in the primary motor
cortex. Broadly, this thesis refines the concept of selective vulnerability within the ALS
motor cortex across genetic subtypes, whilst highlighting the distinction between cellular
vulnerability to proteinopathy and vulnerability to degeneration itself. These findings
have implications for our understanding of disease pathogenesis and the development of
genotype-specific therapies.
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Chapter one

Introduction



1. Introduction

This thesis is concerned with assessing the extent and nature of neuropathological
substrates in the ALS primary motor cortex, both within molecularly defined cell-types
and across the genetic spectrum of the disease. The clinical, genetic and pathological
background of the disease will be discussed, followed by an introduction of novel
histological techniques that may be applicable to the investigation of post-mortem human
tissue. An assessment of motor cortex neuropathology in a large cohort of post-mortem
ALS cases using immunohistochemistry and fully quantitative digital image analysis is
conducted, and the utility of RNA-ISH explored. Finally, the neuropathology of a novel
transgenic ALS-FUS mouse model utilising the human LMN predominant P525L
mutation will be assessed and contrasted with the striking UMN predominant pathology

seen in an index case of homozygous recessive ALS-OPTN.

1.1 Amyotrophic lateral sclerosis

1.1.1 History

ALS is a progressive neurodegenerative disease, commonly (but somewhat imprecisely)
referred to as motor neurone disease (MND) within the United Kingdom. ALS as a clinical
phenomenon was first described by the pre-eminent neurologist Jean-Martin Charcot in
his seminal paper of 1869 [3], who using histological methods now considered primitive,
was still able to shrewdly note the susceptibility of particular anatomical regions and cell

types to the disease. Since Charcot’s original description, substantive progress has been



made in elucidating the genetics, neuropathology and molecular mechanisms underlying

ALS pathogenesis.

1.1.2 Epidemiology

ALS is a comparatively rare disease, with an average incidence globally of around 2
cases/100,000 people [4], but is also the most common manifestation of the motor neurone
disease class. Death occurs on average 2-3 years after symptom onset [5-7], although a
small percentage of patients survive for 10 years or more [6]. Around 90% of cases are
‘sporadic’, meaning there is no clear Mendelian component. The remaining 10% of cases
have been referred to historically as ‘familial’, in that they are inherited through mutations
to one or more ALS genes, of which over thirty have been described at the time of writing
(ALS ALSoD database: http://alsod.iop.kcl.ac.uk/). However, usage of the term ‘familial’
can perhaps be both misleading and inaccurate for two reasons. Firstly, the concept of
family history is vague, especially in the context of mutations within several genes which
are able to cause the expression of multiple clinically distinct phenotypes, meaning
specific disease-mutation segregation within a given lineage can be difficult to ascertain.
Secondly, a small percentage of sporadic cases actually turn out to be caused by high
penetrance mutations that have arisen either in a pure de novo fashion or inherited
recessively through both parents being carriers. As to the best of our knowledge identical
de novo mutations in the same gene cause the same disease as those that have been
dominantly inherited, the term familial is considered something of a misnomer and will

be avoided for the purpose of this thesis.

While many studies have now reconciled an increased occurrence of the disease with

various environmental influences [8-10], particularly in geographical areas with high



incidence rates [11-13], the significance of these influences is debated. Some
environmental studies suffer from small population sizes or lack of rigour, and the

influence of these environmental factors is therefore considered inconclusive.

1.1.3 Clinical manifestations

While a clinically heterogeneous disease, the most common clinical presentation (and
diagnostic requirement) of classical ALS is a combination of both upper and lower motor
neuron signs [14]. Upper motor neuron signs include increased muscle tone and spasticity,
increased reflexes including Babinski’s sign, and pyramidal weakness. Lower motor
neuron signs include decreased muscle tone and associated muscular atrophy, and muscle
fasciculations [15]. Diagnosis of ALS is primarily made on the basis of clinical assessment
in the context of patient history and examination, plus monitoring of progression, with the
minimum requirement as defined by the El Escorial criteria being “progressive upper and
lower motor neuron deficits in at least one limb or region of the human body”, or “lower
motor neuron deficits as defined by clinical examination (one region) and/or by EMG in
two body regions” [16]. While neurophysiology can be useful in some cases,
neuroimaging is essentially used to rule out mimic disorders [17, 18]. The majority of
cases are limb onset, with smaller numbers of patients exhibiting bulbar or respiratory
onset forms [14]. Death normally occurs as a result of the progressive paralysis of the
diaphragm and subsequent respiratory arrest or pneumonia secondary to recurrent

aspiration.



1.1.4 Neuroanatomically restricted phenotypes

In addition to ‘classical’ ALS that exhibits broad equivalency between upper and lower
motor neuron signs, there are also a number of rarer restricted phenotypes that present
with a predominance of upper/lower motor neuron features, which are sometimes

associated with an improved prognosis and less aggressive disease course. These include:

- Progressive Bulbar Palsy: affecting only the corticobulbar pathways and the
cranial nerves 1X, X, XI and XII [16, 19]

- Flail arm/leg syndrome: exhibiting an asymmetry of onset of arms or legs [16, 20]

- Progressive muscular atrophy (PMA)[21]: Exhibiting predominantly lower motor
neuron signs in the absence of upper motor neuron features. However of note is
that at autopsy, up to 50% of patients assessed as PMA actually also show
degeneration of neurons in the pyramidal tract [22]

- Primary lateral sclerosis [23]: Exhibiting predominantly upper motor neuron signs

in the absence of lower motor neuron features.

The variability of motor neurone disease presentation highlights the importance of not
only defined diagnostic criteria for ALS, but also consistent criteria for the monitoring of
progression. Such criteria are essential for the appropriate design of therapeutic trials

involving patients who naturally exhibit varying rates of progression and disease severity.



1.1.5 Treatment

Treatment for ALS is mainly supportive. There is no disease-modifying treatment
available, and over 50 major phase II/11l clinical trials involving ALS patients having
failed. Riluzole, a putative anti-glutamatergic that is thought to act through the prevention
of excitoxicity and is widely prescribed, produces only a modest increase in survival time
of three months in clinical trials [24]. Recently, a drug originally developed for the
treatment of ischaemic stroke, Edaravone, was granted approval by the FDA for the
treatment of ALS in the United States. However, in Phase Il clinical trials Edaravone
showed no effect on ALSFRS scores, and a significance level was only reached in a small
cohort of patients with narrowly defined presentation in post-hoc analysis [25].
Additionally, Edaravone requires repeat 1V infusions, its effect on survival is unknown,
and a course of treatment costs $145,000. Further clinical trials of Edaravone are

suggested [26].

1.2 The relationship between ALS and Frontotemporal dementia

FTD and its pathological presentation - Frontotemporal Lobar Degeneration (FTLD) — is
the second most common form of young-onset dementia after Alzheimer’s disease [27].
FTLD is characterised by widespread degeneration of neurons in the frontal and temporal
lobes, presenting clinically as significant behavioural or language abnormalities [28], with
relative sparing of memory until late disease stages. FTD is clinically categorised as one
of three subtypes: behavioural variant FTD (bvFTD), semantic dementia (SD) or
progressive non-fluent aphasia (PNFA) [29, 30]. As for ALS, no disease modifying

therapy is available. Symptomatic treatment includes selective serotonin re-uptake



inhibitors (SSRI’s) to control compulsive behaviour [31] and general supportive care [28].
Diagnosis for both ALS and FTD is made primarily on clinical grounds in the context of
an appropriate history and examination. Neurophysiological testing is useful in ALS, but
other investigations such as imaging are essentially used to rule out mimic disorders [17,
18, 32]. While detectable cognitive dysfunction may be present in up to 50% of ALS cases
[33, 34], around 15% of patients meet formal clinical criteria for both ALS and FTD
(ALS-FTD) [33, 35, 36], the combination of which being associated with a worse

prognosis and reduction in survival time of around one year [36].

Despite significant clinical heterogeneity, the overlap in genetics and pathology between
ALS and FTD have led them to be widely considered as being part of a clinico-
pathological disease continuum, with pure ALS and pure FTD representing spectral
extremes [37]. Cases with mutations in more than one ALS/FTD gene are being
increasingly reported [38-40], suggesting that ‘oligogenic’ factors may be one element in

a ‘multiple-hit’ model of disease [41].

1.3 Genetics

The majority of ALS cases (~90%) display no clear genetic causation, while the remaining
~10% of cases are caused by one or more mutations of varying penetrance (see Table 1
for examples). It follows that the more highly penetrant mutations are found, the less likely
more are to be discovered in the future. A few isolated examples notwithstanding, it is
now entirely possible that the era of finding definitively causative mutations in ALS is
over. This naturally means that mutations that are discovered now require a higher
evidence of pathogenicity than those discovered previously, which tend to be more

obviously penetrant. Additionally, the picture building in ALS genetics is one of the



disease being accounted for mainly by rarer, lower penetrance variants, which can only
be elucidated through the sequencing of thousands of genomes on a worldwide scale.
Initiatives such as Project MinE (https://www.projectmine.com/) have been established to
assail this, but suffer from being conducted using peripheral blood, which is not affected
by the disease. Notably, mutations to some genes seem to predispose patients towards the
development of either upper or lower motor neuron predominant ALS [42-45]. A majority
of dominantly-caused genetic ALS is caused by mutations to four genes — C9ORF72,

SOD1, FUS and TARDBP (Table 1).

Gene Location | Function/processes Reference

CI90ORF72 | 9p21.2 Toxic RNA/dipeptide repeat [46]
aggregation/haploinsufficiency

SOD1 21g22.11 | Toxic aggregation, free radical [47]
scavenger enzyme

FUS 16p11.2 DNA/RNA metabolism [48]

TARDBP 1p36.22 DNA/RNA metabolism [49]

OPTN 10p13 Autophagy [50]

CHMP2B 3pl2.1 Autophagy, lysosomal pathway [51]

HNRNPAL1 | 12g13.1 RNA metabolism [52]

Table 1: Some of the genes that are implicated in ALS and that are included in this
study.



1.3.1 C9ORF72

In 2011, two independent groups reported that a hexanucleotide (G4C>) expansion within
a non-coding region of the chromosome 9, open reading frame 2 (C9ORF72) gene was
responsible for 40% of genetically caused ALS cases [46, 53], making it the most common
genetic cause of the disease, accounting for around 35% genetically-dominant ALS cases
[54] and around 25% FTD cases [55]. While the normal expression of C9ORF72 is
relatively low in the CNS, it is highly conserved across several regions [56]. However the
normal physiological function of C9ORF72 is unclear. A recent computational study
predicted that C9ORF72 possesses putative DENN domains [57], which act as
generalized regulators of Rab GTPases. This was later followed by mechanistic studies
supporting the role of C9ORF72 in the regulation of endosomal trafficking through
association with such enzymes [58, 59]. While a normal repeat range might be considered
to be <30, the precise number of repeats required to elicit disease is unclear. Pathogenic
repeat sizes in the hundreds or thousands are commonly reported [60]. However, repeat

sizes also vary significantly both within and across tissue types, including the brain [61].

Phenotypically, at least two studies have identified a relationship between age of C9-ALS
disease onset and repeat length [61, 62], postulated to be caused by an increase in
methylation of 5’ CpG islands [62], however this is apparently not recapitulated in FTD
[61]. Intermediate repeat sizes have also been associated with an increased risk of
neuropsychiatric symptoms in non-ALS/FTD phenotypes [63]. The variance of repeat
length across the sporadic ALS brain and whether this influences phenotype is unknown.
However, unlike in other expansion disorders (e.g HTT in Huntington’s disease), there

appears to be no element of genetic anticipation in C9ORF72 ALS/FTD.



The way in which the expansion induces pathogenicity is debated, but three primary
mechanisms have achieved prominence. Firstly, a reduced expression of both COORF72
RNA and protein is found in the frontal cortex, cerebellum and blood of C9-ALS patients
[64, 65], implicating haploinsufficiency of the gene as a pathogenic mechanism. This is
supported by motor phenotypes in both zebrafish [66] and C.elegans knock-out models
[67], as well as a recent study detailing the toxic effect of haploinsufficiency caused by
the expansion in patient-derived motor neurons [68]. However, several independently-
generated C90ORF72 knock-out mice do not develop a motor phenotype or
neurodegeneration [69-71], although interestingly do display various immunological
deficits. The contribution of haploinsufficiency as a mechanism of C9-ALS is therefore

somewhat inconclusive.

Secondly, mRNA containing the expansion is liable to undergo unconventional repeat-
associated, non-ATG mediated (RAN) translation, resulting in the formation of five
distinct dipeptide repeat (DPR) species. The toxicity of these DPR’s has been
demonstrated in several cell-model [72-74] and Drosophila [75] models. In humans
however, the toxicity conferred by DPR formation is less clear. The highest DPR burden
in human C9-ALS is within the cerebellum and hippocampus [76, 77], areas which are
largely unaffected by neurodegeneration in ALS, while DPR’s are sparse within the spinal
cord [78], the site of primary ALS pathology. Only the presence of Poly-GP correlates
with clinically affected areas and co-localizes with pTDP-43 [77]. Additionally, two
C90RF72 BAC-transgenic mice developed both DPR and RNA foci pathology but not
neurodegeneration or the phenotypic features suggestive of ALS/FTD [79, 80]. However,
one C9 mouse model utilising the full-length COORF72 gene displayed both DPR
pathology and neurodegeneration [81]. Case reports of extensive DPR pathology in

unaffected patients both with and without the expansion provides further evidence of their



potentially limited influence in humans [82, 83], and suggest that their effect is possibly
well tolerated. This is a significant cause of debate within the COORF72 field at present,
where what we can detect in the lab (nucleocytoplasmic defects caused by DPR’s etc) is

seemingly at odds with the realities of human biology.

Finally, foci containing RNA transcribed in both the sense and antisense directions have
been identified in patient brain tissue, peripheral blood and in transgenic cell lines [84,
85]. Unlike DPR’s which seem to only occur within neurons, RNA foci containing the
expansion have been identified in both neurons and glial cells [86]. Such foci contribute
to toxicity by sequestering RNA-binding proteins and their subsequent effect on pre-
MRNA splicing [85, 87]. A recent study using human brain tissue found that the biggest
target of C9-RNA is the RNA binding protein hnRNP H, which regulates the alternative
splicing of multiple target exons. In C9 brains many of these target exons were aberrantly
included/excluded, and the presence of insoluble hnRNP H correlated with the level of
splicing dysregulation in that region [88]. Sense RNA foci (containing GGGGCC) are
most numerous in the cerebellar granule neurons, while antisense foci (containing
CCCCGG) are more numerous in Purkinje cells and motor neurons [89]. Notably, only
the presence of anti-sense foci have been correlated with increased levels of mislocalized

TDP-43 [90].

1.3.2 FUS

Note: Some sections related to FUS in this thesis have been published. See publications,
page xv.

FUS encodes a 526 amino acid, 15-exon RNA binding protein of the FET family,

containing several distinct functional domains including a RNA-recognition motif and a



highly-conserved C-terminal nuclear localization signal (NLS) [91], where many of the
identified mutations occur (Fig 1). The precise normal physiological function of FUS is
unclear. However, known roles include transcriptional control [92], RNA processing
through splicing regulation of pre-mRNA’s [93], and DNA repair [94] [95]. While there
is still some debate on the nature of FUS toxicity, the range of functions involving FUS
highlight its potential susceptibility to dysfunction and the consequences for the
maintenance of cellular RNA homeostasis. Evidence to support both gain and loss-of-
function mechanisms now exists, and it appears likely that both mechanisms are

implicated, depending on the particular mutation and its functional connotations.

Under normal physiological conditions FUS is predominantly localized in the nucleus in
neurons, but is exclusively nuclear-based in glia [96]. However as an RNA-binding
protein, it possesses the ability to move between both through its role in
nucleocytoplasmic transport [97]. The characteristic presence of FUS-immunoreactive
inclusions in the cytoplasm of ALS-FUS (Fig 2) and FTLD-FUS (Table 2) has led to the
suggestion that mislocalization of FUS to the cytoplasm contributes to neurodegeneration
in these cases, by a gain-of-toxicity mechanism. This concept is closely tied to the
formation of stress granules, which notably contain mutant FUS but not endogenous wild-
type FUS [98]. The role of mutant FUS in stress-assembly dynamics is now well
documented [98-100] and illustrates an obvious differential between normal and disease
physiology. For example, one study has demonstrated how oxidative stress recruits mutant
FUS into stress granules where it can sequester wild-type FUS to disrupt RNA processing
and potentially initiate cell death [101]. Knock-down zebrafish models, however, display
a subtle motor phenotype and hyper extended axonal branching that cannot be rescued
with mutant FUS, suggesting loss-of-function [102]. A combination of both mechanisms

remains possible.



Disease Neuropathology Genetics Epidemiology Clinical features
- Degeneration of both upper and
lower motor neurons
- Significant neuronal loss within Proaressive muscular atroh
anterior horn of spinal cord FUS — over 50 D sg hagia phy
- Moderate neuronal loss of Betz cells | mutations described, | FUS mutations ysP g_
L . - Dysarthria
within layer IV of motor cortex and | particularly missense | account for ~4% ] .
ALS-FUS . . L L Respiratory failure
motor nuclei of brainstem variations within C- | fALS and ~1% .
. . . . Spasticity
- Dystrophic neurites, astrogliosis, terminal Nuclear SALS L
? . L o . Death normally within 2-3 years
microglial activation Localization Signal from svmptom onset
- TDP43-negative, FUS-positive ymp
neuronal and glial cytoplasmic
inclusions
- Widespread degeneration of frontal
Atypical cortex and ventralltemporal Iob.e. Normally behavioural variant
. - Tau/TDP43-negative, FUS-positive FTD
FTLD with 20 .
FTLD-FUS Ub (aFTLD- neuronal or glial inclusions Changes in personality and
u) predominantly within hippocampus, . emotion
amygdala, frontotemporal cortex Egrse :J?ai?gr?soi]; Irrationality, compulsiveness,
and striatum - ~10% FTLD confusion, repetition,
clinical FTD but . . : .
— - . cases display inappropriate behaviour
- Neuronal cytoplasmic inclusions without o
L . . . FUS pathology Psychiatric symptoms,
containing abnormal intermediate neuropathological - .
NIFID . L . e depression and anxiety common
filament accumulation in addition to | verification :
Memory, motor function and
FUS pathology : .
perception are relatively
- Significant FUS-pathology plus preserved until late disease
BIBD subcortical basophilic inclusions on stages
H&E staining

Table 2: Phenotype-pathology correlations of FUS-linked human ALS/FTD. ALS, Amyotrophic Lateral Sclerosis; FTLD, Frontotemporal Lobar
Degeneration; FTD, Frontotemporal Dementia; NIFID, Neuronal Intermediate Filament Inclusion Disease; BIBD, Basophilic Inclusion Body Disease; FUS,
Fused-in-sarcoma; H&E, Haematoxylin and eosin.
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Figure 1: Structure and functional domains of FUS. FUS is a member of the FET family of proteins, and contains
several functional domains including a QGSY -rich region, multiple RNA binding regions, a C-terminal Zinc-finger
motif and two low complexity or putative ‘prion-like’ domains. The majority of mutations in ALS-FUS are located
within the C-terminal nuclear localization signal domain in exon 15. Arginine methylation of the RGG3 region is
emerging as an important post-translational modification in the context of nuclear import.



1.3.3 ALS-FUS

Over 50 mutations in the FUS gene have now been reported in ALS — most of which are
missense — with a minority being in-frame deletions [91]. Many, including the most
common FUS mutation in humans, R521C, occur within the highly conserved C-terminal
nuclear localization signal [103]. Nearly all display an autosomal dominant pattern of
inheritance, albeit with varying degrees of penetrance. Notably, some mutations such as
P525L are associated with a more severe disease progression [104] and juvenile onset
[105, 106], with apparently sporadic occurrence, presumably because the condition is

frequently lethal before it can be transmitted [107].

The neuropathology of ALS-FUS may be related to its specific genetic cause and
subsequent disease course [108]. Predominantly a LMN disease with a younger average
age of onset and an aggressive course, patients typically display severe neuronal loss in
the spinal cord anterior horn with only low or moderate neuronal loss of Betz cells within
layer VV of the motor cortex [54]. Neuronal and glial cytoplasmic inclusions (NCI)
containing ubiquitinated FUS in the motor cortex, basal ganglia and spinal cord, as well
as dystrophic neurites [109] are seen (Table 2). TDP-43 pathology is entirely absent.
Certain variants including P525L seemingly predispose the formation of basophilic
inclusions (BI) [108], which can be readily viewed using haematoxylin and eosin (H&E)
(Figure 2A). Clinical presentation is consistent with classical ALS, although three groups
have reported similar clinical features in patients with the p.R521C variant, suggesting
correlation between individual mutations and specific clinical abnormalities [103, 110,

111].



1.3.4 FTLD-FUS

FUS mutations have only rarely been reported in FTD, and mostly co-exist with ALS,
making their significance in its pathogenesis unclear [91, 112-114]. One study identified
a unique variant within exon 4 (P106L) in a patient with pure bvFTD [115] (which could
not be confirmed as co-segregating because of lack of DNA from other family members),
and another reported a novel mis-sense variation (M254V) with predicted pathogenicity
in an FTD patient without ALS [116], but neither case has been confirmed post-mortem.
Indeed, there have been no reported cases of pure, clinical FTD that were both genetically
and neuropathologically confirmed as FUS-related. Additionally, the largest genome-
wide association study (GWAS) of clinical FTD to date involving exome sequencing of
3526 FTD patients and 9402 healthy controls found only weak association with variants
at the FUS locus, with none being at a genome-wide significance level [27]. Genome-
wide association studies, however, are only powered to detect an association between
common variants and a disease. The picture emerging from ALS genetics, though as yet

unconfirmed in FTD, is a genetic contribution mostly accounted for by rare variants.

Despite the absence of confirmed genetic cases, inclusions immunoreactive for FUS are
present in a small proportion FTLD cases (FTLD-FUS) and can be neuropathologically
sub-categorised as atypical FTLD-U, neuronal intermediate filament inclusion disease
(NIFID), or basophilic inclusion body disease (BIBD) [117, 118](Table 2). All are defined
by the presence of FUS-positive, tau/TDP-43 negative inclusions of varying formation,
often co-localized with the other two FET proteins EWS and TAF15, alongside prominent
degeneration of the frontal and temporal lobes. Atypical FTLD-U cases display uniform,
round neuronal cytoplasmic inclusions (NCI) throughout the brain, but mainly within

frontal and temporal neocortex, hippocampus and striatum [119]. NIFID is characterized



by NCI’s that are immunoreactive for all class IV neurofilament chains - the form of
which vary according to neuronal type and region [119] - with additional cytoplasmic
granules of FUS aggregation [120]. BIBD cases show large, round basophilic neuronal
inclusions on H&E staining that also show strong immunoreactivity for FUS,
predominantly within subcortical regions [121]. Interestingly, basophilic inclusions have
been noted in ALS-FUS without FTLD [104, 105, 122]. The considerable variation in
neuropathology between patients with FTLD does not correlate clearly with differences
in clinical features, compounding the difficulty in making assertions regarding
neuropathological aetiology. However, there is some evidence that aFTLD-U cases show

stereotypic clinical characteristics [112].
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Figure 2: The heterogenous appearance of FUS and pTDP-43 pathology in
ALS. Inclusions associated with the FUS P525L mutation, which exhibits clinically
as a juvenile onset and aggressive disease course (A,B). Basophilic neuronal
inclusions are present in ALS-FUS (arrowed) and can be viewed using H&E stain,
X63 Obj (A). Discrete neuronal inclusion immunoreactive for FUS associated with
the P525L mutation, X63 Obj (B). ALS-FUS inclusions in the anterior horn of
spinal cord, both X40 Obj (C,D). Well defined, compact inclusions (C) or intense
diffuse cytoplasmic staining (D) are commonly seen, often with clear nuclear
clearance. pTDP-43 pathology exists within neurons where it can be seen within
both the cell soma and apical dendrites (E). It is also prominent in glial cells, where
it can take the format of so called ‘cat-eye’ shaped inclusions (F). Pathology is often
more varied within the large anterior horn neurons of the spinal cord (G) where it
can exist as discrete inclusions [1] skein like inclusions [2] or cellular punctate [3].
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1.3.5 Evidence for distinct pathogenesis of ALS-FUS and FTLD-FUS

Despite structural and functional similarities between FUS and TDP-43, they are
differentially post-translationally modified (Table 3). TDP-43, for example is extensively
phosphorylated and cleaved to produce toxic, aggregate-prone C-terminal fragments,
while endogenous FUS is maintained at full length, even in disease [114]. The fact that
neurodegeneration is induced through the presence of a single point mutation within the
FUS gene in some cases of ALS, but FUS inclusions are the predominant pathological
characteristic of a subset of FTLD cases despite lack of mutation to its corresponding
gene, has led to the suggestion of each disease being driven by separate pathogenetic
mechanisms. Post-translational modification of proteins can drastically alter their
function; for example by changing their conformational shape through the addition of
charged amino acids at certain residues. Recently, evidence has emerged involving
specific post-translational modifications of FUS that suggest a possible explanation for
the differences in pathogenesis between the two diseases, whilst simultaneously

accounting for their shared FUS immunoreactivity.

Arginine methylation is a common post-translational modification of RNA-binding
proteins involving the addition of methyl groups either symmetrically or asymmetrically
to nitrogen atoms in the arginine side chain [123](Table 3). At least 20 sites within the
FUS protein, mainly located in the RGG3 domain, are arginine methylated, [124],
mediated primarily by protein N-arginine methyltransferase 1 (PRMT1) [125], inhibition
of which limits the capacity of mutant FUS to localize to the cytoplasm to form inclusions
[126]. The nuclear import karyopherin protein Transportin-1 strongly co-localizes with
FUS in FTLD-FUS [97], however in FTLD-FUS all FET proteins co-localize with

Transportin-1, whereas ALS-FUS inclusions contain exclusively FUS. In 2012, Dormann



et al [127] showed that arginine methylation impairs Transportin-1 dependent nuclear
import of FUS by preventing Transportin-1 binding upstream of the NLS. Using a novel
methyl-specific antibody, they also showed that inclusions in ALS-FUS are extensively
asymmetrically methylated. The authors used this evidence to speculate that
mislocalization of FUS in ALS is caused by mutations in the NLS that are then
exacerbated by arginine methylation in the RGG3 domain, whereas mislocalization in
FTLD-FUS may be caused more broadly by hypomethylation of all FET proteins,
mediated by altered Transportin-1 binding. This concept has recently been elaborated
through the development of monoclonal antibodies capable of distinguishing individually
methylated forms of FUS protein - unmethylated arginine (UMA), monomethylated
arginine (MMA) or asymmetrically arginine dimethylated (ADMA) [128]. Using these
antibodies, it has been possible to show that FUS inclusions in FTLD-FUS contain UMA
and MMA, whilst inclusions in ALS-FUS contain only ADMA (Table 3). UMA and
MMA show an increased binding capacity to Transportin-1, whilst arginine methylation
decreases its binding capacity and thus reduces nuclear import. Together, these studies
implicate a role for arginine methylation in FUSopathy, and for the first time provide
substantive evidence of each disease being driven, at least in part, by distinct pathogenetic

mechanisms.

Phosphorylation is another common post-translational modification involving the
covalent addition of a phosphoryl group by a protein kinase. FUS is phosphorylated by
DNA protein kinase (DNA-PK) in response to DNA damage, which leads to its
cytoplasmic accumulation [129], and there is evidence of DNA damage in FTLD-FUS
patients. Additionally, one group has shown that phosphorylation of a specific C-terminal
tyrosine residue impairs Transportin binding and prevents nuclear import [130]. Given

the multifactorial nature of FUSopathy (and indeed, ALS/FTD in general) it is likely that



both types of post-translational modification contribute to disease pathogenesis. However,
the actual pathological significance and contribution of each to human disease is still yet

to be demonstrated.



Disease ALS-FUS FTLD-FUS SALS FTLD- References
TDP
Genetics Over 50 FUS No evidence No GRN, [28, 91,
mutations of FUS mendelian | VCP and 109, 119,
described, mutations in pattern of C90RF72 | 131]
particularly pure FTLD inheritance | mutations
within Nuclear
Localization
Signal
Pathological sub-types N/A aFTLD-U, B A B,C, [28, 91]
NIFID, BIBD D.
Primary inclusion component FUS FUS TDP-43 TDP-43 [91, 109,
132]
Other FET proteins (EWS, TAF15) gYe v X X [119]
inclusion
components | Ubiquitin v variable v v [133]
Transportin-1 X v % % [128]
Post- Phosphorylation X x* v v [129, 130]
translational
modifications —
of main Arglnlne_ Unmethylated X v X X [125-128]
inclusion Methylation | (UMA)
component Monomethylated | ¢¢ v X % [125-128]
(MMA)
Dimethylated v X X X [125-128]
(ADMA)
Cleavage X X v v [49, 93]

Table 3: Pathogenetic differences between ALS-FUS, FTLD-FUS, sporadic ALS and FTLD-TDP. Under normal physiological conditions, FUS
does not appear to undergo any post-translational modifications. Arginine methylation is facilitated by protein methyltransferase 1 (PRMT1), which
inhibits binding to Transportin-1 and prevents nuclear re-localization. Hypermethylation of FUS protein only occurs in ALS-FUS, and not FTLD-FUS,
suggesting possible insight into the way FUS aggregates are the predominant pathological characteristic of FTLD-FUS despite the absence of causative
mutations. *= FUS is phosphorylated in response to DNA damage, some evidence of DNA damage in FTLD.



1.3.6 Current rodent models of ALS-FUS

Note: Some of this section has been published, see: Publications, page XX.

Significant progress has been made regarding modelling FUSopathies associated with
FUS mutations in vivo; including the development of cellular, vertebrate and invertebrate
models. While invertebrate models using Saccharomyces cerevisiae [134], Drosophila
melanogaster [135], and Caenorhabditis elegans [136] have yielded various insights,
vertebrate models in general provide more translatable results to human disease because
of their increased genetic homology - at the notable expense of being considerably more
complex and time consuming to generate. Recently several groups have characterised
their own ALS-FUS rodent models created using a variety of transgenic and viral-

mediated methods.

Originally, FUS was identified for its role as a fusion oncoprotein in the development of
round cell liposarcomas and human myeloid leukaemia’s. Nine years before the
recognition of its relevance to ALS/FTD, two groups created FUS knock out (KO) mouse
models to investigate its functional role and effects of haploinsufficiency. Hicks et al
(2000) used insertional site mutagenesis to create a null mutation that effectively caused
FUS transcriptional silencing. Mice failed to suckle, dying within 16 hours of birth, and
affected cells showed an increase in aneuploidy and chromosomal aberrations, which the
authors used to highlight the importance of FUS in genomic maintenance and
chromosomal stability. Another group used a similar non-functional insertional cassette
technique to adequately disrupt FUS transcription, albeit resulting in low level expression
of a severely truncated, non-functional protein [137]. Kuroda et al analysed their model
solely in terms of the reproductive system, and neither group investigated their model

neuropathologically. The first neuropathological analysis of FUS KO mice was performed



recently [138], utilising the same mice as Hicks but heterozygotes were outcrossed with
ICR mice before inter-crossing the F1 progeny. FUS™ mice displayed a reduced body
weight but no motor phenotype, and numbers of choline-acetyltransferase positive
neurons were normal. Mice did display non-progressive vacuolations, particularly in the
hippocampus. The lack of both motor phenotype and neurodegeneration in KO mice
suggests that FUS depletion alone is insufficient to cause ALS symptoms or pathology.
Interestingly however, a reduction in motor activity has been reported in two zebrafish
knock-down models using anti-sense morpholino oligonucleotides [102, 139]. This is
perhaps surprising given that morpholinos are generally only capable of partially reducing
target gene expression. The reason for this apparent phenotypic discrepancy between
species is unclear, but the difficulties in identifying subtle motor impairments in
embryonic zebrafish are noted. Alternatively, it may feasibly be due to a more significant

functional role played by FUS in the developing zebrafish embryo than the adult mouse.

The effects of mutated FUS displaying a gain-of-function mechanism of toxicity have
been described in various cell culture experiments, and the cellular toxicity of wild-type
(WT) Fus overexpression has been documented in yeast [134]. The aggregation
propensity of wild-type (WT) FUS was investigated by Mitchell et al (2012) in mice, who
overexpressed WT human FUS cDNA under the control of a mouse prion protein gene
promoter. FUS** mice developed a rapid decline in motor function from four weeks old,
and displayed intense FUS perinuclear inclusions in Layer VV motor cortex and striatum,
with additional diffuse cytoplasmic staining throughout cortical neurons, despite total
FUS expression being only 1.7 times higher than non-transgenic mice. Neuronal loss was
seen in the spinal cord but not in the brain, with consequent impaired neuromuscular
function. Aggregation of structurally normal (i.e. non-mutation affected) FUS is

characteristic of FTLD, however the severe motor dysfunction seen in these mice supports



the suggestion that aggregation of WT FUS is sufficient to induce neurodegeneration and

the motor phenotype of ALS.

Normal FUS protein contains several distinct functional domains, including multiple
RNA binding regions, a C-terminal Zinc-finger motif and a highly-conserved Nuclear
Localization Signal (NLS). Recently, several groups have attempted to drive pathology
by inducing mutations in the NLS. In perhaps the most extensive characterisation of a
FUS rodent model to date, Qiu et al (2014) used a prion promoter to drive expression of
the human R521C mutation in transgenic mice, leading to severe motor deficits and death
within 4-6 weeks of symptom onset. While there was significant and progressive neuronal
loss, FUS expression was predominantly nuclear, demonstrating that neurodegeneration
induced by the mutation was not caused by aggregation of cytoplasmic FUS. Expression
analysis identified significant alterations in genes involved in transcription and RNA
processing, which were predicted to be the cause of severe dendritic and synaptic defects
in spinal and cortical motor neurons. In addition, the authors identified deficiencies in
DNA repair caused by R251C mutant FUS being unable to interact with the chromatin re-
modelling factor HDACL. However, this study did not utilise mice expressing human WT
FUS, so it is unknown whether these defects were as a result of the mutation or

overexpression of FUS protein itself.

Some groups have investigated more dramatic genetic FUS alterations. Shelkovnikova et
al (2013) generated transgenic mice that lacked both the entire NLS and RNA binding
motifs, while still retaining the N-terminal prion-like domain. This allowed the
investigation of FUS pathogenicity independent of its ability to sequester RNA binding
proteins and its effect on RNA processing, while still being highly aggregate prone. Mice
showed degeneration of motor neurons, neuroinflammatory reactions with abrupt

development of a severe motor phenotype, death within a few days of symptom onset, and



distinct FUS inclusions within LMN cell bodies and in the motor cortex. Taken together,
these results are significant because they suggest that FUS aggregation and inclusion
formation caused by mutant FUS is sufficient to induce neurodegeneration independently
of the role of FUS in RNA metabolism. Robinson et al (2015) combined approaches, and
created a model that both lacked an RNA recognition motif and contained the R522G
point mutation within the NLS. Mice exhibited pronounced tremor followed by early
death, and widespread cytoplasmic FUS aggregation in the cortex, brainstem and
cerebellum, suggesting that lack of RNA binding to FUS increases its inherent propensity
for cytoplasmic aggregation. However, there was no evidence of neuronal loss or
astrogliosis. While significant as proof-of-concept, the extent of genetic alteration
required to induce pathology in both studies makes the relationship to human disease

pathogenesis uncertain.

A different approach has been to use somatic brain transgenesis (SBT) to overexpress
human mutant FUS cDNA [140]. Mice were intracerebally injected with an adeno-
associated virus vector, incorporating either the R521C mutation or FUS lacking the
nuclear localization signal entirely (A14). The advantage of this method is its speed - mice
can be generated within a few months as opposed to years when using traditional
transgenic approaches. Affected mice however showed no phenotype when euthanized at
3 months. Neuropathologically, FUS R521C mice showed a large increase in cytoplasmic
FUS without obvious NCI formation or neurodegeneration, while FUS Al4 mice
displayed FUS pathology more closely mimicking human disease including ubiquitin/p62
positive NCI. Additionally, the authors also used this method to overexpress wild-type
(WT) human FUS. Unlike those reported previously [141], overexpression of WT FUS
did not cause any abnormal pathology or neurodegeneration. Huang et al (2011) created

two rat models; one expressing the R521C mutation, and one overexpressing WT human



FUS at comparable levels. Similar to their mice counterparts, R521C rats developed a
progressive paralysis resembling human ALS, and also displayed motor neuron
axonopathy with motor neuron loss in both the hippocampus and the cortex. NCI were
absent, but diffuse cytoplasmic FUS staining was noted in ventral horn motor neurons.
Rats overexpressing WT FUS did not develop a significant motor phenotype, but did
display deficits in spatial learning and memory, with moderate neuronal loss in the frontal
cortex. Consistent with previous studies [141] this suggests that overexpression of WT
FUS is sufficient to induce neuronal loss but that mutant FUS is more toxic than WT. The
phenotypic differences between the Verbeeck model and other models involving the same
mutations/WT-overexpression may be due to the transient expression of the adenovirus
before it is cleared, the localized expression of AAV transgenes, or because mice were

euthanized before the development of severe NCI formation/phenotype.

Finally, Sephton et al (2014) used a Cre-inducible transgenic approach to create two mice
lines, expressing either human WT FUS (FUSYT) or the R521G (FUSR®?16) mutation,
both at comparably low levels. Nearly all mice developed a severe motor phenotype and
early lethality, with some FUSR®2® mice escaping this and exhibiting subtle motor
impairments and altered sociability. This is in contrast to previous studies mentioned
above, which concluded that expression of WT FUS is less pathogenic than mutant. While
there was no evidence of FUS cytoplasmic mislocalization, aggregation or neuronal loss
in either model, the authors suggested these features are end-stage pathological markers
of human disease, precipitated by the denervation of neuromuscular junctions (NMJ) that
caused the motor phenotype. Interestingly, differences in gene expression between models
suggests that FUSWT exhibits a loss-of-function mechanism through its effects on gene
expression, while FUSR®21C exhibits gain-of-function toxicity through its disruption of

synaptic homeostasis. This is consistent with the effects of the R521C mutation on the



regulation of genes relating to synaptic function in the Qiu et al model. Most recently in
an elegant study, Sharma et al (2016) used Cre-LoxP to generate mice expressing a single
copy of human WT FUS, (FUSWT), R521C (FUSR®%€) or P525L (FUS™?L) at the MAPT
locus, and an additional knock-out model. Unlike previous over-expression models [104,
141], they demonstrated that overexpression of WT FUS alone was insufficient to induce
neurodegeneration, but that mutant FUS is more stable and pathogenic than WT.
Additionally, they demonstrated that near-complete removal of endogenous FUS from
mice does not lead to motor neuron degeneration, supporting the idea that the
neurodegeneration seen in FUS mutant mice is caused by a toxic gain-of-function, not
loss-of-function [105, 106]. As in the previous Cre-LoxP model [142] there was also
significant denervation of NMJ in both mutant models preceding neurodegeneration,
adding weight to the suggestion that neuronal loss is a downstream consequence of NMJ
denervation caused by these mutations. However, the survival time of these mice was

normal, and there was no NCI formation in any line.

Given its significance in the pathophysiology of ALS/FTD, modelling FUSopathy in vivo
has been a focus for several groups. However, reproducing both the motor dysfunction
phenotype and the distinct neuropathological features of FUS-linked ALS has proven
challenging in rodents. In particular, while the models discussed here provide clues as to
the pathomechanistic role of FUS and its significance in the neurodegeneration of human
disease, none of the above completely recapitulate the features of human ALS, and all
current models compromise in at least one area of human pathophysiology. To our
knowledge there is currently no vertebrate model that mimics the unique post-translational
modifications associated with human FTLD-FUS, which are clearly distinct from

FUSopathy with FUS mutations.



Several of the models described above were created using traditional plasmid-mediated
transgenic methods, which have their own methodological limitations. Small cDNA-
based transgenes lack the regulatory upstream sequences found as part of many complex
mammalian genes. Also, several of the models described here use heterologous promoter
sequences that cause expression of the transgene in excess of what would normally be
expected in human disease. A Bacterial Artificial Chromosome (BAC) approach may
somewhat ameliorate these issues, by allowing the integration of important regulatory
sequences some distance upstream of FUS in addition to an endogenous mouse promoter,
as well as being modifiable to direct cell-type specific gene expression. Unlike small
cDNA-based transgenes, the expression of BAC clones also correlates closely with copy
number. This approach has already been used in the context of ALS to generate two
C90RF72 mouse models [80, 143], and the neuropathology associated with a novel ALS-
FUS model is described in chapter 4. CRISPR-Cas9 allows for the knock-in of specific
point mutations, without extensive off target effects or the need for exogenous regulatory
sequences, and it is anticipated that this tool will be used extensively in neurodegenerative
disease modelling in the coming years. Finally, of note is that many of the aforementioned
studies did not conduct significant transcriptional profiling of their models, which is
perhaps surprising given the known role of FUS in the expression regulation of several
target genes identified in cell culture experiments. Elucidating the precise normal
physiological function of FUS and further refinement of vertebrate models will likely aid

our understanding of its role in the pathogenesis of both ALS and FUS.



1.3.7 SOD1

In 1993, mutations to the superoxide dismutase (SOD1) gene were identified as causing
ALS [47], making it the first definitively identified gene to be associated with the disease
and representing a major step-change in ALS research. Collectively, SOD1 mutations
account for around 20% of genetically-inherited ALS cases [144], and a small number of
sporadic cases [145], of which over 100 individual mutations have been identified [146].
Most are heterozygous dominant, although a small number of homozygous dominant and
recessive cases have also been reported [147, 148]. The cellular consequences of each
mutation are dependent on their location within the protein - mutations at conserved
residues such as those at metal binding ligands or the dimer interface are more highly
disruptive [146], but all result in the cytoplasmic aggregation of the mutant protein within
neurons to varying degrees (Fig 16F). Additionally, the phenotypic effects of each
mutation in-vivo are also highly variable, with patient survival time and disease course in
some mutations (e.g A4V) causing aggressive disease and highly reduced lifespan, while

others (e.g G37R) causing a prolonged disease course [149].

Present in both the nucleus and cytosol, SOD1 is a relatively small metalloenzyme
comprised of 153 amino acids, coded by just five exons, and whose main physiological
function is as a free-radical scavenger through its catalysis of the toxic superoxide anion
(O2) to hydrogen peroxide (H202) and oxygen [146, 150]. Broadly, gain-of-toxicity is
thought to be conferred by an increase in cellular oxidative stress, however some mutant
forms of the protein exhibit almost the same anti-oxidant activity as wild-type [151], and
mutant SOD1 is now thought to contribute to toxicity through a number of non-mutually

exclusive mechanisms [152].



1.3.8 TARDBP

In 2008 mutations to the corresponding gene of TDP-43, TARDBP, were identified as
causative in a small percentage of both sporadic and dominantly inherited ALS [153] and
FTD cases, further implicating the importance of TDP-43 and RNA processing more

broadly in the pathogenesis of both diseases.

TARDBP is highly expressed in most tissue types and conserved across mammalian
species. Structurally similar to FUS, it possesses two RNA-recognition motifs that are
capable of binding both DNA and RNA, as well as a highly conserved, glycine-rich C-
terminal region where the majority of mutations occur, clustered around exon 6 [154].
TDP-43 exhibits a variety of cellular functions including in transport of nascent RNA
across the nuclear membrane, gene expression and translation. TDP-43 also plays a key
role in the promotion of exon splicing or inclusion of several mRNA’s, including SMN2
[155]. Expression of TARDBP itself is tightly autoregulated through binding of TDP-43
to specific sequences within its 3> UTR [156], by inhibiting its binding to the most
proximal polyadenylation site and causing the splicing of multiple introns leading to its
subsequent reduction within the cytoplasm [157]. Functional TDP-43 also represses the
splicing of non-conserved ‘cryptic exons’, maintaining intronic integrity. Evidence from
primary mouse neurons suggests that when nuclear TDP-43 is depleted, cryptic exons are
spliced into mMRNA, often resulting in the translation of premature stop codons or the
degradation of the RNA through nonsense mediated decay [158]. Alterations to both
mechanisms are thought to contribute to ALS/FTD disease pathogenesis. Spinal motor
neurons containing pTDP-43 aggregates show an increased ratio of TARDBP mRNA

within the cytoplasm [157], which is thought to contribute to a destructive negative-



feedback loop of aberrant RNA homeostasis. However, the transcriptional effect of

mislocalized TDP-43 on TARDBP within upper motor neurons is unknown.

The mechanism of toxicity conferred by mutations is debated. Knock-out of tardbp is
embryonic lethal by E8.5 in mice, however heterozygous tardbp mice display decreased

grip strength and other motor deficits without degeneration of motor neurons [159].

1.3.9 CHMP2B, OPTN and HNRNPA1

Mutations to genes other than C9ORF72, SOD1, FUS and TARDBP comprise <1% of all
ALS cases, and often present clinically with a more severe upper/lower motor neuron
phenotype. While rare, the functional implication of these genes can be used to highlight

potential aberrant processes that exist in the more common forms of ALS.

CHMP2B encodes the multivesicular body protein 2B, which in yeast-based functional
studies has been identified as being part of the endosomal ESCRTIII complex, a transport
unit involved in the trafficking of proteins between the plasma membrane and Golgi
network [160]. Mutations to CHMP2B disrupt mRNA splicing and have been strongly
implicated in the causation of a small number of both FTD and ALS cases [45, 161].
Notably, several of the identified cases have exhibited a predominance of lower motor

neuron pathology [45, 51].

OPTN, located on chromosome 10 encodes the coiled-coil containing protein optineurin.
Originally named for its neuroprotective role in the optic nerve and implication in the
development of glaucoma, mutations to OPTN have since been identified in a small
number of ALS cases [50]. OPTN is interesting because it is one of four autophagy

receptors that link ubiquitinated cargoes to autophagic membranes and interacts with



TBK1, another gene implicated in ALS/FTD, together highlighting the potential

importance of dysregulated autophagy in ALS/FTD.

Recently, mutations to another RNA binding protein, HNRNPAL, have been identified as
a rare cause of ALS and multisystem proteinopathy [52]. hnRNPAL1 is one of a family of
ribonucleoproteins whose main functions are in the alternative splicing and processing of
nascent pre-mRNA’s within the nucleus, and whose importance is underscored by its
ubiquitous expression in nearly all cell types (https://www.ncbi.nlm.nih.gov/gene/3178).
Like FUS and TDP-43, hnRNPAL also possesses an N-terminal low-complexity prion
like domain, mutations to which contribute to its aberrant phase transition and subsequent
accumulation within pathological aggregates [162]. TDP-43 interacts with hnRNPA1
through its glycine-rich C-terminal region, however hnRNPA1 immunoreactivity is
reduced in the nuclei of spinal motor neurons with cytoplasmic TDP-43 aggregation
[163]. These pathological and genetic implications for hnRNPAL further confirm the
importance of RNA processing and alternative splicing in the pathogenesis of ALS,

however the significance of hnRNPAL function in FTD is less clear.

1.3.10 An ‘oligogenic’ hypothesis of disease

Over 50 genes have now been implicated in ALS/FTD, either through identification of
index cases or GWAS based approaches. However, identification of affected kindreds is
reliant on a number of variables for them to be suitably identified, and GWAS studies are

only powered to detect associations between common variants and disease.

An interesting feature of ALS genetics is the existence of two or more causative mutations

in some ALS patients or families at a higher rate than would be expected by chance. This



has become known as the ‘oligogenic’ hypothesis of disease. This hypothesis is
exemplified in lineages containing inherited mutations that display incomplete penetrance
in phenotypically normal family members, where affected individuals possess risk factor
variants in multiple genes. Such oligogenic variants have the potential to influence the
neuropathology or phenotype of a more dominant mutation in ALS/FTD, as has been
evidenced in several cases [39-41, 164], with some patients exhibiting altered
neuropathology and/or clinical course than would normally be seen with an isolated
mutation. This effect is also recognised in the context of several other diseases [165-168].
Interestingly, it has also been suggested that some patients require more than one mutation
to express disease [169]. In a recent study, it was demonstrated that there is a higher
burden of variants within non-coding regions of FUS and TARDBP in sporadic ALS cases
[170], which potentially have the ability to act as risk or disease modifiers. However, this
study was conducted by sequencing peripheral blood, and the defined compartmentality

of the CNS means that the relevance of these variants to ALS disease is unclear.

Investigating the relative contribution of these modifier variants to disease pathogenesis
is often challenging and requires extensive experimental as well as computational
genomic and bioinformatic analysis. Further work is required to elucidate the influence

of such genetic modifiers on ALS/FTD.



1.4 Neuropathology

1.4.1 Anatomical vulnerability

Atrophy of affected regions can be seen post mortem, and depending on the severity, also
in vivo using various imaging modalities [171-173]. The regions of the CNS most
obviously affected by the disease are those which physically degenerate and can be
visualised histologically, i.e the lower motor neurons within the descending pathway of
the spinal cord anterior horn, the trigeminal and hypoglossal cranial nuclei within the
brainstem, and the upper motor neurons originating in the primary motor cortex. The
frontotemporal and associative cortices are considered pathophysiologically involved
(especially with the concomitant development of FTD) but do not necessarily exhibit

macroscope evidence of degeneration.

While there is pathological involvement of other regions (e.g hippocampus, cerebellum),
their degeneration is not obviously apparent, although it should be noted that their obvious
degeneration does not preclude the significance of their involvement. In COORF72
disease for example, large numbers of both RNA foci and dipeptide repeat proteins are
found in both the cerebellum and hippocampus, normally considered disease unaffected
regions. However, this may simply be as a result of the higher density of neurons in these
regions relative to the cortex, and their significance in the pathophysiology of ALS is

unclear.



1.4.2 Neuropathology and neurodegeneration

Around 97% of ALS cases are associated with hyperphosphorylated TDP-43 within
neurons and glial cells (Fig 2E-G) with the rest being associated with SOD1 and FUS
inclusions. In CO9ORF72 disease, pTDP-43 is present in addition to p62-positive dipeptide
repeat proteins, as well as RNA foci transcribed in both the sense and antisense directions.
However, while the presence of pTDP-43 is observed in a majority of cases, and the toxic
effect of TDP-43 has been extensively demonstrated in-vitro [174-176], the relationship
between pathology and neurodegeneration is not completely understood. Some have
speculated that the presence of pTDP-43 at post-mortem - as an end-stage phenomenon -
is actually neuroprotective. In this model, soluble TDP-43 and its subsequent creation of
toxic oligomeric species are what drive neurodegeneration, and the aggregation and
phosphorylation of the protein is essentially the cell ‘doubling down’ on the disease
process to prevent further spread. However, whether this is actually the case is unknown
in part because of a lack of models in vitro which develop hyper-phosphorylated TDP-43
inclusions. While some mutations result in a more obvious gain-of-function toxic effect
(e.g SOD1), the mechanism in sporadic TDP-43 disease is less clear. Prior to the
aggregation of TDP-43 within the cytosol there is loss of nuclear TDP which negatively
affects multiple functions including DNA damage repair [177] and the proper repression

of cryptic exon spicing [158].

1.4.3 TDP-43 proteinopathy

Post-mortem TDP-43 pathology is morphologically heterogeneous and exists in several

forms depending on cellular and anatomical location (Fig 2E-G). In neurons, pTDP-43



exists as diffuse skeins, cytoplasmic punctate or as larger discrete inclusions, and these
can be restricted to the soma or within dendrites and axons (Fig 2E). In oligodendroglia,
which can be identified histologically by the size and shape of their nucleus, pTDP-43
pathology is present as either skeins or characteristic ‘cat eye’ shaped inclusions (Fig 2F).
pTDP-43 inclusions are present in most layers of the cerebral cortex with the exception

of layer I, but including the subcortical- and deep layer white matter.

1.4.4 Microglial activation and the neuroinflammatory response

Microglia are the innate immune cells of the CNS, whose main function is the
phagocytosis of cells/aggregates as part of the neuroinflammatory response. Microglia
robustly express the transmembrane glycoprotein CD68 in response to injury as part of an
‘activated’ phenotype. Microglial activation and proliferation is commonly implicated in
the pathogenesis of ALS [178], and cortical microgliosis is a prominent feature at post-
mortem, however whether this response is in itself pathogenic or primarily a subsequent
reactive event is debated. Notably, the presence of wild-type glial cells in the SOD16%3A
mouse results in the prolonged survival of mutant SOD1 motor neurons [179], suggesting

significant non-cell autonomous roles for both microglia and astrocytes.

Both wild-type TDP-43 and its C-terminal fragments initiate CD14-mediated NF-xB
activation as well as the intracellular NLRP3 proinflammatory cascade in vitro, which is
toxic to motor neurons [180, 181]. In addition, loss of TDP-43 within microglia causes
severe synaptic loss in knock-down mice, but only rarely do microglia exhibit TDP-43
mislocalisation [182]. However the extent to which TDP-43 aggregation might in itself is
responsible for the observed microgliosis has been somewhat clarified in a recent study

utilising an inducible TDP-43 mouse model, which demonstrated that the presence of



TDP-43 - not neurodegeneration - is responsible for an increase in microglial proliferation
[183]. However, further work is required to establish whether it is intracellular TDP-43,
or perhaps TDP-43 aggregates left behind after the destruction of the cell that is

responsible for this response.

1.4.5 Inhibitory GABAergic interneurons and the cortical hyperexcitability
phenotype

The majority of neurons (~80%) within the cortex are projection neurons, which project
distally and use excitatory neurotransmitters such as glutamate to propagate action
potentials across the synaptic cleft. However, a smaller population of neurons are
inhibitory, utilise y-aminobutyric acid (GABA) and project intrahemispherically. GABA
binds to specific transmembrane receptors in both the pre- and post-synaptic processes,
hyperpolarizing the neuron by allowing the flow of negatively charged chloride ions into
the neuron and preventing excitation. The main role of interneurons therefore is as a
negative-feedback mechanism to prevent the runaway hyperexcitability of the cortex.
Small populations of excitatory interneurons utilising glutamine also exist within the

spinal cord [184].

Calcium-binding proteins (CBP) protect neurons from excitotoxicity via increased
intracellular calcium by regulating Ca2* concentration within the cytosol. CBP are highly
expressed in subpopulations of GABAergic inhibitory interneurons, whose degeneration
has previously been implicated in several diseases [185-187], including ALS [188]. A
cortical hyperexcitability phenotype has been described in ALS patients [189], and has
subsequently led to ALS being described as potentially being an ‘interneuronopathy’

[190]. Two neuroimaging studies revealed decreased GABA concentrations and



benzodiazepine receptor unit distribution in the primary motor cortex [191, 192].
Additionally, previous studies have suggested loss of inhibitory interneurons as prominent
feature of cortical dysfunction in animal models [193, 194]. However, the assessment of
interneuron numbers in the human ALS primary motor cortex post mortem has produced

conflicting results [188, 195, 196].

1.4.6 Projection neuron diversity and loss

The functional output of the mammalian neocortex is maintained by the excitation and
inhibition of neuronal circuitry initiated by two main classes of neurons — projection
neurons, which are largely excitatory, and interneurons, which are largely inhibitory.
Projection neurons reach distant targets either intrahemispherically or elsewhere, and can
be further subdivided by the target of their axonal projection. Subtypes include cortico-
thalamic, cortico-spinal and callosal, the development of which are tightly regulated by
the delicate up/down temporal expression of one or more neuronal transcription factors
critical for lineage fate, some of which are maintained post-mitotically. T-box brain
protein 1 (TBR1) is critical for cortico-thalamic projection neuron (CThPN) development
[197]. CTIP2 is a determinant of subcerebral projection neuron fate, which in the case of
the motor cortex specifies projection into the corticospinal tract as corticospinal projection
neurons (CSPN) [198]. SATB2 is critical for axonal projection across the corpus callosum
into the contralateral hemisphere as callosal projection neurons (CPN) [199, 200]. Finally,
Fezf2 is an essential determinant of cortical laminar migration and is considered a ‘master

regulator’ of projection neuron fate [201].

ALS is typically thought of as a CSMN disease, and studies have indicated that CSMN

expressing CTIP2 undergo early degeneration in the SOD1%%** model [202]. Betz cells



are the largest cell type in the CNS, whose presence define the primary motor cortex.
While they are often quoted as projecting solely into the corticospinal tract, much of the
work done to identify this has been done in mouse models which display considerable
differences in UMN anatomy. Pyramidal Betz cells also selectively degenerate in ALS,
but rarely accumulate the disease-defining pTDP-43 aggregation pathology associated
with the disease [203]. The degeneration of inhibitory interneuron populations in the ALS
primary motor cortex has previously been described [188]. However, the expression of
the above genes, and the specification and involvement of these molecularly defined

projection neuron subtypes in the human ALS motor cortex is unknown.

1.4.7 Oligodendroglial dysfunction

Oligodendrocytes are a diverse type of glial cell which can be identified histologically by
their characteristic round nucleus, chromatin structure and nucleolus, thin rim or
perinuclear eosinophilic or clear cytoplasm and laminar position. The main role of
oligodendrocyte is support of the neuron, either directly as a metabolically supportive

‘satellite’ oligodendrocyte or via the production of insulating myelin.

Myelination of axons allows for efficient salutatory conduction and fast transmission of
action potentials. Myelinating oligodendrocytes are capable of extending processes to
ensheath up to 50 axons [204]. Demeylination of axons is a prominent feature of several
neurodegenerative diseases including multiple sclerosis and ALS [205, 206]. After
demyelination, small populations of immature oligodendrocyte precursor cells (OPC)
retained in the adult CNS are able to migrate to the site of injury and remyelinate [207,
208]. It is therefore plausible that one aspect of autosomal dominant ALS is the

detrimental effect of the mutation on the efficiency of OPC migration, differentiation or



remyelination. Inhibiting oligodendrocyte formation in normal mice results both in a lack
of myelin production and inability to learn a motor task [209]. Additionally, the selective
removal of mutant SOD1 in oligodendrocytes significantly delays disease onset and
prolongs survival in the SOD1%%* model, which exhibits early dysfunction of
oligodendrocytes [205]. Ferraiuolo et al (2016) showed reduced motor neuron (MN)
survival and altered axonal architecture when oligodendrocytes from ALS patients were
co-cultured with disease free MN, and that this degeneration generally required close cell-

to-cell proximity but could also be induced through the secretion of soluble factors [210].

Neuropathologically, oligodendrocyte pTDP-43 inclusions are numerous in both the brain
and spinal cord of ALS patients [211], where they have a distinctive morphological
phenotype (Fig 2F). However, whether these inclusions represent a primary event or are
a subsequent reaction to TDP-43 dysfunction in neighbouring neuron cells is unclear.
TDP-43 can be transmitted across axon terminals from neuron-neuron in vitro [212], but
whether this can occur between non-neuronal cells is unknown, as is the potential
relationship between ALS genotype and preponderance to oligodendrocyte pTDP-43
inclusions. Additionally, while oligodendroglial pTDP-43 inclusions are common within
the motor and sensory cortices, they are rare within the deep-white matter of the
corticospinal tract, corpus callosum and cingulum bundle [213]. This suggests that while
they may be affected by local disease, they are unlikely to be involved in the distant spread

of pathological TDP-43.

1.5 The nature of disease progression

While ALS is a disease of motor neurons, and the majority of pathology is confined to the

motor cortex and spinal cord, the nature of disease progression across the neuraxis is



debated. In such debates a distinction should be made between pathological spread and
clinical progression, which may or may not be correlated, as a significant proportion of
ALS cases exhibit relatively minor TDP-43 pathology even at the clinical end stage of
disease - i.e post mortem [214]. Additionally, the reasons for vulnerability/resistance to
the disease across motor neuron populations are not completely understood. Evidence for
whether ALS exists because of a cell-type vulnerability that affects regionally distinct
cell-types, or as a systems vulnerability that follows a predictable pattern of spread across

regions is evaluated here.

1.5.1 Mechanisms of spread

Mislocalization and aggregation of pTDP-43 is the primary pathological observation in
around 95% of ALS cases. In a recent study, Brettscheider et al [214] assessed pTDP-43
deposition in a cohort of 76 sporadic ALS cases, analysing 22 regions of the CNS. They
suggested that the progression of pTDP-43 aggregation can be considered in four stages,
beginning in the clinically affected motor cortex and spinal cord in stage I, and
progressing to the clinically unaffected hippocampal formation in stage I1V. This staging
system is based upon pTDP-43 not only originating in the spinal cord/primary motor
cortex, but also getting progressively worse in these areas as disease duration is prolonged.
The authors suggest a corticofugal spread of pTDP-43 pathology, where grey matter
regions are sequentially involved through white-matter tract spread, and of ultimately
ALS being a ‘corticoefferent’ syndrome. This concept was supported in a subsequent
study that assessed pTDP-43 pathology within white matter oligodendrocytes [213],
which mirrored the pattern of progression in the Brettschneider study. This sequential

spread would suggest a systems vulnerability to TDP-43 pathology, if not the disease.



However, there are issues with this staging approach. There is significant variability in
pTDP-43 deposition between sporadic cases for example, with some cases of SALS
exhibiting very little pTDP-43 within the primary motor cortex at post-mortem, despite
all cases presumably being at the same clinical end-stage. This thesis will describe several
cases that demonstrate that the aggregation of pTDP-43 pathology within the primary
motor cortex - and its relationship to degeneration - is not linear within this genotype. The
progression of pTDP-43 pathology described in the aforementioned papers therefore
requires validation in an at least one other, independent cohort before it should be
considered as robust a staging system as that of Braak staging for Tau. It is noted that the
high quality and specificity of available primary antibodies targeting the disease specific,
hyper-phosphorylated form of TDP-43, which have been extensively optimised and
validated in hundreds of peer-reviewed studies, permits the creation of an accurate TDP-
43 neuropathological staging system (see section 1.8 — Antibody validation and usage).
Post mortem staging in this way is warranted because there is currently no TDP-43
specific ligand capable of labelling the protein in vivo through PET imaging as there is

for other neurodegenerative proteins such as tau [215].

Investigations into the transmission of the disease began in experiments in the 1960’s,
well before the discovery of TDP-43. Saline lysates from the medulla and spinal cord of
ALS patients were injected into monkeys, some of whom developed hand and forearm
muscular atrophy and decreased weight, leading the authors to hypothesise a viral
transmission [216]. However, until recently whether the hyper-phosphorylated insoluble
or soluble form of TDP-43 is actually able to spread from cell-to-cell was debated. A
recent study demonstrated that oligomeric TDP-43 is able to move across the synapse
within microvesicles in both anterograde and retrograde directions [212], and another

study has hypothesised that the origin of this movement is from Betz cells within the



primary motor cortex towards spinal cord lower motor neurons [203]. However, given
that TDP-43 pathology is often prominent within glial cells, it remains to be seen whether
this transmission can occur between neuronal and non-neuronal cell types, or whether
pathological TDP-43 is able to influence the WT TDP-43 in the next cell, through a

potential prion-like mechanism.

1.5.2 ‘Dying forward’ vs ‘Dying back’

While patients commonly present with a combination of lower and pyramidal signs, the
nature of disease progression between the spinal cord and cortex is debated and two
competing (but not necessarily mutually exclusive) hypotheses have emerged. In the
‘dying forward’ hypothesis, cortical dysfunction caused by anterograde trans-synaptic,
glutamate-mediated excitotoxicity precedes lower motor neuron (LMN) dysfunction [189,
217, 218]. This is supported by a cortical hyperexcitability phenotype apparently
preceding significant LMN signs in human sporadic ALS cases [189], as well as
presymptomatic cortical neuron defects in both SOD1 [202, 219] and TARDBP [220]
mouse models. In the ‘dying back’ hypothesis, dysfunction and denervation of the
neuromuscular junction precedes cortical abnormalities. Despite the prominence of TDP-
43 function in ALS, denervation at the neuromuscular junction (NMJ) (which may be
occurring up to a meter away from the cell body) is actually what is largely responsible
for the symptoms seen in patients. This disconnect between what can be observed
mechanistically at the cell body and the realities of localised translation at the synapse are
a current focus of research. Partly addressing this, two recent papers from separate groups
have identified that knocked down levels of TDP-43 results in the lowered expression of

the neuronal growth-associated factor stathmin-2 [221, 222], linking TDP-43 loss-of-



function with dysfunction at the synapse. Additionally, preventing the degeneration of the
cell body alone delays onset but is insufficient to prevent progression in SOD1 mice
[223], likely because once denervation at the NMJ has occurred the connection cannot be
re-established sufficiently. Given the specific vulnerability of motor neurons in ALS, and
the physical distance between the cell body and neuronal growth cone/synapse,
identifying localised CSMN proteomes/transcriptomes using novel methods [224] will be

illuminative.

The reasons for the apparent UMN/LMN compartmental vulnerability and origin of the
disease are unclear. In the autosomal dominant forms of the disease, it is possible that the
extent of expression of each mutation determines the site of origin, whereby the mutation
is more highly expressed in certain compartments. Within the spinal cord, neurons which
innervate fast-twitch muscle fibres are severely affected, while slow twitch neurons
degenerate less rapidly [225]. Fast twitch neurons exhibit reduced expression of the ER-
homeostasis co-chaperone protein SIL1 relative to slow twitch [226]. Additionally, clues
regarding the molecular basis of motor neuron vulnerability in ALS may be found within
the oculomotor neurons, which display significant resistance to the disease.
Transcriptomic profiling of oculomotor neurons vs spinal motor neurons revealed a
differential expression of 1,757 genes, including those involved in synaptic transmission,
and also display an upregulation of several GABA and glutamate receptor subunits [227].
This suggests that a resistance to excitotoxity is responsible for their reduced
susceptibility in ALS. Notably, the oculomotor neurons also only display pTDP-43
aggregations in around 45% of ALS cases [228]. Further work in understanding the
structural and molecular basis of UMN and LMN vulnerabilities in ALS will likely aid in

the identification of targets for therapeutic design.



1.5.3 Genotype-phenotype correlations

Notably, some disease-causing autosomal dominant mutations appear to predispose
patients to either an upper or lower motor neuron predominant ALS with variable
progression rates [42-45]. This suggests that there may be a compartment specific
vulnerability to the effects caused by these mutations, or compensatory mechanisms in

compartments that are less affected.

1.6 Primary motor cortex

1.6.1 Macroanatomy

The human motor cortex is located on the precentral gyrus, anterior to the central sulcus
(Fig 3). Subdivided into primary, premotor and supplementary areas, the primary motor
cortex is distinguished from somatosensory at the fundus of the central sulcus, and
contributes the majority of output for the stimulation of movement whilst receiving input
from the basal ganglia and cerebellum via the ventrolateral nucleus of the thalamus. There
are also substantial numbers of projections from motor cortex to lobules VB-VIIIB of the
cerebellar vermis [229]. Brodmanns area 4 classification is still largely accepted, although
has been revised since its original description [230]. Historical contention regarding the
functional division between primary and premotor cortices led to some argue that they are
better considered as one, a proposed ‘M1’ region [231, 232]. While the term is still in

common use, it is perhaps an oversimplification and should be avoided.

The primary motor cortex can be represented based on the extent of its involvement and

association with particular muscle groupings; the so called ‘homunculus’ (Fig 4A), with



larger representations such as hand and face signifying higher proportions of cortical
involvement and complexity, concomitant with larger numbers of motor receptors in these
areas. However, it is not entirely cleanly defined somatotropically, and there is notable
representational overlap between areas [233, 234]. This is evidenced by the fact that
intracortical stimulation of specific sites within the motor cortex elicits a response from
multiple muscle groups, and individual muscles can be stimulated at several sites [233,
235]. However, intracortical stimulation is of course an artificial method, and bears little
resemblance to the small scale, localized pattern of neuronal activity that regulates natural
in-vivo movement. There is still some debate therefore surrounding whether the primary
motor cortex best represents individual muscle groups, or ‘movements’ of multiple
groups. One recent study examining EMG activity of forearm muscles delineated this
relationship further by suggesting that muscles performing particular functions are

activated by distinct cortico-motorneurons from within the primary motor cortex [236].

The motor cortex in humans generally shows a high degree of inter-hemispheric
symmetry, however neuropil volume of the hand region is larger in left-hemisphere of the
majority of post-mortem brains, consistent with there being a majority of right-handed
people [237, 238]. While the primary motor cortex can generally be sufficiently identified
topographically, an inherent difficulty is encountered in defining functionally distinct
brain regions based on macroanatomical landmarks [239], and cortical regions are more

accurately identified through smaller variations in cytoarchitecture.

Focal injury to the motor cortex results in the loss of fine motor movement control and
the initiation of limited compensatory mechanisms at both the cellular and systemic levels.
Various growth factors are secreted within peri-infarct tissue for example, which possibly
guide the creation of new axonal connections, and certain novel intra-cortical connections

are generated following injury [240]. However, substantial growth of tissue does not



occur, and recovery of the motor cortex following injury is generally limited to localized

reorganization of cortical wiring.

1.6.2 Microanatomy

The motor region of the human brain is arguably the most microanatomically distinct
region of the cerebral cortex, containing a variety of heterogeneous classes of neurons of
various size/output, but uniquely organised in its cytoarchitecture. Unlike other cortical
regions, the human motor cortex is agranular, containing no clear layer 1V, whilst also
having a diffuse layer VI border (Figure 4F) and displaying a smooth laminar pattern. The
most striking feature of the motor cortex at this level is the presence of Betz cells in layer
V. There is also a small population of Betz cells in the depth of the anterior cingulate
which appear to be morphologically distinct from the rest of the precentral population
[241]. The grey-level index (GLI), a measure of quantitative cytoarchitecture, can be used
as a method of comparatively distinguishing cellular architecture in order to map cortical
layer architecture in regions that are otherwise ill-defined using a combination of cell body
fraction volumes, cell size and density [242]. The primary motor cortex has a distinctly
low GLI value that indicates low cell body fraction volume but larger space between cell

bodies than other cortical areas [239].

1.7 Betz cells

Betz cells are a large type of pyramidal neuron located within layer Vb of the primary
motor cortex, across a region corresponding broadly to Brodmann area 4 (Fig 3). Present

in several mammalian species, Betz cells are distinguished histologically from other



pyramidal populations by location, morphology, and dendritic architecture. Stereological
studies indicate that Betz cell morphology and number vary across the primary motor
cortex, with the largest being in the foot and leg representation of the homunculus, and
the most densely clustered being in a zone two- thirds from the midline along the
mediolateral axis. This regional/spatial distribution suggests that particular Betz cell
populations may be implicated in different functional aspects. However, molecular
characterisation of these neurons has thus far been limited, in part because of the lack of
an antibody capable of specific recognition. Betz cell involvement is noted in several

neurodegenerative diseases, including ALS.

Vladimir Betz (1834-94) was a Ukrainian neuroanatomist who published extensively on
the cytoarchitecture of the cerebral cortex in the second half of the 19" century. Propelled
by his own technological advances in microscopy, fixation and staining, Betz made
defining contributions in elucidating the microanatomy of the brain, at a time when the
understanding of the relationship between neuroanatomical structure and functional
organization was in its earliest infancy. Noting shrewdly that “...there are two cerebral
areas which may be designated as two centres, one motor and the other sensory”, he built
on the previous work of other preeminent neuroanatomists of the time including Broca,
Meynert, Baillarger, and Campbell, and laid the foundation for the future understanding
of functional neuroanatomy. Reportedly thoroughly meticulous in his approach, Betz

collected and studied over 9000 human brain specimens [243] before his death in 1894.

In 1874, Betz made perhaps his most famous contribution through his description of the
‘cumulative nests’ of ‘giant pyramids’ of the precentral gyrus, which he originally
described as being located in Meynerts layer 1V [244]. Subsequent revision identified
these giant pyramids as being located in layer V, and were later themselves renamed as

‘Betz’ cells.



While input from the primary motor cortex comprises around 30% of fibres in the
corticospinal tract [245], Betz cells comprise only around 10% of pyramidal neurons in
layer V [246], and around 2-3% of pyramidal tract cells in total [247]. The primary
projection is to the corticospinal tract, crossing in the brainstem before reaching the
contralateral anterior horn of the spinal cord. Betz axons also send shorter collaterals back
into the cortex, which are believed to inhibit adjacent regions around where Betz cells
discharge in order to ‘sharpen’ the excitatory response [245]. They also receive relayed
input from the somatosensory cortex through layers Il and 111 [248]. Betz cells are
primarily distinguished morphologically from neighbouring pyramidal cells through their
larger size, accumulation of intracellular lipofuscin and nissl (Fig 4H), and unique
dendritic architecture [241, 246, 249]. Lassek (1941) also notes their relatively small

nuclear size in proportion to the volume of cytoplasm.



Figure 3: Betz cell size, morphology and distribution in the primary motor cortex. Betz
cells are largest and most numerous in the leg representation of the homunculus, decreasing
in size and number moving ventrolaterally across the cortex (A), being largest in the leg
region (B), mid-sized in the hand region (C), and smallest in the face region (D) of the
homunculus. (E) The M1/S1 is removed from the left cerebral hemisphere. The anterior gyrus
is therefore the primary motor cortex, next to the primary somatosensory cortex. The regions
of the primary motor cortex are somatotropically organised according to axonal projection.
Betz cells are present in layer V of the human PMC (F), but not the mouse M1 region (G).
CFV stain of single Betz cell, note the large nucleus and dark nucleous (H). Human Betz cells
stain strongly for SMI1-311 (1), NeuN (K) and pan-TDP-43 (L), but not SMI-312 (J, Betz cells
arrowed). Note that the cytoplasmic expression of NeuN is well known [1, 2]. All unlabelled
scale bars = 50um. All images created by the author.
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1.7.1 Distribution

Betz cells are the largest neurons in the human CNS, with axonal projections spanning up
to one metre in humans. Seen in small clusters or individually, Betz cells account for
around 10% of pyramidal neurons in Layer Vb [246]. Early estimates of total cell number
ranged from 25,000 - 40,000 per hemisphere [247, 250, 251], however a newer
stereological study of six cases found a mean total of 125,290+, albeit with significant
inter-case variability [246]. Their distribution follows a mediolateral gradient around the
precentral gyrus, with the most densely clustered being in a zone midway from the midline
along the mediolateral axis in the paracentral lobule, and the largest being in the foot and
leg region of the homunculus, on the most medial part of the cortex [246], decreasing in
both size and number moving ventrolaterally along the central sulcus [249](Figure 4B-
D). Around 75% of all Betz cells are present in the upper third [246, 247], in the foot and
leg representation of the homunculus. While it is commonly believed that Betz cells
axonally project primarily into the brainstem, whether in humans they have additional
significant projections is unknown, has not been confirmed using lineage tracing in
primates and indeed, Betz cell regional/morphological differences suggest that individual
populations exhibit specific functional capacities, potentially underlined by molecular or

transcriptomic differences.

1.7.2 Morphology

Betz cells are identified histopathologically based on their size and presence in layer Vb.
However, it is their unique dendritic architecture which must be used to distinguish them

from other layer V pyramidal neurons [246]. Unusually for neurons and unlike other layer



V pyramidal cells, Betz cells have dendritic spines that project locally around the full
circumference of the soma, exhibiting a much higher variation in dendritic number than
other layer V neurons, but which do not appear to contribute to vertical organisation [249].
A small number of Betz cells appear to be bipolar, with basal dendrites entering the white
matter [249], but most have one long apical dendrite that can extend into the superficial
layers [241, 249]. In addition, all Betz cell dendrites exhibit numerous spiny appendages
and bulbous protrusions surrounding the soma [241]. However there is both inter-regional
and inter-individual dendritic variation, with dendritic asymmetry particularly evident in
the transitional area between the precentral gyrus and central sulcus [249]. Betz cells are
considered pyramidal cells because of their large primary apical dendrite, numerous
circumferential dendritic spines and excitatory nature. Like other pyramidal cells, Betz
cells are also often surrounded by an extracellular matrix of chondroitin sulphate

proteoglycan (CSPG)-immunoreactive perineuronal nets [252].

Stereological estimations of Betz cell somal size vary. Betz himself described their
average size as 60x120um (Betz, 1874), Brodmann reports them as 53x106pm
(Brodmann, 1909), while Rivara et al (2003) records an average cell soma volume of
86,685um?3. However, as noted above, there is considerable Betz cell size variation even
within the same cortical plane. Early theories suggested that Betz cell size was
proportional to either axonal length or the size of the dependent muscle, as the largest
Betz cells are present in the cortical region represented by the lower limb areas of the
homunculus [246], despite this involving a relatively small proportion of the total primary
motor cortex. However, this appears to be untrue as several smaller animals possess
disproportionately large Betz cells (Brodmann, 1909). In humans, while soma size and
axonal length increase concomitantly with height, there is no relationship with body

weight [253].



Betz cells are also notable for their prominent rough endoplasmic reticulum [246] and
accumulation of cytoplasmic lipofuscin [241] which can be readily viewed on H&E stain
and has been used practically to distinguish Betz cells from other layer V pyramidal cells
[203]. Intracellular lipofuscin accumulation is most commonly associated with ageing,
but is also occasionally present in Betz cells of patients under 65. Other ultrastructural
features such as bundles of filaments and accumulations of neurofilament appear to occur

only rarely in controls [254].

1.7.3 Evolutionary biology of Betz cells

Betz cells have been identified in at least 25 species [230, 255-259], assuming the
definitions described above. While their shape, size and number vary considerably across
phylogeny, most taxonomic groups can be delineated according to their Betz cell
somatodendritic architecture [259]. It is largely accepted that cell body size of neurons is
determined by the extent of the total metabolic activity of the neuron, with larger, more
dendritically complex neurons requiring higher levels of metabolic support. It has
therefore been suggested that Betz cells become proportionally larger with increases in
body size, with the largest mean volume in humans. This would align with the specific
importance of the sensorimotor capacities of primates, concomitant with evolutionary
hierarchies. However, while there is a relative increase in the size and number of Betz
cells with larger brain and body size, it is not an entirely linear relationship, and several
species exist outside the 95% ClI range in this respect [257]. Two examples of this are that
of the Potus flavus (Kinkajou), which despite weighing on average just 6 Ibs, possess Betz
cells close to the mean volume of humans [230], and Erythrocebus patas (patas monkey),

who exhibit an usually high Betz cell ratio despite it’s relatively small brain volume [257].



There appears to be no significant relationship between Betz cell ratios and digital

dexterity of the species [257, 259].

Recently, Jacobs et al (2017) conducted a comprehensive stereological analysis of
gigantopyramidal, superficial and deep-layer pyramidal neurons across 19 mammalian
species. Using quantitative measures of neuronal morphology, they found that
Gigantopyramidal cell morphology was more varied across species than other pyramidal
neurons, and that this variation allowed these taxonomic species to be distinguished
statistically based on their particular gigantopyramidal somatodendritic architecture.
Interestingly, they also found that Betz cells were larger in Feliforms; the average Betz
cell soma area was 2,847um? compared to the average primate soma of 987um?. They
also found striking differences in the Panthera Genus, with their gigantopyramidal
neurons being 4.6 and 12.1 times larger than primates, in area and volume, respectively.
The authors, using previous hypotheses regarding the direct correlation between soma size
and size of dependent muscle, interpreted these large changes as being due to the increased

need for fine motor control and muscle composition in predatory behaviour.

1.7.4 Molecular basis and electrophysiology

Relatively little is known about the molecular basis of Betz cells, when compared to other
large named neurons such as Purkinje cells, and notably there is no single-cell RNA-seq
data available for human Betz cells to date. There are likely two main reasons for this.
Firstly, Betz cells are not overly numerous and can be difficult to identify histologically,
particularly in terms of their differentiation from surrounding layer V neurons. Secondly,
there are currently no antibodies which selectively label Betz cells, preventing their

isolation via fluorescent-activated cell sorting (FACS).



Betz cells strongly express the voltage-gated potassium channel kv3.1b protein and
MRNA on IHC/ISH, which is localized to the somal and proximal dendritic cytoplasmic
membrane [260], collagen XVII [261], a transmembrane protein thought to be involved
in synaptic plasticity [262, 263], and also hnRNP-AL, the target for autoimmune IgG
antibodies in  human  T-lymphotropic virus type 1 (HTLV-1)-associated
myelopathy/tropical spastic paraparesis (HAM/TSP), a disease that can be difficult to
distinguish from MS [264]. A recent study has also shown that Betz cells have an
increased immunoreactivity towards DNAJC30 — an auxiliary component of ATP-

synthase [265].

In common with other highly metabolically active, fast-firing neurons, they also strongly
express the transmembrane-enzyme complex cytochrome oxidase [266]. They are also
known to express the calcium-binding protein parvalbumin in synaptic boutons
surrounding the cell soma [267]. Expression of calcium-binding proteins such as
parvalbumin is more commonly associated with inhibitory interneurons, possibly

suggesting that Betz cells possess an uncommon dynamic functionality.

The development of cortical neurons from neural progenitors is driven in part by the
lineage-dependent expression of various transcription factors, which drive and maintain
differentiation post-mitotically [198, 201, 268]. It could be reasonably speculated that due
to their large size and unusual morphology, Betz cells maintain a specific
transcriptional/molecular profile, at least relative to other cortical populations. However,
how such transcription factors are expressed in Betz cells is currently unknown, hampered
by the difficulty in isolating individual cells. While several antibodies are capable of
highlighting Betz cells in situ (NeuN etc), currently there exists no specific antibody that
can reliably distinguish Betz cells from other neighbouring pyramidal cells

immunocytochemically. Such an antibody might feasibly be utilised in gated flow-



cytometry experiments, and the development of such a marker would likely improve
isolation of these cells and greatly facilitate their investigation. While excitatory motor
neurons can be generated via induced pluripotent stem cells (iPSC), such generated cells
are not fully developed motor neurons, and are also unlike Betz cells in both their
morphology and their potential for axonal projection length. The identification of specific
transcription factors and proteins associated with Betz cells may therefore facilitate their

future generation from human iPSC and the advent of in vitro Betz cell modelling.

Betz cells are primarily excitatory, glutamatergic neurons, whose primary function is to
initiate rapid early phasic input that prepares flexor muscle tone prior to the recruitment
of neighbouring pyramidal neurons. Betz cell axons project mainly into the corticospinal
tract, which synapse with cells of the spinal cord anterior horn, and subsequently synapse
directly with alpha motor neurons which innervate target muscle groups. Betz cells are
postulated to be the origin of the thick myelinated axons that form 3% of the corticospinal
tract which are capable of conducting rapid impulses at speeds of 60-70m/s [269]. They
also receive somatosensory input from area 2 through intracortical associative neurons in
layers 11 and 111 [270]. Historically, much of the electrophysiological work concerning
Betz cells has been conducted on cats [256, 271-273], arguably because of their large size
and easy identification rather than an interest in their particular neurophysiological
properties. Relatively little evidence exists from primate models. In mice, corticospinal
projection neurons show the fastest and most regular action potential firing rate of all layer
V projections neurons, with subtle differences in electrophysiological properties between
lumbar and cervical corticospinal neurons [274]. Mice layer Vb neurons primarily receive
excitatory input from secondary motor cortex and frontal areas, but also from the motor
nuclei of the thalamus [275]. However, such neurons do not exhibit the unique

circumferential dendritic architecture described above. For this reason, the prevailing



belief is that mice do not possess Betz cells.

1.7.5 Betz cells in development, ageing and disease

1.7.5.1 Development

While the neurodevelopmental progression of the cerebral cortex is now well delineated,
the particular cytoarchitecture of the primary motor region suggests its development is
governed by distinct molecular/transcriptomic controls. Marin-Padilla (1970) provided a
comprehensive Golgi study on the development of the primary motor cortex by
investigating the cortical layers of 7 brains (3 foetuses, 4 infants) at different time points.
First, he established that Layer | was mostly developed at around 5 months, and fully
matured by 7.5 months of gestation. Interestingly, he noted that the arrival of afferent
fibres in the motor cortex precedes the organization of the grey matter and laminated
structures. Secondly - although not referred to as Betz cells - he identified the large
pyramidal neurons in layer V in the 7 month gestational brain. He also noted that they
appeared to grow considerably by the 7.5 month time point and that in the new-born infant
they were fully matured [276]. In his detailed histological series of post-natal
development, J. LeRoy Conel also identified Betz cells in the neocortex of the new-born
[277], although unlike Marin-Padilla he found they appeared to be the most developed
cells of the motor cortex, suggesting an early stage of differentiation from other pyramidal

cells.



1.7.5.2 Ageing

In common with other highly metabolically active neurons, Betz cells undergo
morphological alterations through ageing. While somal volume is reduced, axonal size,
length and number remain relatively constant throughout life, with the most obvious age-
related occurrence being the accumulation of cytoplasmic lipofuscin [278], and the
progressive loss of circumferential dendrites [279]. Bunina bodies and dense
accumulations of neurofilament are also occasionally present in older patients without
neurological disease [254]. However, there is also clear Betz cell involvement in several
age-related neurodegenerative diseases. In frontotemporal dementia (FTD), Betz cells
degenerate and are replaced by clusters of macrophages containing lipofuscin, whilst also
occasionally containing intracellular accumulations of tau (pick bodies) [280]. Lewy
bodies composed of a-synuclein are also occasionally seen within Betz cells of
Parkinson’s disease (PD) patients [281], whilst there is also prominent degeneration of
Betz cells and other neurons in layer V in corticobasal degeneration (CBD) [282] and
multiple-systems atrophy (MSA) [283]. There have also been isolated reports of marked
Betz cell pathology in late-infantile galactosialidosis [284] and Friedreich’s ataxia [285].
Given the functionality of Betz cells it seems unlikely that these are primary pathological
events in these cases, and more likely they exist as secondary aspects of disease

pathogenesis.

1.7.5.3 Motor neuron diseases

Motor neuron diseases such as amyotrophic lateral sclerosis (ALS) are defined by the loss
of both lower and upper motor neurons, including Betz cells. However, ALS patients

commonly exhibit a predominance of either upper or lower motor neuron signs, with



considerable variation in the extent of upper motor neuron loss across cases. There is
debate on the nature of disease progression, with two competing (but not necessarily
mutually exclusive) hypotheses suggested. In the first, the so called ‘dying-back’
hypothesis, lower motor neuron dysfunction occurs as the primary event, prior to cortical
dysfunction. This is supported by observations in several transgenic mouse models
utilising ALS-associated mutations where prominent neuromuscular junction (NMJ)
abnormalities occur early or pre-symptomatically [286-288]. In the second, the so called
‘dying-forward”  hypothesis, cortical dysfunction occurs as the primary
pathophysiological event prior to lower motor neuron degeneration, potentially mediated
by an anterograde, trans-synaptic, excitotoxic mechanism of multiple possible aetiologies.
This is supported by clinical observations of cortical hyperexcitability occurring early in
the progression of ALS patients [189], and pre-symptomatic cortical dysfunction in a

SOD1%%Amouse model [202, 219].

While most neuropathologists would expect to identify neuronal loss in the motor cortex
of ALS patients to at least some extent, pathological studies of post-mortem cases offer
differing perspectives on the specific nature and severity to which this occurs. Two
stereological studies found no difference in mean neuronal number, perikaryon volume,
mean neuronal nuclear volume, total perikaryon volume or total nuclear volume between
ALS and control motor cortex [289, 290], despite neuronal loss/damage being observed
in-vivo [291]. This led to speculation that motor cortex dysfunction in ALS is caused by
regional metabolic changes, rather than microanatomical alterations. However, these
studies quoted were not designed to assess Betz cell alterations specifically, and
ultrastructural changes and loss of layer V neurons including Betz cells is acknowledged
in most cases of ALS [196, 218, 292, 293]; the discrepancy probably due to sampling

methods and the difficulty in quantifying the loss of cells that constitute only a small



proportion of the total. Interestingly, there appears to be significant correlation between
the level of neuronal loss, including Betz cells, between M1 and S1 [294], suggesting a
degree of interdependence between the two regions. It could be postulated that this
interdependence is mediated at least in part by Betz cells connections to the

somatosensory cortex through layers Il and 111 [248].

Transactive response DNA-binding protein 43kDa (TDP-43) is a DNA/RNA binding
protein involved in several aspects of RNA metabolism including transcriptional
repression, splicing and translational regulation [295], and is highly expressed within both
the Betz cell nucleus and cytoplasm (Fig 3L). Neuronal and glial cytoplasmic inclusions
immunoreactive for mislocalized TDP-43 are the primary neuropathological
characteristic of the majority of ALS cases [133]. Despite the loss of nuclear TDP-43,
Betz cells appear to be mostly free of the characteristic cytoplasmic aggregation of
insoluble, hyper-phosphorylated TDP-43 associated with ALS [203], despite other
smaller, neighbouring pyramidal cells being affected. Additionally, there appears to be no
correlation between Betz cell loss and the severity of pTDP-43 pathology in motor cortex
grey matter [213]. These findings raise interesting questions regarding the specific
selective vulnerability of Betz cells in ALS. Are they more vulnerable to the increased
toxicity of soluble TDP-43, perhaps because of the higher importance of RNA/protein
homeostasis as a consequence of their larger size or metabolic activity? Or are they in fact
selectively resistant to the aggregation of insoluble TDP-43, which afflicts neighbouring
neurons? Regarding selective resistance, one case report describing two cases of post-
operative hypoxic-ischemic encephalopathy notes how Purkinje cells, but not Betz cells,
were selectively destroyed under hypoxic conditions [296]. Other additional, non-specific

Betz cell alterations are occasionally observed in ALS, including fragmentation of the



Golgi apparatus [297, 298], reduction in expression of neurofilament-200kDa [299] and

accumulation of reactive astrocytic gliosis around the soma [300].

Several studies have identified dendritic degeneration as a prominent feature of ALS Betz
cell pathology [292, 300-302]. In a recent study, Genc et al (2017) reported profound Betz
cell apical dendrite degeneration, including extensive dendritic vacuolation and
cytoarchitectural disintegration which appeared to be most severe distally from the soma.
Interestingly, they also found differences in Betz cell apical dendrite structure and soma
size between two patients who had different SOD1 mutations, raising the possibility of
mutation-dependent patterns of Betz cell pathology. The specific pathologies of Betz cells
in other genetic forms of ALS are thus far unreported. Betz cell involvement is also noted
in other motor neuron diseases, including primary lateral sclerosis (PLS), where patients
can exhibit complete Betz cell loss concomitant with an upper motor neuron
predominance [303], and to varying degrees in hereditary spastic paraplegia (HSP) [304,
305]. One study also found a reduction in Betz cell number in two cases of juvenile spinal
muscular atrophy [306], but which are seemingly unaffected in the adult form [307].
Finally, there are also published reports of prominent Betz cell loss in Spinocerebellar

ataxia type 2 (SCA2) [308] and type 6 (SCA6) [309].

1.7.6 Comparative anatomy

Mice are commonly used when investigating the motor cortex. However, there are two
reasons why the conclusions drawn from using mice in such a context are perhaps self-
limited. Firstly, while much of the neuronal fate mapping of motor cortical neurons has
been identified using developing mouse neurons, there are inherent issues when

extrapolating these findings to the development of the human motor cortex. Given the



distinctiveness of the human motor cortex, comparative and evolutionary anatomy
suggests that the molecular mechanisms which drive upper motor neuron differentiation
are unlikely to be the same in mice. Mice, for example, do not possess Betz cells under
the definition described previously. Secondly, while the anatomical organization of the
corticospinal tract from cortex to brainstem is largely similar across mammalian species,
there are distinct differences in anatomical organization at the level of the pyramidal
decussation between humans and mice [310] which have evolved to provide humans with
a greater degree of fine motor control. Using mice therefore to study the selective
vulnerability of upper motor neurons in the context of neurodegenerative diseases like

ALS is therefore also perhaps non-ideal.

Other models have therefore been utilised, with varying success. Sloper and Powell (1978)
used electron microscopy to study the motor cortex of young Rhesus monkeys.
Interestingly, they found that Betz Cells had complex indentations of their nuclear
membrane. This indentation was often accompanied with clusters of endoplasmic
reticulum. They also commented that the Betz cell soma contained numerous
mitochondria and that the nucleus is smaller in relation to the overall size of the Betz cell
compared to other pyramidal cell types [311]. Later, Tigges et al (1992b) explored the
motor cortex of aged Rhesus Monkeys, and noted novel inclusion bodies within Betz cells
that had previously not been seen or bore similarity with human ALS motor neurons. The
authors concluded that these bodies had a 10nm filament as their basic unit and suggested
that Betz cells for unknown reasons prolifically produced ubiquitous neurofilament,

proposing that this be used as a criterion for identifying Betz cells [278].

Like others of the time, Kaiserman-Abramof and Peters (1972) studied the domestic cat
to gain further insight into the Betz cell. They found that glial cells usually surround the

perikarya of Betz cells, more so than the bases of their dendrites. In any 1 um section they



counted 2-3 neuroglial cells around the Betz cell soma, and this frequency was unchanged
throughout sampling [312]. Similarly to Sloper et al., they also found the nuclear envelope
to be folded, with mitochondria being in high concentrations adjacent to these
indentations. The most prominent feature of these giant cells was found to be the Nissl
substance that is widespread across the cytoplasm, but which was particularly
concentrated in the deep folds of the nuclear envelope, under the plasma membrane and
at the bases of the dendrites. Kaiserman-Abramof and Peters (1972) also commented that
some Betz cells have dendritic spines that are unusually large — with an appearance similar
to a large axon terminal with multiple postsynaptic densities. Finally, the authors used
crude measurements to calculate that the average Betz cell perikaryon bears

approximately 870, broadly symmetrical axon terminals.

1.8 Antibody validation and usage

Most techniques used in this thesis are immunohistochemical in nature and therefore rely
upon the specificity and sensitivity of primary antibodies. Monoclonal antibodies are
generated from identical B-cells derived from the same parent clone, and subsequently
target a single region of an epitope. Polyclonal antibodies, by contrast, are generated from
multiple clones and therefore when pooled bind to different regions of the same target.
On this basis, monoclonal antibodies should be used for nearly all experiments. However,
the signal amplification associated with polyclonal antibodies is usually higher, and these
may therefore be more appropriate for the identification of lowly expressed targets.
Polyclonal antibodies are also particularly suitable for the identification of denatured
proteins, as is the case in formalin-fixed paraffin embedded (FFPE) tissue following heat-

mediated epitope retrieval.



The overall goal of all immunohistochemical experiments is to permit the identification
of proteins through high signal, low background visualisation of the target, and antibodies
can be validated against these goals in several ways. Specificity is defined as the ability
of the antibody to correctly identify when the target is not present in the sample, and can
be assessed through the use of KO animals/cells to confirm absence of staining in IHC or
WAB. Sensitivity is defined as the ability of the antibody to correctly identify the target
when it is present, and can be confirmed using western blotting to confirm expected
molecular weights with minimal smearing, IHC against known control tissue or
immunoprecipitation of targets prior to mass spectrometry (IP-MS) [313]. The specificity
of secondary antibodies can also be evaluated by omitting the primary antibody in
experiments using a known positive control. Additional methods such as pre-adsorption
to eliminate cross-reactivity of polyclonal antibodies, and assessment of binding affinity

using ELISA can then be used to further optimise and assess the quality of the antibody.

However, despite these approaches, a lack of standard guidelines for validation means
that many commercially available antibodies still exhibit non-specificity and cross
reactivity, factors which are thought to contribute to the current ‘reproducibility crisis’
affecting life sciences research [314]. There is also considerable variation in the extent to
which antibody manufacturers validate their products. To rectify this, some large scale
projects such as the Human Protein Atlas have published their validation methods through
a defined set of criteria antibodies must meet before they are considered suitable

(https://www.proteinatlas.org/about/antibody+validation) for inclusion.

The antibodies used here are therefore both poly- and monoclonal, depending on the
availability and specificity of the antibody and its particular application. All primary
antibodies, manufacturers and their dilutions used in this thesis are listed in Table 11.

Antibodies were chosen based on their use in previous studies, validation data supplied


https://www.proteinatlas.org/about/antibody+validation

by the manufacturer, and through preliminary experiments/optimisation in our lab. The
antibody used most often in this study for example, the mouse monoclonal pTDP-43
primary antibody from Cosmo-Bio, is undoubtedly the best antibody available for the
target and is viewed as the ‘gold standard’ for sensitivity and specificity in the field. Prior
dilution series experiments in our lab have revealed that this antibody can be used at
dilutions of up to 1:80,000 in IHC and still provide high-quality (intense signal, zero
background) results. Notably in this case, confirmation of specificity using KO mice or
cell lines is not possible because the protein is disease specific and uniquely human in
nature. However, staining is entirely absent in all human control samples in WB and IHC

(data not shown).

1.9 Novel techniques in histopathology

While some diseases can be investigated using surgically extracted biopsy material from
living patients, this is largely not possible in the context of neurodegenerative disease
where biopsies of the brain and spinal cord are both invasive and unnecessarily hazardous
to the patient. Analysis of post-mortem tissue therefore, through donations made to brain
banks, present an important avenue for investigation. However, the use of post-mortem
tissue is frequently beset by issues related to effect of detrimental pre-analytical variables
such as prolonged fixation, post-mortem delay, RNA-integrity and agonal state of the

patient.

Over the last 30 years substantive progress has been made in developing tools for the
investigation of post-mortem human tissue that have broad applicability for all aspects of
histological research. Here the use of three novel histological techniques: CLARITY,

RNAscope and imaging mass-spectrometry, will be briefly reviewed, and later attempts



described in applying these methods in the context of assessing selective vulnerability in

the ALS primary motor cortex using post-mortem tissue.

1.9.1 Imaging of intact biological tissue in three-dimensions

Standard immunohistochemical methods are conducted on thin or semi-thin (<100um)
tissue sections. Generally, these allow the visualisation of pathology in a single or
shallow-depth plane, limited by both the thickness and opacity of the tissue which refracts
light and prevents analysis at depth when using brightfield or fluorescent microscopy.
This is particularly relevant when studying brain tissue, which contains significant
quantities of compounds which scatter light (e.g lipids), necessitating the need for thin

sections and extensive pre-processing before staining.

However, given that tissue and cells are inherently three-dimensional in nature, and that
significant information regarding structural biology/pathology is lost when visualising
tissue in a two-dimensional plane, several methods have been developed that utilise
clearing of intact three-dimensional biological tissues followed by whole-mount staining
— negating the need for the cutting and staining of thin serial sections. Combined with
newer imaging methods such as optical light-sheet microscopy, which provides additional
laser penetration depth, these methods allow the visualisation of whole tissue structures

in three-dimensions.

The primary step in these methods is the clearing technique, which involves the removal
of material from the tissue that scatters the majority of light, with the aim being complete
clearing with minimal damage of structures of interest. The first of these methods was

developed as early as 1914, but required significant processing and caused damage to the



superficial aspects of the tissue [315]. Since then, several clearing methods have been
devised which cause less tissue damage and can be used on smaller pieces of tissue, with
most utilising solvent-based clearing using benzyl alcohol, benzyl benzoate or dibenzyl
ether [316]. An additional issue with such methods is the penetration depth of antibodies.
As antibodies are comparatively large biological molecules, their penetration through
tissue is limited, which affects imaging depth even if the tissue is completely cleared. One
way around this is the genetic labelling of cells/proteins of interest using fluorescent tags,
but these require the transgenic engineering of the animal and are of obvious

incompatibility with human tissue.

1.9.2 CLARITY and FASTClear

In 2013, a method was developed in the lab of Karl Deisseroth at Stanford which involved
infusion of formalin-fixed tissue using a hydrogel scaffold, electrophoretic tissue clearing,
and prolonged incubation with primary antibodies. They termed this method CLARITY
[317, 318]. The use of the hydrogel scaffold in CLARITY offers structural advantages
over other methods; the scaffold ‘anchors’ the architecture of the tissue and prevents tissue
expansion which can affect imaging quality. This method has recently been developed
further by a group at Imperial College London, who have termed their new method

FASTClear [319].

In this thesis, attempts are therefore described to use this FASTClear method for the
investigation of post-mortem human ALS tissue, after having learned the method at

Imperial in the Summer of 2016.



1.9.3 RNA in-situ hybridization using RNAscope

Like all eukaryotic cells, the structure and function of both neurons and glia is controlled
by the regulated expression of proteins. Traditionally, immunohistochemistry (IHC) using
either DAB or fluorescent signal has been the neuropathological method of choice for
studying the cellular expression of proteins in situ. However, analysis using IHC is
inherently limited in its scope as it is only able to describe one level of cellular expression.
Firstly, many cells (even of the same type/function) are transcriptionally diverse, with
variations based on location and structure within neural tissue. Secondly, both neurons
and glia are continually actively responding to localized changes in environment caused
by stress and disease etc. Thirdly, protein expression is not always correlated with
expression at the RNA level, in part because of localized translational repression. This is
particularly pertinent in neurons, whose proper functioning requires a high degree of

polarity.

Traditional methods of analysing genetic expression including quantitative reverse-
transcriptase PCR (qRT-PCR), microarray analysis and RNA-sequencing. However these
methods exhibit notable drawbacks including being relatively complex/expensive
methods, the need to maintain and RNase-free environment, and loss of cellular/spatial
resolution of the tissue being investigated. RNA in situ-hybridization (RNA-ISH) allows
the visualisation and quantification of specific genes using antisense oligonucleotide
probes, which can be seen in the context of the cells/tissue they are present in. However
traditional RNA-ISH requires the synthesis of these probes as well as extensive quality
control experiments. Additionally, retrieval of some target mRNA’s can be difficult in

FFPE tissue, or where tissue has undergone prolonged fixation.



RNA-ISH is reasonably easily applied to cell cultures and animal tissue, where pre-
analytical variables such as RNA-integrity (RIN) and fixation can be completely
controlled. However, applying RNA-ISH to human brain tissue presents additional
challenges for a number of reasons. The agonal state of brain donors contributes
considerably to the RIN and overall quality of the donated tissue for example.
Additionally, the most common neuropathological fixative, 10% Neutral buffered
formalin (NBF), stably cross-links all nucleic acids making subsequent RNA/DNA probe
binding difficult. The required fixation times for human tissue diagnostics are also often
well beyond the optimum fixation times for RNA-ISH, meaning that the majority of

archival brain tissue stored within brain banks is inappropriate for use in this regard.

In 2012 a RNA-ISH method was developed by Advanced Cell Diagnostics (ACD) and
termed RNAscope [320]. The advantages of this method are that it can be used
chromogenically, negating the need for fluorescence microscopy, it can be automated on
staining platforms from either Leica or Ventana, and ACD manufacture all the probes
which have been extensively tested and optimised. Additionally, there are sequential
amplification steps built into the protocol, which do not require extra input when used on
an automated platform, and when optimised multiple probes can be utilised
simultaneously. Specificity of the probes are ensured in part because multiple probes are
required to bind to the target before signal amplification can occur, and it is therefore
unlikely that a signal will be detected through probes binding next to each other non-
specifically. After hybridization, there are then pre-amplification and amplification steps
which ensure robustness of the signal [320]. These features combined are said to offer a
higher unique signal-noise ration available than other commercially available RNA in situ
methods. At least one previous study has also demonstrated that expression data generated

using RNAscope probes correlate with results from conventional PCR [321]. In this thesis



therefore, we describe efforts to circumvent as far as possible the previously described
Issues concerning pre-analytical variables, and begin to demonstrate the application of
RNAscope in the context of ALS gene expression and projection neuron diversity in the

primary motor cortex.

1.9.4 Imaging mass-spectrometry

Primary antibodies conjugated to fluorophores which emit light in the visible/far spectra
when excited by their corresponding specific wavelength are commonly utilised in
immunohistochemistry, and their use allows the simultaneous staining of multiple targets
and subsequent analysis of co-localization patterns. However, certain components of
tissue generate significant autofluorescence due to excitation of their molecular structure
at multiple or all wavelengths, masking specific signal and creating unwanted background
‘noise’. This is a particular issue when using post-mortem brain tissue, which contains
large quantities of both lipids and intracellular lipofuscin granules, both of which strongly

autofluoresce.

Mass-spectrometry is a proteomic method commonly used to separate proteins in a given
sample based on their polarity and mass. A sample is first ionized, and the constituent
fragments of the sample are separated by mass-to-charge ratio through the use of an
accelerating electromagnetic field. Separated ions are then detected and analysed [322].
However, this method is in general expensive and time consuming, and comes at the
expense of cellular resolution. Imaging mass cytometry (IMC) utilising cytometry time-
of-flight (CyTOF) is a new method which attempts to circumvent the above issues by
using primary antibodies directly conjugated to heavy-metal tags [323] Tissue sections

are stained in the normal way using these antibodies before being ionized. Proteins bound



to the heavy metals are picked up by the detector and used to create an image with an
accuracy at subcellular resolution. This method avoids the autofluorescence issue entirely,
as there is no fluorescent component. It can also be performed in a multiplex fashion
allowing the visualisation and co-localization of multiple targets simultaneously [323] and
be combined with RNA-ISH through the use of metal-tagged antisense probes [324]. One

platform for performing this method is the Hyperion system from Fluidigm.

Elsewhere in this thesis it is shown that pTDP-43 aggregation is present within
oligodendrocytes, but not GFAP+ astrocytes (Fig 24 and 25), and that GABAergic
inhibitory interneurons degenerate within the ALS primary motor cortex (Fig 21).
Expanding this, we hypothesised that GABAergic interneurons were less likely to develop
pTDP-43 pathology than excitatory projection neurons. We therefore also attempted to
apply this method to post-mortem human ALS brain tissue, but were ultimately

unsuccessful.

1.10 Study rationale

The concept of selective vulnerability is not new, having been commented on as far back
as Charcot himself, and also exists prominently in other neurodegenerative diseases.
However, this vulnerability is particularly apparent in ALS, where we might consider that
it exists at several levels. Firstly, it is a systems vulnerability, in that it affects
predominantly the motor system (but also the frontotemporal associative cortices to
varying degrees). It is also a sub-type vulnerability, in that even within the nosology of
motor neurons some are severely affected, while others such as the oculomotor neurons
remain relatively undisturbed [227]. Finally, it is a cell-type vulnerability, and the

influence of non-cell autonomous factors that contribute to neurodegeneration (e.g



oligodendroglial dysfunction and pathology) are increasingly recognised [204, 205, 210].
However, the degree to which these aspects of vulnerability are responsible for the overall

pathotype of ALS is debated [325].

ALS is a disease of both upper and lower motor neurons. Historically, the origin of the
disease was believed to be in the lower motor neurons of the spinal cord, however
recently, some have advocated the progression of ALS as a ‘corticoefferent’ syndrome,
whereby both the disease and characteristic TDP-43 pathology begins in the primary
motor cortex, possibly within the large pyramidal cells of Betz, and spreads along white
matter pathways [326]. The primary motor cortex has been somewhat neglected
neuropathologically thus far in favour of the spinal cord, possibly in part because the
motor cortex is more difficult to delineate from surrounding cortical regions and is in
many cases less obviously degenerated. Additionally, much of the work investigating
UMN pathology in ALS has been conducted using mice, which exhibit significant UMN
anatomical differences to humans, including the absence of Betz cells. While others have
assessed selective vulnerability in ALS in the anatomical sense [214], there has been no
systematic comparison of cell-type specific neuropathology in the ALS primary motor
cortex since the discovery of several key ALS genes/proteins, including TDP-43 and
C90RF72. Much of the relevant prior work (and indeed, in human neuropathological
research in general) has been completed using semi-quantitative ‘scoring’ based methods,
which depend on agreement between assessors and are therefore more subject to bias.
Additionally, the large pyramidal cells of Betz are severely affected in the disease, but

relatively little is known about them overall.

Given the above - namely the combination of its prominent disease relevance, lack of
detailed systematic study and involvement in controversial hypotheses - there is a need to

assess the pathology of the primary motor cortex in isolation in ALS.



1.11 Aims

The aims of this project were therefore as follows:

1. Explore and develop the utility of novel histological methods applicable to
post-mortem human brain tissue including CLARITY, RNAscope and
multiplexed immunofluorescence

2. To characterise the pathology of the primary motor cortex across the genotypic
spectrum of the disease, and begin to assess the existence of human ALS
cortical pathology in the context of molecularly defined cellular subtypes

3. To comparatively assess a monogenic human form of upper motor neuron
predominant ALS (ALS-OPTN) with that of a transgenically engineered

(ALS-FUS) mouse model utilising the LMN predominant P525L mutation.

1.12 Hypotheses

We are therefore able to formulate two pertinent hypotheses. Firstly, that there is
significant variability in pathology within the primary motor cortex across the genotypic
spectrum of ALS, which is potentially concordant with clinical phenotypes commonly
seen for the various mutations, and secondly, that not all neuronal/glial subtypes equally

accumulate the disease defining TDP-43 proteinopathy associated with the disease.



Chapter two

Establishment of novel techniques for the

Investigation of post-mortem ALS tissue



2. Establishment of novel histopathological techniques for the investigation of post-

mortem ALS tissue

2.1 CLARITY

Protocol followed is as previously described [319]. Post-mortem human brain tissue from
the primary motor cortex (~ 3mm?3, grey matter) and lumbar spinal cord (~3mm?) of a
single ALS patient was used. In one experiment, tissue that had been stored in 10% NBF
solution for a period of 3 months was used. In another experiment, tissue that had been
post-fixed for 48 hours from frozen tissue was used. Both sets of tissue were subject to
the same processing procedure. After fixation, tissue was passively (i.e, non-
electrophoretically) delipidated using 4% SDS buffer at 37°C. Buffer was changed
regularly until the grey matter had turned adequately transparent. The tissue was then
twice washed in 0.2% PBS-Triton overnight at 37°C to remove excess SDS buffer. Tissue
was then blocked in a solution containing 0.6M glycine, 0.2% Triton X-100, 6% Donkey
serum and 20% DMSO in 1X PBS overnight at 37°C. Tissue was then washed again in
0.2% Tween-20 to remove excess blocking solution. Tissue was incubated with mouse
monoclonal pTDP-43 primary antibody (Cosmo-Bio, Japan) for three days at a
concentration of 1:1,000 (3ml) with another 1ul of antibody added on the second day.
Primary antibody was then washed from the tissue using 0.2% Tween-20 in 1X PBS three
times for one hour, then overnight. Tissue was then incubated with a goat anti-mouse 19gG
secondary antibody, conjugated to Alexafluor 488 fluorophore (Invitrogen, cat# A11001)
at a dilution of 1:200 (2ml) for three days, with an additional 1ul of antibody added on
the second day. Tissue was then washed again using 0.2% Tween-20 in 1X PBS five
times, then overnight at room temperature. Counterstaining was performed using DAPI at

a dilution of 1:10,000. Refractive index matching was performed using 47% TDE v/v in



0.1M PB, pH7.4. Tissue was then placed in an inverted imaging dish with a small amount

of refractive-index matching solution and imaged using an inverted confocal microscope.

There was significant variability in the duration of the delipidation step that was related
to the fixation duration, where longer time spent in fixative required longer durations to
effectively delipidate (Fig 4), effectively precluding the use of tissue that is stored in wet
formalin for a period of longer than one week when using passive clearing methods. It is
noted however that some groups have been able to effectively clear large pieces of tissue
that have been stored in formalin for long periods of time by using electrophoretic clearing

methods. Additionally, as this was an exploratory experiment, it is limited to an n of 1.

The images in Fig 5 represent the best results gained from the single attempt of the
method. However, as it stands the method appears to exhibit several drawbacks which
limit its routine histological use. A significant issue with the method is the length of time
the protocol takes. Both primary and secondary antibodies must be incubated for long
periods (four days plus in some cases), at concentrations far higher than would be
necessary using standard IHC which also increases the cost. Without these higher
concentrations, penetration of the antibody is insufficient for imaging; penetration also
being limited by the relatively large molecular size of most antibodies. However, the use
of smaller primary antibodies generated from alpacas
(https://www.chromotek.com/about-us/the-alpaca-antibody-advantage/), which  lack
light-chain fragments, as well as advances in optical light-sheet microscopy which

provide higher laser penetration depths, offer potential means of improvement.


https://www.chromotek.com/about-us/the-alpaca-antibody-advantage/

ALS primary motor cortex tissue

48 hours fixation, 72 >1 month fixation, six
hours clearing weeks clearing

Figure 4: Fixation duration is a key determinant in how efficiently
tissue is delipidated in preparation for staining using the FASTClear
protocol. Motor cortex tissue that is minimally fixed is rapidly cleared
using 4% SDS buffer (A), but tissue that has undergone prolonged
fixation is not adequately cleared even after clearing for six weeks (B).
Human spinal cord is sufficiently cleared but with some concomitant
expansion of the tissue (C).
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pTDP-43

Figure 5: Using FASTClear to visualise pTDP-43 pathology within the
anterior horn of the lumbar spinal cord (A,B) and of the primary motor
cortex (C-E) in post-mortem human ALS tissue. Skeins and punctate are
represented in three dimensions using this method (A). Orthogonal view
through the same region shows a single neuron with diffuse and punctate pTDP-
43 present throughout the cytosol (B). Maximum intensity projection (C).
Orthogonal view through same image (D). 3D reconstruction of skein
pathology, possibly through an oligodendrocyte (E).



2.2 RNAscope

2.2.1 Preparation of tissue

Post-mortem brain tissue is particularly susceptible to the effects of pre-analytical
variables such as post-mortem delay and pH because of the brain’s high metabolic demand
and subsequent cellular vulnerability after death. In surgical brain tissue, by contrast, these
variables are comparatively easy to limit. Brain biopsies and neuro-oncology tissue are

therefore excellent candidates for RNA-ISH investigation.

Variables affecting the suitability of post-mortem brain tissue for use with RNA-ISH
include agonal state of the patient (protracted death vs sudden death etc), cause of death
(e.g stroke vs heart attack), fixation times and processing schedules. The inherent quality
of the tissue is paramount — tissue with a low RNA integrity is unlikely to yield valuable
results. For downstream RNA-ISH analysis therefore, it is prudent to measure RIN either
by extracting RNA and running on an agarose gel, or, alternatively, using the Agilent 2100
Bioanalyzer from Agilent technologies that also provides additional information such as

RNA purity and concentration, whilst also requiring much smaller amounts of RNA.

Fixation is a key concern when performing RNA-ISH. Under-fixed tissue will become
over-digested at the protease step causing subsequent loss of signal. Over-fixed tissue will
cause under-digestion at the protease step causing inadequate probe accessibility and
binding. We have conducted extensive optimization of the protocol below, and have found
that human brain tissue becomes unsuitable for use with RNAscope beyond 48hrs fixation
in 10% NBF. This means that the majority of archival brain tissue stored within brain
tissue banks is unsuitable for RNA-ISH using this method. Alcohol (commonly industrial

methylated spirit (IMS) in pathology labs) also has a fixative effect and tissue processing



schedules must therefore be modified from routine diagnostic protocols. The optimised
protocol here is based on the use of the RNAscope method with the automated Ventana
Benchmark platform from Roche Diagnostics, however prior to this extensive
optimisation of the pre-analytical variables involved in using post-mortem FFPE tissue

was undertaken.

2.2.2 Tissue processing

Tissue was dissected from either frozen tissue, or was dissected fresh at the point of the
donation being received in our lab, and placed into a standard histology cassette before
being fixed in 10% NBF. Tissue was fixed for a maximum of 48 hours as optimisation
determined that past this mRNA started to become difficult to detect, and tissue fixed for
less than this can produce a background signal due to unspecific probe binding. After
fixation, tissue was processed using a carousel processor (TP1020, Leica Biosystems).
The processing schedule used can be seen in Table 4. A shorter processing schedule was
used than is standard for human FFPE brain - this is because of the additional fixative
effect of alcohol. Tissue was then embedded in paraffin wax and sectioned onto
Superfrost+ slides at 6um using a rotary microtome. After staining, sections were rinsed
in diluted washing up liquid three times to remove residual liquid coverslip, rinsed in
running tap water and dried at 37°C for 30 minutes. Sections were then coverslipped using
a single drop of xylene and Ecomount (Biocare) mounting medium and viewed using a
Zeiss Primo Star microscope before being digitally scanned using the Aperio Scanscope

(Leica Biosystems).



Station | Reagent Time
Tissue 1-5mm® | Tissue 5-10mm?
1 10% NBF 5 mins (can be 5 mins (can be
delayed as delayed as
appropriate) appropriate)
2 75% IMS 1hr 1 hr 30 mins
3 85% IMS 1hr 1 hr 30 mins
4 95% IMS 1hr 1 hr 30 mins
5 100% IMS 1hr 1 hr 30 mins
6 100% IMS 1 hr 30 mins 1 hr 30 mins
7 Xylene 1hr 1 hr 30 mins
8 Xylene 1hr 1 hr 30 mins
9 Xylene 1 hr 30 mins 1 hr 30 mins
10 Molten paraffin | 1 hr 1 hr 30 mins
wax
11 Molten paraffin | 1 hr 1 hr 30 mins
wax
12 Molten paraffin | 1 hr 1 hr 30 mins
wax
Total time 12 hr 05 mins 16 hrs 35 mins

Table 4: Optimised tissue processing schedule for use with
RNAscope. Total time spent processing is dependent on the size of the
tissue, but times are substantially reduced from standard post-mortem
brain times to account for the additional fixative effect of alcohol which
could potentially reduce mRNA amplification.



The first run of tissue assessed using RNAscope is shown below Table 5.

Slide Method

number

1 FFPE tissue fixed for ~24hrs from fresh,
unfrozen tissue @ 6pm

2 FFPE tissue fixed for ~24hrs from tissue
that was previously frozen @ 6um

3 FFPE tissue fixed for ~4 weeks @ 6pum

4 FFPE tissue fixed for years @ 6um

5 Fixed frozen: Frozen tissue thawed, fixed in
4% PFA for 24hr @ 4C. Immersed in 10%
sucrose in 1XPBS, repeated with 20% and
30% sucrose. Frozen @ -80C, sectioned @
11pm on cryostat

Table 5: Methods of tissue preparation used in preliminary
RNAscope optimisation.

2.2.3 Probes

Tissue was stained on the Benchmark Ventana platform (Fig 6) using anti-sense probes
described in Table 6. For each run, two control probes were included. A probe for PPIB,
which encodes a peptidyl isomerase and was chosen as a positive control because it
displays a moderate expression across most human tissues including brain (Human
Protein Atlas), and was applied to both HeLa cells (Fig 7B) and human tissue (Fig 7C-E).
An additional probe for dapB, which as a bacterial gene is not expressed in human tissue,

was applied and used as a negative control (Fig 7A). In RNAscope, each dot represents a



single transcript of mRNA for the given gene, with specificity ensured by multiple
identical probes being required to bind to a single target before amplification and detection
can take place [320]. This prevents the amplification of non-specifically bound probes

and therefore confidence in target identification.

Using the above tissue (table 5), we were first able to ascertain that the tissue from slide
number one offered the best signal/noise ratio and the clearest staining. Tissue from slide
3 and 4 did not stain at all, probably because of their prolonged fixation times preventing
the adequate retrieval of the target mMRNA. This led to the development of a short-fix
protocol when a new ALS or control donation was received into our department, which
allows complete control over fixation and ensures it is compatible not just with RNAscope
but also with antibodies which may also be susceptible to fixation effects. In each
subsequent run (table 7, 8 and 9), further refinements were made to our method so that we
could achieve consistency and robustness of staining (Fig 7 and Fig 8). Application of the
method using post-fixed frozen tissue was largely unsuccessful because of the significant
ice crystal artefact created when defrosting tissue frozen at -80°C. Once the method had
been optimised, C9ORF72 test probes were applied to a single control case as a
preliminary experiment (Fig 8). As RNAscope probes can only be designed when there is
a >300bp difference in sequence homology between transcripts, and two of the three
C90RF72 transcript variants exhibit just a 50bp difference, one C9 probe labelled two
variants simultaneously (variants 2 and 3) (Table 6). The C9ORF72 probes could not (in
a single attempt) be used to easily discern RNA foci which are abundant in the cerebellum

of the patients with the expansion (Fig 8).



Gene Human ENSEMBL | Target Accession

Transcript ID region number

(bp)

PPIB ENST00000300026.3 | 139-989 NM_000942.4
dapB - 414-862 EF191515
TARDBP | ENST0000024018 2742-4112 | NM_007375.3
FUS ENST00000254108.11 | 2-1113 NM_004960.3
CI90RF72 | ENST00000379997.7 | 859-1932 | NM_145005.6
(transcript
variant 1)
C90RF72 | ENST00000380003.7 | 774-2109 | NM_018325.3
(transcript
variants 2
and 3)
TBK1 ENST00000331710.9 | 1234-2321 | NM_013254.3
CTIP2 ENST00000357195.7 | 4771-7609 | NM_138576.3
SATB2 ENST00000417098.5 | 1608-2546 | NM_001172509.1
TBR1 ENSTO00000389554.7 | 208-1345 | NM_006593.2

Table 6: mMRNA antisense oligonucleotide probes used in this study. Probes are
designed by the company they are purchased from, and subsequently guaranteed.
Specificity of the probes is ensured by the particular technology employed in the
method, whereby multiple ‘Z’ pairs of probes are required to bind to the target
before amplification and signal detection can occur. This ensures specificity by
preventing the amplification of non-specific probe binding. Note that as the current
synthesis method can only generate probes with a minimum of 300bp difference in
homology, one of the COORF72 probes is specific for two transcript variants as
they are both highly homologous (50bp difference between transcript variants 2 and
3.


https://www.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000147894;r=9:27546545-27573866;t=ENST00000380003

Slide Type Tissue PM Fixation | Processing | Result

number delay

1 Fresh PM Cerebellum | 48 hrs 24 hrs 12 hrs Positive probe: faint expression but appears to have worked. Staining
at different focal planes
Negative probe: dots are present but far fainter than positive probe

2 Fresh PM Spinal cord 48 hrs 24 hrs 12 hrs Not tested

3 Fresh PM M1 hand 48 hrs 24 hrs 12 hrs Positive probe: dots present in grey matter, but additional edge effect
Negative probe: dots fainter than +probe but still with edge effect

4 Fresh PM Cerebellum | 48 Hrs 24 hrs 72 hrs Positive probe: some faint expression in granular layer, not clear
though
Negative probe: Almost no detectable expression

5 Fresh PM Spinal cord | 48 hrs 24 hrs 72 hrs Not tested

6 Fresh PM M1 hand 48 hrs 24 hrs 72 hrs Positive probe: fairly consistent expression across grey matter, slight
edge effect
Negative probe: No detectable expression

7 Post-fixed Cerebellum <48 hrs 40 hrs 12 hrs Positive probe: Very clear specific dots in both granular and

frozen (liquid molecular layer, as well as purkinje cells
nitrogen) Negative probe: No real detectable expression

8 Surgical Cerebellum - 24 hrs 15.5 hrs Positive probe: clear expression in both granular and molecular
layers
Negative probe: very faint expression in both layers

9 Surgical Pituitary - 24 hrs 15.5 hrs Positive probe: Very clear, obvious expression
Negative probe: very faint expression in some areas

12 Fresh PM Cerebellum | 72 hrs 24 hrs 7 hrs Positive probe: clear expression, particularly of purkinje cells (Fig 7

D&E). Slight underprocessing

Negative probe: very faint expression in some areas

Table 7: Second run of RNAscope. Results on this run were more consistent, and allowed us to focus on using fresh-fixed
PM tissue as our source material.




Slide Type Tissue Freezing Frozen | PM Fixation | Processing | Result
number method since delay
13 Post- Cerebellum | Slow July 51 38 hrs 12 hrs Positive probe: Inconsistent dots size and intensity across section. Failed
fixed 2012 hrs Negative probe: Inconsistent background staining across whole slide. Failed
frozen CI90ORF72 tv2tv3 probe: Staining is clear in places but mainly inconsistent with high
background
14 Post- Cortex Slow July 51 38 hrs 12 hrs Positive probe: Moderate but consistent expression and staining
fixed 2012 hrs Negative probe: No expression
frozen CI90ORF72 tv2tv3 probe: Low but consistent expression
15 Post- Cerebellum | Liquid Jan 48 38 hrs 12 hrs Positive probe: Clear, bright staining of granule layer and purkinje cells
fixed Nitrogen 2013 hrs Negative probe: High background in granule cell layer
frozen C90RF72 tv2tv3: Clear expression in granule layers
16 Post Cerebellum | Liquid Oct 48 38 hrs 12 hrs Positive probe: Good staining, but some inconsistency. Purkinje cell staining excellent
fixed Nitrogen 2013 hrs Negative probe: No expression
frozen CI90RF72 tv1 probe: Maybe some specific staining, but difficult to distinguish from
background which is fairly high
17 Post- Cortex Liquid Oct 48 38 hrs 12 hrs Positive probe: Clear, consistent expression across grey matter
fixed Nitrogen 2013 hrs Negative probe: No expression or background staining
frozen C90RF72 tvl probe: Low (1 or 2 transcripts per cell), but consistent expression
18 Post- Cerebellum | Liquid June 24 38 hrs 12 hrs Positive probe: Some staining but overall fairly weak. Freezing/fixation artefact
fixed Nitrogen 2015 hrs Negative probe: background staining. Freezing/fixation artefact
frozen CI90ORF72 tv2tv3 probe: Inconsistent across slide. Freezing/fixation artefact
19 Post- Cerebellum | Liquid March 17 38 hrs 12 hrs Positive probe: Clear but inconsistent specific dots
fixed Nitrogen 2016 hrs Negative probe: Some weak background staining
frozen CI90ORF72 tv1 probe: Some expression but difficult to distinguish from background
20 Post- Cortex Liquid March 17 38 hrs 12 hrs Positive probe: Clear, consistent expression
fixed Nitrogen 2016 hrs Negative probe: No expression
frozen CI90RF72 tvl probe: Low but consistent and clear expression

Table 8: Third run of RNAscope. This run consisted of tissue that had been post-fixed from frozen

tissue.




Slide Type Tissue Freezing | Frozen | PM Fixation | Processing | Result

number method since delay

21 Post- Cerebellum | Slow July 2012 | 51 hrs 48 hrs 12 hrs Positive probe: Some staining of granular layer, but no dots present in
fixed purkinje cell layer, little in molecular layer
frozen Negative probe: Little to no background but freezing/processing artefact

within tissue

22 Post- Cortex Slow July 2012 | 51 hrs 48 hrs 12 hrs Positive probe: Consistent staining with some artefact
fixed Negative probe: No expression, haematoxylin patchy
frozen

23 Post- Cerebellum | Liquid Jan 2013 | 48 hrs 48 hrs 12 hrs Positive probe: Consistent, clear staining across slide
fixed Nitrogen Negative probe: No staining
frozen

24 Post Cerebellum | Liquid Oct 2013 | 48 hrs 48 hrs 12 hrs Positive probe: Expression is slightly inconsistent across slide but strong in
fixed Nitrogen most areas
frozen Negative probe: No background staining at all

25 Post- Cortex Liquid Oct 2013 | 48 hrs 48 hrs 12 hrs Positive probe + immuno: RNAscope staining good, no IHC staining
fixed Nitrogen Negative probe: No staining
frozen

26 Post- Cerebellum | Liquid June 24 hrs 48 hrs 12 hrs Positive probe + IHC: RNAscope staining good, but slight reduction in
fixed Nitrogen 2015 staining of Purkinje cells, no IHC staining
frozen Negative probe: No expression, under fixed/under processed?

27 Post- Cerebellum | Liquid March 17 hrs 48 hrs 12 hrs Positive probe + IHC: Good morphology. Slight decrease in RNAscope
fixed Nitrogen 2016 signal intensity, no IHC staining
frozen Negative probe: No staining

28 Post- Cortex Liquid March 17 hrs 48 hrs 12 hrs Positive probe + IHC: RNAscope staining good, no IHC staining
leed Nitrogen 2016 Negative probe: Very light background staining, barely noticeable

rozen

Table 9: Fourth run of RNAscope. This run consisted of tissue that had been post-fixed from frozen tissue, but the AMP5 time was
made slightly longer to increase the size of the signal.



2.2.4 Set up of the Ventana Benchmark protocol and critical steps

While RNAscope is a multi-step process, there are certain steps (aside from pre-
processing of the tissue) which are key to successful outcomes (Fig 6B). Firstly, the target
retrieval conditions, namely the boiling and protease steps. Sufficient target retrieval is
crucial to obtaining subsequent adequate RNA amplification, and was optimised based on
the length of time the tissue had been fixed. In our experience, boiling times of 16 minutes
and protease incubation times of 24 minutes gave the best results when the fixation of the
tissue had been limited to 48 hours or less. Longer fixation times require longer
pretreatment conditions, but as with all such methods, too long in pretreatment will
damage the tissue and create artefactual damage. Secondly, the probe hybridization time.
Prolonging the probe amplification times resulted in more efficient probe binding and
better staining quality, at the compromise of vastly increased protocol times. Additionally,
the automated platform does not allow hybridization times beyond two hours — the manual
version of the assay allows much more flexibility in this regard. We found that
hybridization of the probe for one hour was optimal. There are multiple amplification
steps embedded within the RNAscope protocol, however the most important of these is
the AMP5 time (‘amplification’ steps in Fig 6B, see also extended protocol in
supplementary information) which is a critical aspect of the subsequent size of the dot
staining. Increased AMP5 times allow each mRNA transcript to be visualised larger,

however this is not necessarily desirable, especially for genes that are highly expressed.
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phosphatase
detection step
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Critical step: Probe 10 Apply Two Drops of [PROBE 10] { Probe #1 ), Apply Coversiip, and Incubate for 4 Minutes
hvbridizati d 11 Warmup Slide to [43 Deg C], and Incubate for 2 Hours { Hybridization )
ybridization an i Warmup Siide to [39 Deg CJ, and Incubate for 22 Minutes { Hybridzation 22 )
amplification (including 13 Warmup Shide to [39 Deg CJ, and Incubate for 32 Minutes { Hybridization #4 )
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17 Post Counterstain [Selected]

/ Apply One Drop of [BLUING REAGENT] { Post Counterstain ), Apply Coverslip, and Incubate for [8 Minutes]

Counter staining

Figure 6: Ventana Discovery machine set-up. (A) The slides remain in
position on heat pads while the reagent carousel sequentially applies the reagents
specified in the protocol. (B) The specific automated protocol and critical steps
in the RNAscope staining method. The expanded protocol is included in the
supplementary information.
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Figure 7: Optimization of RNAscope using the PPIB positive control
probe. A probe targeted against the bacterial gene DapB, does not detect
staining in HelLa cells (A), but the PPIB positive control probe is highly
expressed in HeLa cells (B), and in frozen tissue from a pituitary adenoma
surgical biopsy (C). The PPIB gene is also highly expressed in Purkinje
cells of the cerebellum (D and E).
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Figure 8: Expression of COORF72 using RNAscope. As transcript
variants 2 and 3 are highly homologous, probes can only be synthesised that
match both. There is relatively low expression of all transcripts in HeLa cells
(A and B), and very low expression in human primary motor cortex (C and
D). However, expression of transcript variants 2 and 3 are highly expressed
in the granular layer of the human cerebellum (E). We were unable to
confidently detect the sense RNA foci unique to COORF72 ALS/FTD within
the cerebellum using either anti-sense RNAscope probe.
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2.2.5 Final RNAscope protocol

© o~

11.
12.
13.

14.

15.

16.
17.
18.

Dissect fresh tissue into piece no larger than 10 x 5 x 5mm. This ensures
adequate penetration of fixative and processing reagents

Immersion fix tissue in 10ml 10% NBF for 24-48 hours

Place tissue in labelled tissue processing cassette

Process tissue through increasing concentrations of alcohol and xylene followed
by penetration using molten paraffin wax. See Table 4 for processing schedules
Embed processed tissue in paraffin wax and leave to cool on cold plate for at
least 2 hours

Section tissue using rotary microtome at 5-7um and pick up from water bath on
Superfrost+ slides

Dry sections overnight at 37°C

‘Burn’ sections to slide by incubating at 80°C for 1 hr

Dewax sections immediately through three washes in xylene, 5 min each

. Take sections to water through rinsing in decreasing (100%, 100%, 90%, 74%)

concentrations of IMS

Rinse sections in tap water

Add label to slide printed from Ventana software

Place slide in Ventana benchmark machine on slide pad and run on relevant
protocol.

Ventana RNAscope protocols applied to post mortem tissue should use the
following setup for critical steps, as in Fig 6B. The expanded protocol is
included in the supplementary information:

Wet slide load

Protease time: 24 mins @ 97°C
Boiling time: 16 mins @ 97°C
AMPS5 time: 32 mins

Total amplification time: 1 hr
Haematoxylin: 12 mins

Bluing reagent: 8 mins

Remove slides from machine and rinse in cold tap water containing a small
amount of washing up liquid to remove liquid coverslip (oil)

Rinse in cold water

Allow to dry completely in 37°C oven for at least 30 mins

Mount using EcoMount (NOT DPX) and coverslip

Note: Reagents containing alcohol (e.g DPX) cannot be applied after staining has been
conducted as AP signal is soluble in alcohol.



2.2.6 Practical utility of RNAscope

RNAscope is a robust method that produces high quality, reproducible results, as long as
the pre-analytical variables associated with post-mortem human tissue are suitably
controlled for. Overall, the RNAscope protocol itself is standardised as a result of the
software used to run the platform, however there is some scope for it to be modified for
particular tissues. The difficulty in its implementation therefore comes not from the
protocol itself, but from accounting for the presence of extensive pre-analytical variables
involved in using post-mortem tissue, particularly sub-optimal, prolonged fixation times.
Ultimately, once these factors are controlled for through fixing tissue for <48 hours and
optimising staining itself, the results generated in preliminary experiments were consistent
and of high enough quality that it was felt other probes listed in table 6 could be used in

future experiments with confidence.

2.3 Quantification

Despite the high degree of specificity achieved through the need for multiple probes to
bind simultaneously before amplification can occur, some transcripts will be overlapping
and some will exhibit larger dots than others, meaning algorithms are required that can
distinguish between these. Quantification of expression was performed using QuPath
analysis software [327]. Algorithms were designed that allowed the quantification of the
signal in several contexts. Firstly, the raw number of dots per annotation region could be
counted. A concomitant algorithm was also run in parallel that counted the number of
viable cells using haematoxylin staining as the criteria, providing an accurate quantitation

of cell nuclei. This allowed the number of transcripts per cell, per annotation region to be



quantified. This algorithm could then be used to assess the average number of transcripts
per cell, and each cell could then be designated as ‘positive’ if the minimum number of
transcripts per cell was met. In this study, we designated a ‘positive’ cell as containing at
least three times the average number of transcripts per cell. Finally, where dots were
identified as being overlapping, the algorithm was trained to recognise this and output an
average of dots counted using minimum dot size as a criteria. Quantification was achieved
more accurately by inverting the colours used in the image analysis software, so that a
greyscale image was used (Fig 9C). The algorithms created and used in QuPath are listed

below.

2.3.1 Source code for RNAscope quantification and analysis

The code below performs three functions. First, the parameters required for the
identification of the dots are input. This includes colour deconvolution to identify the fast-
red signal, optimization of dot parameters, and assessment of the cytoplasm-to-nuclear
dot ratio. The output for this algorithm includes the number of dots in the annotation
region, the number of dots per cell, and the nuclear vs cytoplasmic ratio of dots. The
algorithm was designed in conjunction with the creators of the QuPath software via github

(https://github.com/qupath/qupath/issues/119).

—--setImageType ('BRIGHTFIELD H DAB'");

setColorDeconvolutionStains (' "Name" : "H-Fast Red ISH", "Stain 1"
"Hematoxylin", "Values 1" : "0.76196 0.55713 0.33018 ", "Stain 2" :
"DAB", "Values 2" : "0.21428 0.75316 0.62196 ", "Background" : " 255
255 255 "),

runPlugin ('qupath.imagej.detect.nuclei.WatershedCellDetection',
'{"detectionImageBrightfield": "Hematoxylin OD",
"requestedPixelSizeMicrons": 0.5, "backgroundRadiusMicrons": 8.0,
"medianRadiusMicrons": 0.0, "sigmaMicrons": 1.5, "minAreaMicrons":
10.0, "maxAreaMicrons": 400.0, "threshold": 0.1, "maxBackground":



2.0, "watershedPostProcess": true, "excludeDAB": false,

"cellExpansionMicrons™: 7.0, "includeNuclei": true,
"smoothBoundaries": true, "makeMeasurements": true');
runPlugin('qupath.imagej.detect.cells.SubcellularDetection',
'"detection[DAB]": 0.175, "doSmoothing": true, "splitByIntensity":
true, "splitByShape": true, '"spotSizeMicrons": 1.0,
"minSpotSizeMicrons": 0.5, "maxSpotSizeMicrons": 12.0,
"includeClusters": false'):;

setCellIntensityClassifications("Subcellular: DAB: Num spots
estimated", 6)

// Note: This sets the class according to spot/cluster location,
// but does not try to set meaningful colors at this point

// Get all spots/clusters
def clusters = getObjects({p -> p.class ==
qupath.imagej.detect.cells.SubcellularDetection.SubcellularObject.class

}

// Loop through all clusters
for (¢ in clusters) {
// Find the containing cell
def cell = c.getParent()
// Check the current classification - remove the last part if it
// was generated by a previous run of this command
def pathClass = c.getPathClass()
if (["Nuclear", "Cytoplasmic'"].contains(c.getName())) {
pathClass = pathClass.getParentClass()
}
// Check the location of the cluster centroid relative to the
nucleus,
// and classify accordingly
def nucleus = cell.getNucleusROI ()
if (nucleus '= null && nucleus.contains(c.getROI () .getCentroidX(),
c.getROI () .getCentroid¥Y ())) {
c.setPathClass (getDerivedPathClass (c.getPathClass(),
"Nuclear"))
} else
c.setPathClass (getDerivedPathClass (c.getPathClass(),
"Cytoplasmic™"))
}
fireHierarchyUpdate ()
// Loop through the detections (we assume cells...)
for (detection in getDetectionObjects()) {
// Request cell measurements & calculate integrated density
double cellMean = measurement (detection, "Cell: DAB OD mean')
double nucleusmean = measurement (detection, "Nucleus: DAB OD mean')
double cellnucleusDABratio = cellMean / nucleusmean
// Only add measurement if it's not 'Not a Number' - this implies
both mean & area were available
if ('Double.isNaN(cellnucleusDABratio)) {
// Add new measurement to the measurement list of the detection
detection.getMeasurementList () .addMeasurement ("Cell-Nucleus DARB
ratio", cellnucleusDABratio)
// It's important for efficiency reasons to close the list
detection.getMeasurementList () .closeList ()

}

// Make sure to update the hierarchy
fireHierarchyUpdate ()
print ("Done!'™)
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A

Figure 9: Quantification of RNAscope using QuPath image analysis
software. Annotation region of RNAscope staining shown three ways.
Individual dots (transcripts) can be distinguished using a custom algorithm after
optimising colour deconvolution (A). The algorithm then accurately identifies
cell nuclei/cytoplasm, as well as detecting RNAscope positive signal, i.e gene
expression (B). This can be seen more clearly when the image is subsequently
converted to greyscale (C).



2.4 Imaging mass cytometry

Antibodies used in IMC must be conjugated by the user or bought pre-conjugated from
Fluidigm. Antibodies were conjugated to the metals based on their expression level in
DAB-immunohistochemistry, i.e the lowest expressed protein was conjugated to the metal
considered to give the most intense signal from the platform manufacturer literature and
using the protocol from the manufacturer exactly. Antibodies were validated by positive
identification of the relevant signal using the Helios cytometer system (Fluidigm) and by
standard DAB-IHC post-conjugation. Sections were treated prior to primary antibody
staining as previously described. Primary antibodies against NeuN (Merck Millipore,
MAB377, 1:500), GAD67 (Merck Millipore, MAB5406, 1:700) and pTDP-43 (Cosmo-
Bio, TIP-PTD-MO01, 1:5000) were applied and incubated at 4°C overnight. Sections were
then rinsed with TDS-T and intercalator (Fluidigm, cat #201192A) was applied at a
dilution of 1:400, before insertion into the Fluidigm Hyperion platform. The GAD67
primary was chosen based on the high quality results gained when visualised using DAB-
IHC in preliminary experiments (data not shown), and because of the hypothesis that
inhibitory interneurons aggregate pTDP-43 pathology less frequently than their excitatory

counterparts, which is explored elsewhere in chapter 3 (Fig 26).

Preliminary results from a single use of the Hyperion platform were not successful (Fig
10), hampered by insufficient image resolution and inadequate conjugation of antibodies.
Additionally, acquiring the correct antibodies at sufficient purity and concentration so that
they were suitable for conjugation made the protocol difficult to implement within the
allotted time. The manufacturer of the platform produces a line of antibodies conjugated
by themselves in house, however their range is limited and they do not currently stock a

significant number of neuroscience related targets. The promise in the platform lies in its



ability to handle multiple simultaneously stained targets, as well avoiding the
autofluorescence issue so inherent when using human brain tissue. It is noted that the
platform is being used successfully in the investigation of cancer tissue and has also been
used in conjunction with RNAscope to visualise RNA-protein relationships [324].
However, until the above issues are rectified its utility in routine neuroscience lab settings
will be limited, and ultimately our preliminary application of the method was

unsuccessful.



Figure 10: Preliminary results from imaging mass spectrometry. Three
antibodies — NeuN (A), GAD67 (B) and pTDP-43 (C) were tagged to specific
heavy metals and the tissue ablated using the Hyperion platform from Fluidigm.
The resolution of the images is low and the GAD67 antibody has not worked
efficiently, and staining is difficult to discern (D). White arrows indicate pTDP-43
inclusions stained red. This is the maximum practical resolution possible for the
method, which is unsuitable for the applications required in this thesis.



Chapter three

Neuropathological substrates of selective

vulnerability in the ALS primary motor cortex



3. Neuropathological substrates of selective vulnerability in the ALS primary motor

cortex

3.1 Introduction

The term ‘selective vulnerability’ describes the differential susceptibility of cells or
anatomically defined regions to disease pathomechanisms, which is generally recognised
as the basis for the heterogeny of features across the spectrum of neurodegenerative
disease. In this context, selective vulnerability can be further delineated as vulnerability
to cellular proteinopathy or vulnerability to degeneration itself; a relationship which
cannot be assumed to be linear, as microscopically visible aggregate formation may be an

indicator of a successful cellular response to proteotoxicity [328-331].

The concept of selective vulnerability defines the classical neurodegenerative diseases.
The clear progressive loss of dopaminergic neurons in the substantia nigra pars compacta
of Parkinson’s disease [332], or the susceptibility of hippocampal neurons to tau and 3-
amyloid pathology in Alzheimer’s disease for example have provided ways in which these
diseases can be accurately neuropathologically staged. However in ALS, this selectivity
is particularly apparent as even functionally-related but regionally distinct motor neuron
sub-types are differentially involved; e.g the trigeminal and hypoglossal nuclei of the
brain stem are severely affected, whereas oculomotor neurons remain generally

undisturbed throughout disease course [109, 227].

While patients commonly present with a combination of lower motor neuron and
pyramidal signs, the nature of disease initiation and progression between the spinal cord
and cortex is debated and two competing (but not necessarily mutually exclusive)

hypotheses have emerged. In the ‘dying-back’ hypothesis, denervation at the



neuromuscular junction precedes lower motor neuron (LMN) degeneration, which in turn
precedes cortical dysfunction. In the ‘dying forward’ hypothesis, cortical dysfunction
caused by anterograde trans-synaptic, glutamate-mediated excitotoxicity precedes LMN
dysfunction [189, 217, 218]. This is supported by a cortical hyperexcitability phenotype
apparently manifesting before significant LMN signs in human sporadic ALS cases [189],
as well as presymptomatic cortical neuron defects in both SOD1 [202, 219] and TARDBP
[220] mouse models. Degeneration of GABAergic, inhibitory interneurons has been
suggested as the cause of the aforementioned hyperexcitability and subsequently of ALS
potentially being an ‘interneuronopathy’ [190]. The histological basis for this is supported
by studies detailing interneuron loss in various ALS mouse and zebrafish models [193,

194, 333-335].

However, differences in comparative anatomy make using such models to study selective
vulnerability and upper motor neuron pathology challenging, and several studies utilising
human tissue for this purpose have described conflicting results [188, 195, 196]. To our
knowledge, there have been no studies attempting to reconcile motor cortex degeneration
to the presence of cortical pathology since the discovery of the main ALS driver genes
and their protein products (e.g TDP-43, FUS, SOD1 and C90ORF72). Finally, while
atrophy of the ALS primary motor cortex relative to other cerebral regions can be
identified in-vivo using various neuroimaging methods [171-173, 336, 337], two
stereological studies found no evidence of total neuronal loss [290] or a significant change

in neuronal morphology [289].

We hypothesized that not all cell-types are equally affected by the specific proteinopathies
that define the major neuropathologically recognised disease entities of ALS-TDP, C9-
ALS, ALS-FUS and ALS-SOD1. Here, we use both standard immunohistochemistry and

multiplexed immunofluorescence (MxIF) in conjunction with multilevel statistical



modelling to characterise the pathology of the motor cortex across the spectrum of ALS
genotypes, and assess the existence of this pathology in the context of molecularly-defined

cellular sub-types.

3.2 Materials and methods

3.2.1 Cases

Post-mortem human brain tissue in the form of 10um sections was obtained from the
Oxford Brain bank, the MRC London Neurodegenerative Diseases Brain Bank and the
Sheffield Brain Tissue Bank. Consent and ethical approval for the use of tissue was
provided by the generic REC of each bank respectively according to institutional

guidelines. Details of the cases used in this study are included in Table 10.

Patients were diagnosed during life by experienced clinicians according to standard
diagnostic criteria. All cases were diagnosed post-mortem by an experienced
neuropathologist and confirmed genetically via next-generation sequencing. For the
purposes of this study, we therefore use the term ‘sporadic’ to refer to cases with no known
high-penetrance mutations and an absence of characteristic genetically-linked pathology.
Two cases could not be confirmed genetically but were diagnosed through the presence
of characteristic SOD1 and FUS pathology respectively. Sample sizes were largely
determined by the availability of cases from each genotype. Cases caused by OPTN,
CHMP2B, HNRNPA1 and TARDBP mutations are present in <1% ALS patients and
therefore we were unable to obtain sufficient power for these genotypes, but were included

because of their potential for interesting comparisons and clarification of their pathotype.



Age (Years)

PMD (Hours)

Fixation (Weeks)

Genotype
P n= | Range Mean [S)gil/ Range Mean [S)'g\j/ Range Mean [S)Eg/
Control 19 36-95 62.7 13.5 18-73 42.9 15.2 0.2-32 6.4 9.0
Sporadic 43 44-90 643 | 121 2-120 45.0 24.4 0.2-28 5.6 8.2
CI90RF72 18 42-76 60.6 9.4 4-96 47.6 30.6 0.2-17 7.6 4.8
SOD1 11 34-78 559 | 147 5-96 39.0 31.9 3-20 11.8 5.8
FUS 9 18-64 379 | 152 3-71 39.3 21.9 3-45 12.6 12.8
CHMP2B 2 51-69 60.0| 127 12-22 17.0 7.1 3-45 3.8 11
HNRNPA1 1 62 62.0 - 48 48.0 - 12.0 12.0 -
OPTN 1 54 54.0 - 3 3.0 - 12.0 12.0 -
TARDBP 1 57 57.0 - 48 48.0 - 9.0 9.0 -

Table 10: Summary details of all cases used in the selective vulnerability study. PMD = Post Mortem Delay.




3.2.2 Tissue sampling

10um sections containing underlying white matter were cut from archival formalin-fixed
paraffin-embedded blocks from the primary motor cortex, corresponding to the ‘hand
knob’ region of the homunculus where available. 5pum sections from the same region were
used in MxIF experiments. 10um sections of FFPE lumbar spinal cord were also cut from
each case. All sections were cut using a rotary microtome and harvested on Superfrost +

slides.

3.2.3 Single immunohistochemistry

For single-stain immunohistochemistry (sIHC), de-identified sections from sporadic (n =
19), C9ORF72 (n = 16), SOD1 (n = 11), FUS (n = 9), CHMP2B (n = 2), TARDBP (n =
1), HNRNPAL (n = 1), OPTN (n = 1) and control (n = 11) cases were dewaxed through
xylene, and rehydrated through decreasing concentrations of alcohol before being pre-
treated for 30 min in 10% concentrated (30%) H.O. and distilled water to block
endogenous peroxidase. Heat-induced epitope-retrieval was performed using autoclave
boiling at 121°C for 10 minutes. Sections were then rinsed with Tris-buffered saline and
blocked with normal goat serum (1:10 in TBS-T) for 30 min. The primary antibodies used
are listed in Table 11. Primary antibodies were incubated overnight at 4°C and visualised
using the Dako Envision+ kit and HRP-DAB signal. Primary antibody dilutions were
optimised extensively prior to testing, with criteria for success being intense signal
staining and minimisation of background and artefact. In order to assess the relative extent
of upper vs lower motor neuron involvement, an additional three sections from the lumbar
spinal cord region were cut at 10pum from each case and stained with pTDP-43, CD68 and

SMI-312 using the same method. Positive and negative controls were used for each



antibody. No staining was seen when the primary antibody was omitted. For all cases, an
additional section was stained using haematoxylin and eosin (H&E) to confirm the
presence of Betz cells in layer Vb. Stained sections were then dehydrated, cleared,
mounted (Histomount, Thermo-Fisher Scientific, Germany) and coverslipped. All
sections were viewed using a Zeiss Primo Star microscope (Zeiss, Oberkochen,

Germany).



Antigen Supplier Catalogue # | Host | Clone Dilution
TIP-PTD-
pTDP-43 Cosmo-bio MO1 Mouse | Monoclonal | 1:40,000
p62 Abcam ab91526 Rabbit | Polyclonal | 1:1,000
FUS Sigma-Aldrich | HPA008784 | Rabbit | Polyclonal | 1:300
SOD1 StressMarq Bio | SPC-206 Rabbit | Polyclonal | 1:1,000
Merck
HuC/D Millipore MABN153 | Mouse | Monoclonal | 1:2,000
Merck
NeuN Millipore MAB377 Mouse | Monoclonal | 1:1,000
Sternberger
SMI312 monoclonals 837904 Mouse | Monoclonal | 1:2,000
Calbindin Swant 300 Mouse | Monoclonal | 1:4,000
Calretinin Swant 7697 Rabbit | Polyclonal | 1:4,000
Parvalbumin | Swant 235 Mouse | Monoclonal | 1:7,500
GFAP Sigma-Aldrich | C9205 Mouse | Monoclonal | 1:500
Olig2 Abcam ab109186 Rabbit | Monoclonal | 1:400
TPPP/p25 Win-Fest Ltd - Mouse | Monoclonal | 1:2,000
Ibal WAKO 019-19741 Rabbit | Polyclonal | 1:1,000
CD68 Dako MO0876 Mouse | Monoclonal | 1:200
Collagen IV | Millipore MAB3326 Mouse | Monoclonal | 5ug/ml
OPTN Proteintech 10837-1-AP | Rabbit | Polyclonal | 1:3,000
CTIP2 Abcam ab18465 Rat Monoclonal | 1:500
SATB2 Abcam ab51502 Mouse | Monoclonal | 1:400
TBR1 Abcam ab183032 Rabbit | Monoclonal | 1:100

Table 11: Antibodies used to investigate neuropathological

substrates of vulnerability.




3.2.4 Multiplexed immunofluorescence

Multiplexed fluorescence staining and imaging was performed at GE Global Research,
Niskayuna, USA using previously described methodologies [338], optimized for FFPE
neurological specimens. In brief, fluorescent antibodies against 21 markers were applied
two or three at a time across nine sequential staining-and-dye-deactivation rounds to a
subsection of our cohort (sporadic n = 18, COORF72 n = 3, controls n =5). Antibodies
were detected either by directly conjugated fluorophores, by pre-bound fluorophore-
labelled antibody binders, or using fluorophore-labelled secondary antibodies (Table 11
and Fig 11). Using the MxIF methodology, staining is performed for all antibodies on a
single slide per case, allowing the analysis of a number of targets within a single section,
without the loss of spatial colocalization inherent when staining different markers across
multiple sequential sections. The staining of each antibody was imaged on separate
channels after each staining round. Images were collected on custom Olympus 1X81
inverted microscopes (Olympus, Tokyo, Japan) using 20x objectives, with multi-round
image acquisition driven by automated, custom software. Autofluorescence signal was
removed during automated, post-acquisition processing by subtracting an earlier,
unstained image from each corresponding stained image. Regions of interest (ROIs) for
MXxIF acquisition were selected manually on the whole-tissue tissue sections to cover from
the pial surface to the subcortical white matter of each case. Image analysis on a single
ROI composed of ~15 fields of view per case was completed at the University of Oxford
using a custom plugin for ImageJ [339] enabling review of the multi-channel MxIF image

data.
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Figure 11: Sequential staining using the MxIF proprietary
method from GE. Directly conjugated monoclonal primary
antibodies are sequentially applied, followed by image acquisition
and processing. Autofluorescence is removed by imaging the
unstained section and subtracting this fluorescence from the stained
image. MxIF staining was conducted by GE Global Research, and
image analysis conducted by the author at the University of Oxford.



3.2.5 Single IHC quantification

Single stained IHC slides were digitally scanned using the Aperio ScanScope AT Turbo
system (Leica Biosystems, Germany). Anterior horn neuron size was measured using
QuPath software [327]. 10 anterior horn neurons (5 from each half of the spinal column)
from the lumbar region of each case were measured by drawing around the perimeter of
each neuron at x40 mag. These measurements were then averaged and log transformed
for statistical testing. For oligodendrocyte analysis, criteria for designation as an
oligodendrocyte were small size, close proximity to neurons within grey matter, a densely
stained, round nucleus, ‘Fried egg’ sign or the presence of ‘cat’s eye’ TDP-43 inclusion.
Neuronal criteria were a large cell body, presence of Nissl substance, a round nucleus with

pale homogenous nucleoplasm and a single dark nucleolus.

For pathological quantification of the primary motor cortex, ROl measuring 1000pum x
3000um were defined and quantified using QuPath pathology analysis software with
thresholding and algorithms manually optimized for each stain. Algorithms were applied
consistently throughout. CD68, TPPP/p25, Olig2, Calbindin, Calretinin and Parvalbumin
were quantified using a positive cell (pc) count. Because of the morphological
heterogeneity of pTDP-43 and p62 pathology, these were quantified using a positive pixel
(pp) count tool. Both algorithms measured the number of positive cells/pixels above a
defined DAB optical density (OD) threshold (Fig 12B). Five ROl were assessed per slide,
and placed where the short edge of each ROI was touching the pial surface whilst parallel
with underlying white matter. ROl were placed evenly around a single gyrus on each slide,
and measurements averaged across the five ROI (Fig 12A). For CD68, three additional
ROI within the white matter of a single gyrus were also defined and measurements
averaged. For lumbar spinal cord sections, one circular ROl measuring 1,757,000pum?and

one square ROI measuring 2,250,000um? was placed in the lateral corticospinal tract



region and anterior horn region respectively, on each side of a single lumbar spinal cord
slice (Fig 12C). CD68 and pTDP-43 were both quantified in the spinal cord using the
same algorithms as the motor cortex. The algorithms used to quantify the single-IHC can
be seen below. All analyses were conducted blind to case details including genotype and

other IHC results.
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Figure 12: Quantitative assessment of pathology in the primary
motor cortex and at the level of the lumbar spinal cord. IHC staining
was quantified in the motor cortex using DAB optical-density based
algorithms on five ROI, each measuring 3,000,000pm?. ROl were spread
evenly around a single gyrus where the top edge of the ROI was at the
pial surface (A). An optimised algorithm for Calbindin counts the number
of grey matter positive interneurons (B). CD68 and pTDP-43 pathology
was also quantified in the anterior horn and corticospinal tract of the
lumbar spinal cord (C, yellow and green box respectively), using
guidelines bisecting the section in each direction across the central canal.
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3.2.6 Statistical analysis

Statistical analysis and graphing was performed using a combination of GraphPad Prism
(California, USA) and RStudio (Boston, USA). The results of this study were analysed
using multi-level generalized linear models (GLM) [340, 341]. This is because the
measurements, being counts, were neither normally distributed nor homoscedastic and
ordinary parametric ANOVA or ANCOVA analyses were therefore inappropriate. The
procedure used is analogous to a 3-way ANOVA where each individual Case is a block,
Protein is a grouping variable and Genotype is a treatment, but in order to avoid over-
parameterisation Case was incorported as a random effect in a 2-level multilevel model,
thus within-Case correlation is accounted for. Goodness-of-fit chi-squared test revealed
the data was negatively-binomially distributed. If the mean Count is p, a negative-

binomial GLM fits the model:

logu=a + Z piGenotype; + Z BjProtein; + z BijGenotype;: Protein;
i j ij

Comparisons were assessed for all proteins across all genotypes, only statistically
significant results are reported in the figures and text. If a p value is not reported for any
two treatments, then p>0.05. For calcium-binding protein analysis, fixation timejog and
predominance were included as covariates in a negative-binomial GLM, to examine
whether any potential loss in expression was affected by either a more severe
neurodgeneerative phenotype overall or decreased immunoreactivity caused by prolonged
fixation. Covariates were added as log(Fixation) and Predominance with their interactions

with Genotype and Protein; Fixation needed to be log-transformed to remove excessive



skewness. In practice there was no evidence of a Genotype:Predominance interaction and
it was dropped from the model. A plot of log(Count) obtained from the fitted negative-
binomial GLM versus values of recorded log(Count) shows that the overall model fit is
good and therefore appropriate (Fig 13). Fixation and Predominance were both highly
significant covariates. A Wald test of the model with and without Fixation resulted in a
p-value of 2.4 x 1071%; a Wald test of the model with and without Predominance resulted

inp = 3.6 x 10710,

Scatterplots are formatted on a logarithmic base 2 scale and labelled as exponents of the
base value. Levels for quoted confidence intervals are set at 95% and p-values in the

figures are indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.



Fitted log(Neuron count)

10.0- ’

25 5.0 7.5 10.0 125
Recorded log(Neuron count)

Genotype

Control
CI0RF72
FUS
SOD1
Sporadic

Figure 13: Plot of fitted count against recorded count. A generalized
linear model was used to assess interneuron counts against controls, with
and without predominance and fixation as covariates. A plot of log(Count)
obtained from the fitted negative-binomial GLM versus values of recorded
log(Count) shows that the overall model fit is good and therefore

appropriate.



3.3 Results

3.3.1 ALS pathology in the primary motor cortex is highly variable both within
and across the spectrum of ALS genotypes

To assess the relative extent of pathology within the primary motor cortex across ALS
genotypes, we performed immunohistochemical staining on our cohort using antibodies
for the common pathological markers pTDP-43, p62 and CD68, which was then

quantified using digital image analysis (Table 12).

The primary neuropathological observation in ~95% ALS cases is the cytoplasmic
mislocalization and aggregation of hyper-phosphorylated TDP-43 (pTDP-43) within
neurons and glia [133]. In our cohort, pTDP-43 staining was present mainly within layers
I1-VI1, but many cases showed inclusions within the subcortical white matter. Morphology
of staining was varied, with both neuronal and glial staining present across cases (Fig 14).
No pTDP-43 staining was detected in any of the SOD1, FUS or control cases. pTDP-43
staining was highest in the OPTN case (n =1, 40,668 pp/ROI). Interestingly, this case also
negatively stained for OPTN protein (which is highly expressed in controls, Fig 16A, D),
concomitant with the knock-out effect of the mutation resulting from the termination of
the protein through a premature stop codon. Among suitably powered genotypes, pTDP-
43 staining was highest in sporadic cases (n =18, u = 14662 pp/ROI, CI =[9088, 23655]),
followed by C9ORF72 cases (n = 16, i = 7143 pp/ROI, CI = [4300, 11863]). A formal
goodness-of-fit test of a negative-binomial GLM fit for pTDP-43 staining was satisfactory
(x3(32) = 39.577, p = .167). Interestingly, pTDP-43 staining was moderately but

significantly higher in sporadic cases than C9ORF72 disease (p = .043) (Fig 14G).



Microglia are the innate immune cells of the central nervous system, and robustly express
the transmembrane glycoprotein CD68 in response to inflammatory injury as part of an
‘activated’ phenotype, a process which is commonly implicated in the pathogenesis of
ALS (for review, see: [178]. CD68 staining was therefore performed to assess the relative
levels of microglial activation in both the grey and white matter within the primary motor
cortex across our cohort (Fig 17C and E). The extent of CD68 staining between the
subcortical white matter and grey matter correlated in all genotypes (Fig 18). Within the
grey matter, CD68 was highest in sporadic cases (n = 19, u = 707.7 pc/ROI, Cl = [477,
1048]), and lowest in SOD1 cases (n = 11, p = 123.6 pc/ROI, CI = [73, 206]). The
differences in grey matter CD68 staining were significant between genotypes (Fig 14l).
Staining was higher in sporadic cases than C9ORF72 (p = .037) and SOD1 cases (p = <
.0001). White matter staining was highest within the OPTN case (n = 1, 1954 pc/ROl).
Among other genotypes, white matter CD68 staining was highest in sporadic cases (n =
19, u =1613 pc/ROI, CI =[1089, 2390]), followed by COORF72 cases (n = 16, u = 1353
pc/ROI, CI = [882, 2076]). There was a significant difference in white matter CD68
staining between genotypes. Staining was significantly higher in sporadic cases than
SOD1 (p = <.0001) and FUS cases (p = .0006). White matter staining was also
significantly higher in C9ORF72 cases than SOD1 cases (p = .0001) (Fig 141). Finally,
CD68 staining in both the white and grey matter correlated with levels of pTDP-43 in

both sporadic and COORF72 cases (Fig 17K and L).

Grey matter p62 staining was quantified using a positive-pixel count image analysis
algorithm. p62 was highest in the OPTN case (n = 1, 3514 pp/ROI). Among other
genotypes, p62 was highest in C9ORF72 cases (n = 16, u =1020 pp, CI = [649, 1604]),
and lowest in HNRNPAL (n =1, 142 pp/ROI)(Fig 14H). There was a significant difference

in p62 staining between genotypes, and was significantly higher in sporadic than FUS (p



=.0004) and SOD1 (p = <.0001) cases but not C9ORF72 disease (p = .92). p62 staining
was correlated with pTDP-43 in sporadic cases [Pearson r(16) = 0.61, p =.006], and less
strongly in COORF72 cases [Pearson r(14) = 0.53, p = .03](Fig 15), reflecting the

existence of p62-positive dipeptide repeat proteins in C9-ALS.

The single ALS-OPTN case was unusual in both its pathological severity and apparent
absence of OPTN protein expression (Fig 16A&D), and is analysed in more detail later in
chapter 4. ALS-FUS and ALS-SOD1 cases were also stained for their respective
proteinopathies (Fig 16), but quantification of these was not possible due to the
heterogeneity of pathology, lack of available disease specific FUS antibodies, and
significant astrocytic staining when using the SEDI-SOD1 antibody. Our results broadly
highlight the significant variability of pathology within the ALS primary motor cortex

across the spectrum of ALS genotypes.
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Figure 14: Pathology of the primary motor cortex is highly variable in ALS, both
within and across the genotypic spectrum of disease. Other than in a single OPTN
case, (D), the average highest pTDP-43 deposition was seen in sporadic cases (A,G) and
was statistically higher than in C9-ALS (G). Quantification of p62 (B, E, H) reveals p62
aggregations are most severe in C9-ALS, probably reflective of the additional p62-
positive dipeptide repeat proteins unique to the genotype. Microglial activation (C,F) was
highly variable between genotypes (1), and was most severe in the TDP-43 genotypes.
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Figure 15: The extent of microglial activation correlates closely with the
severity of TDP-43 proteinopathy. pTDP-43 levels correlate with p62 in
sporadic ALS, suggesting that all pTDP inclusions are also p62 positive (A).
CD68 correlated with the extent of pTDP-43 deposition in both the white and
grey matter (B,C) of both sporadic and COORF72 cases [Pearson r correlations,
results as on figure] suggesting that pTDP-43 aggregation is a driver of
microglial activation in the ALS primary motor cortex. All scale bars = 50pum.
Best-fit lines are manually added for illustrative purposes to visually indicate
the angle of the slope.
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OPTN FUS

Control

Lumbar spinal cord

Primary motor cortex

Figure 16: Supplementary pathology in the primary motor cortex of the cohort.
OPTN protein is highly expressed in controls including within Betz cells (A), but not
in the primary motor cortex of the OPTN mutation case (D) concomitant with the
location of the mutation (Fig 36A) and its truncation effect upstream of the antibody
binding site. Betz cell nuclei stain positive for FUS (B, starred). Cytoplasmic FUS
inclusions in the ALS-FUS primary motor cortex (E)(arrowed). SOD1 is highly
expressed in the CNS, including within the lumbar spinal cord anterior horn (C).
Aggregated SODL is present in the large anterior horn motor neurons in SOD1-ALS
(F, arrowed).
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Primary motor cortex

Anterior horn

Corticospinal tract

Positive pixel Positive cell Positive pixel count/positive cell Positive cell
count/3,000,000pm? count/3,000,000pm? Neuron size count per 2,250,000um? count/1,175,000pm?
Genotype Stat pTDP-43 p62 CD68 (GM) CD68 (WM) (um?) pTDP-43 CD68 CD68
Mean - 139.0 164.3 399.4 2163.0 - 271.2 140.3
Control 95% CI - 76.0-254.0 93.2-289.6 226.6-703.8 | 1429.0-2897.0 - 174.3-421.9 90.1-218.3
Mean 14662.3 989.3 707.7 1613.6 763.9 11626.9 1104.5 993.6
Sporadic 95% CI 9088.2-23655.1 653.4-1497.9 477.6-1048.5 | 1089.1-2390.7 495.5-1032 7612.5-17758.19 850.5-1434.3 765.1-1290.4
Mean 7143.1 1020.8 389.3 1353.8 794.9 10068.0 1228.3 1179.0
C90RF72 95% CI 4300.9-11863.4 649.6-1604.1 253.8-597.2 882.6-2076.5 494.4-1095 6346.1-15972.9 917.1-1645.0 880.3-1579.0
Mean - 186.1 123.6 366.0 469.5 - 987.3 837.7
SOD1 95% CI - 107.8-321.0 73.9-206.8 219.0-611.9 258.1-681.0 - 694.1-1404.4 588.9-1191.6
Mean - 264.1 471.0 490.0 404.4 - 1489.1 782.0
FUS 95% CI - 144.5-482.7 267.3-829.9 278.1-863.4 190.9-618.0 - 1008.7-2198.3 529.7-1154.5
Mean 259.5 229.0 188.5 382.5 2175 5673.0 1251.0 679.0
CHMP2B 95% CI - - - - 71.38-363.6 - - -
Mean 2970.0 144.0 205.0 910.0 853.0 7779.0 881.5 649.0
TARDBP 95% CI - - - - - - - -
Mean 463.0 142.0 305.0 547.0 325.0 10975.0 2149.0 1189.0
HNRNPA1 | 95% CI - - - - - - - -
Mean 40668.0 3514.0 383.0 1954.0 1363.0 1649.0 28.5 85.0
OPTN 95% CI - - - - - - - -
Table 12: Primary motor cortex IHC results. Cl = Confidence interval, GM = Grey matter, WM = White matter.




3.3.2 Sporadic ALS exhibits broad pathological homogeneity across the cortico-

spinal neuraxis

As ALS patients commonly present clinically with a combination of upper and lower
motor neuron signs and concomitant pathology, we performed additional
immunohistochemical staining on sections from the lumbar spinal cord region of each
case in order to assess relative upper/lower pathological predominance in our cohort.
pTDP-43 within the anterior horn region was highest in sporadic cases (n =19, u=11626
pp/ROI, CI = [7612, 17758]), and lowest in the OPTN case (n = 1, 1649 pp/ROIl). There
was no significant difference in spinal cord pTDP-43 deposition between sporadic and
C90RF72 cases (p = .65)(Fig 17B). The lateral corticospinal tract is composed of white
matter axons that descend from the cortex and decussate at the level of the medullary
pyramids, synapsing with lower motor neurons in the contralateral spinal cord. CD68
staining within the corticospinal tract was highest in COORF72 cases (n = 19, p = 2552
pp/ROI, CI = [1643, 3963]), however similar to within the motor cortex, there was no

significant difference between sporadic and COORF72 cases (p = .91)(Fig 17F)(Table 10).

Staining from the lumbar spinal cord from each case was next compared to its equivalent
stain within the primary motor cortex. pTDP-43 staining in the anterior horn correlated
with pTDP-43 staining in the primary motor cortex in sporadic cases [Pearson r(17)=0.62,
p =.0044], but not C9-ALS [Pearson r(14)=-0.03, p = .89](Fig 19). CD68 staining within
the lateral corticospinal tract correlated with CD68 staining in the primary motor cortex
in sporadic [Pearson r(17)= 0.63, p = .0037] and FUS cases [Pearson r(7)= 0.89, p =
.0013], but not other genotypes (Fig 19B). Note that, with 3 out of 4 correlations being

highly significant, simultaneous inference corrections do not modify the conclusions.



We next sought to assess the relative predominance of upper/lower motor neuron
involvement in our cases by comparing the extent of pathology in the primary motor
cortex to the anterior horn using CD68 as a surrogate marker of neurodegeneration. The
extent of CD68 staining between motor cortex and spinal cord was expressed as a ratio
and used as a covariate in subsequent analyses, where smaller ratios represent a tendency
towards a higher burden of CDG68 in the anterior horn (Fig 19C). Ratios were calculated

as:

M.Cx grey matter CD68/1,000,000m2(10g)
Anterior horn CD68/1,000,000.m?

(log)

Many FUS and SOD1 cases exhibited very little cortical CD68, but significant staining
within the anterior horn (Fig 19G). 80% of all non-TDP-43 proteinopathies assessed fell

below the calculated median predominance ratio of our cohort (Fig 19C).

Together, our results show that while sporadic ALS cases exhibit the most severe cortical
pathology on average, they also exhibit a large degree of inter-case variance and also the
highest pathological homogeneity across the cortico-spinal neuraxis. Additionally, we
show that non-TDP-43 proteinopathies are more likely to display significant lower motor
neuron predominance than TDP-43 proteinopathies, broadly corresponding to clinical

phenotypes commonly seen for these cases.
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Figure 17 (previous page): Assessment of ALS pathology in the anterior column
and the corticospinal tract. The morphology of pTDP-43 pathology was varied in
anterior horn lower motor neurons, with large discrete inclusions and diffuse
punctate staining present (A, red arrows). Mean highest pTDP-43 in anterior horn
neurons was in sporadic cases (B), mirroring the finding in the motor cortex. pTDP-
43 aggregation in the spinal cord did not correlate with numbers of activated
microglia in the anterior horn (C). CD68 was quantified both within the anterior horn
(D, red box) and corticospinal tract (D, green box and E), with the severity of both
varying across genotypes (F,G). CD68 in both the anterior horn and corticospinal
tract was significantly higher in all ALS genotypes than controls (p = <.0001), but
there was no difference in either between ALS genotypes (p = > 0.1). Anterior horn
degeneration and shrinkage was most prominent in FUS and SOD1 cases (H-J).
pTDP-43 aggregation in the anterior horn did not correlate with neuron
shrinkage/loss (K). (Red squares and blue dots represent COORF72 and sporadic
cases respectively in C and K).



M.Cx GM CD68 vs M.Cx WM CD68

13

-
-
I

Sporadic
(p=<0.001, r=0.78)
CI90RF72
(p=0.001, r=0.73)
SOD1

(p=0.008, r=0.85)

FUS
(p=0.01, r=0.72)

w
I

(log,)CD68 M.Cx (WM)/3mm?

~
n

[3,]

3 5 7 9 1" 13
(log,)CD68 M.Cx (GM)/3mm?

CST CD68 vs AH CD68

124

111

e Sporadic (p=<0.0001, =0.83)
m CI90ORF72 (p=0.0071, r=0.65)
v SOD1 (p=0.01, r=0.75)

FUS (p=0.01, r=0.81)

10+

(logy) Anterior horn CD68/2.25 mm?2

6 7 8 9 10 1 12
(log;) CST CD68/1.76mm?

Figure 18: Microglial activation as measured by CD68 correlates across
the white and grey matter in both the primary motor cortex (A) and
spinal cord (B) across all genotypes. Best-fit lines are added manually for
illustrative purposes to visually indicate the angle of the slope more clearly.
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Figure 19: Sporadic ALS displays broad pathological homogeneity across the motor
cortex-spinal cord neuraxis. pTDP-43 in the motor cortex correlated with pTDP-43 in the
anterior horn in sporadic disease [Pearson r(17)=0.62, p = .0044] but not C9-ALS [Pearson
r(14)=0.001, p =.89] (A) and CD68 correlates between the corticospinal white matter tract
and the subcortical white matter in both FUS and sporadic cases (B). CD68 in the lower
anterior horn neuron was plotted against grey matter CD68 in the motor cortex (C). This was
used to create a predominance ratio for each case that could be used as a covariate in
subsequent models, where a lower ratio represents a tendency towards a burden of CD68 in
the anterior horn. The dotted blue line in (C) represents the approximate median ratio of our
cohort. Therefore, the further each case is from this line, the more extreme the relative
UMN/LMN burden of CD68 the case exhibits. Cases are coloured according to whether they
are TDP-proteinopathies (red) or not (green), showing that non-TDP-proteinopathies are
more likely to exhibit a LMN neuropathological predominance when assessed via levels of
activated microglia. Representative images of this variation across the neuraxis between
genotypes, with OPTN and FUS mutations representing upper and lower motor neuron
spectral extremes, respectively (D-1). Green-red UMN/LMN bar pictured to visualise
predominance according to each genotype in D-I.



3.3.3 Calbindin+ and Parvalbumin+, but not Calretinin+ interneurons, are reduced

in the ALS primary motor cortex

Calcium-binding proteins (CBP) protect neurons from excitotoxicity via increased
intracellular calcium by regulating Ca2* concentration within the cytosol. CBP are highly
expressed in subpopulations of GABAergic inhibitory interneurons, whose degeneration
has previously been implicated in several diseases [185-187], including ALS [188]. A
cortical hyperexcitability phenotype has been described in ALS patients [189], and two
neuroimaging studies revealed decreased GABA concentrations and benzodiazepine
receptor unit distribution in the primary motor cortex [191, 192]. Additionally, previous
studies have suggested loss of inhibitory interneurons as prominent feature of cortical
dysfunction in animal models [193, 194]. We therefore sought to assess the significance
of interneuron loss in the primary motor cortex of ALS patients using antibodies targeted
to three calcium-binding proteins — Calbindin, Calretinin and Parvalbumin (Fig 20, Fig

21, table 13).

The distribution pattern of interneurons in our control cohort was consistent with previous
studies [188, 342, 343]. Interneuron analysis was conducted on both unadjusted and
adjusted results, with the adjustment being for the covariates fixation and predominance
described in the statistical methods. This was to clarify whether any reduction in
interneurons was related to a more severe degenerative phenotype overall or a specific
loss of interneurons. Calretinin+ interneurons were present in all cortical layers including
sparse staining within the subcortical white matter, but were predominantly within layers
[1-111. We found no significant difference in Calretinin staining between ALS and control
cases (Fig 21A-C). Parvalbumin+ interneurons were predominantly located in layers 11-

IV. We found a small reduction in Parvalbumin+ interneurons in FUS cases against



controls (p = .026), which was present even after adjustment for fixation and
predominance (Fig 21D-F). Calbindin+ interneurons were mainly present in layers I1/111,
with smaller populations within the deeper layers and the subcortical white matter. We
found a small reduction in Calbindin+ interneurons between controls, COORF72 (p =
.039) and SOD1 (p = .036) cases after covariate adjustment (Fig 21G-1). However, we
found no correlation between interneuron number and extent of pTDP-43 deposition in
sporadic or C9ORF72 cases (Fig 22), suggesting that the toxic effects of TDP-43
pathology alone is not responsible for the selective degeneration of the interneuron
populations tested. These results demonstrate a moderate, genotype-specific reduction in
the numbers of inhibitory interneurons within the ALS primary motor cortex, which may

contribute to the existence of the cortical hyperexcitability phenotype in ALS patients.
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Figure 20: Raw interneuron counts within the primary motor cortex
across the genotypic spectrum of disease. Calbindin+ (A) and
Parvalbumin+ (B), but not Calretinin+ (C) interneurons degenerate in
the ALS primary motor cortex. Red bars indicate means and 95%
confidence intervals.
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Figure 21: Parvalbumin and Calbindin positive, but not Calretinin positive
interneurons degenerate in the ALS primary motor cortex. Data on graphs
represent means and confidence intervals. Immunohistochemical staining for three
calcium-binding proteins reveals a modest reduction of interneuron number, and
that this reduction is genotype-dependent. We found no evidence of Calretinin+
interneuron loss in the ALS primary motor cortex (p = >.05) (A-C). Parvalbumin+
interneurons were reduced in several of the genotypes tested, but only ALS-FUS
cases (unadjusted p = .013, adjusted p = .026) showed a statistically significant
difference against controls (D-F, red arrow indicates Betz cells). Calbindin+
interneurons were reduced in all the genotypes tested that were suitably powered,
however after adjustment for fixation and predominance this was only maintained
in C9ORF72 (adjusted p = .039) and SODL1 cases (adjusted p =.036). All scale bars
= 100pm.



Primary Motor Cortex

Calbindin

Unadjusted Adjusted
Genotype | n= | Mean | ClI Contrast | p-value Mean | CI Contrast | p-value
Control 9| 57.21 | 37.54-87.17 - - | 4793 28.36-80.99 - -
Sporadic 19 | 30.24 | 22.44-40.76 0.5287 0.0164 | 30.37 22.42-41.13 0.6337 0.1377
CI90RF72 16 | 24.78 | 18.04-34.04 0.4332 0.0024 | 24.99 18.10-34.51 0.5215 0.0390
SOD1 11 | 23.36 | 15.64-34.87 0.4083 0.0031 | 23.50 15.64-35.32 0.4905 0.0363
FUS 9| 30.82 | 20.20-47.02 0.5387 0.0424 | 32.44 20.57-51.15 0.6769 0.2660

Parvalbumin

Unadjusted Adjusted
Genotype | n= | Mean | ClI Contrast | p-value Mean | CI Contrast | p-value
Control 9| 92.85|60.97-141.40 - -1 9711 57.53-163.91 - -
Sporadic 19 | 74.76 | 55.96-99.88 0.8052 0.3993 | 74.77 55.70-100.36 0.7700 0.3876
CI90RF72 16 | 62.09 | 45.27-85.14 0.6686 0.1310 | 62.36 45.24-85.96 0.6424 0.1547
SOD1 11 | 56.24 | 38.42-82.33 0.6057 0.0823 | 56.19 38.15-82.77 0.5787 0.0984
FUS 9| 43.41 | 28.48-66.19 0.4676 0.0132 | 43.96 27.90-69.25 0.4527 0.0260

Calretinin

Unadjusted Adjusted
Genotype | n= | Mean | CI Contrast | p-value Mean | CI Contrast | p-value
Control 9| 65.12 | 42.75-99.21 - -| 60.31 35.70-101.87 - -
Sporadic 19 | 62.05 | 46.44-82.91 0.9529 0.8509 | 62.14 46.29-83.43 1.0305 0.9210
CI90RF72 16 | 55.63 | 40.56-76.30 0.8543 0.5515 | 55.72 40.42-76.82 0.9239 0.7977
SOD1 11 | 54.20 | 37.03-79.34 0.8324 0.5204 | 54.31 36.87-79.99 0.9004 0.7487
FUS 9| 62.98 | 41.34-95.96 0.9672 0.9110 | 63.44 40.29-99.89 1.0519 0.8844

Table 13: Calcium binding protein analysis, including adjusted and unadjusted values. Contrast for each
genotype is against control cases.
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Figure 22: Interneuron numbers do not correlate with the severity of pTDP-
43 deposition in the sporadic (A) or C9-ALS (B) primary motor cortex.



3.3.4 Cortical oligodendrocyte pTDP-43 pathology is a defining feature of ALS-
TDP

The main role of oligodendroglia is the support of neurons via the production of insulating
myelin. As pTDP-43 accumulation is present within oligodendrocytes and their
dysfunction has been implicated in pathogenesis of ALS [204], we sought to assess the
numbers of oligodendrocytes within the primary motor cortex as well as the relative
abundance of oligodendrocytes containing pTDP-43 inclusions in a small subset of our

cohort.

Olig2 is a transcription factor highly expressed in immature oligodendrocyte precursor
cells (OPC)(Fig 23A) while Tubulin polymerization-promoting protein (TPPP/p25) is
highly expressed in mature oligodendrocytes (Fig 23B) [344]. Similar to a previous study
in the spinal cord [211], we found no significant difference in mature or immature
oligodendrocyte numbers within the ALS motor cortex grey matter (Fig 23C and D). We
next assessed the prevalence of oligodendrocyte inclusions across our cohort. We found
at least one obvious instance of an oligodendrocyte pTDP-43 inclusion in all ALS-TDP
cases assessed (40/40), even in cases that exhibited low levels of pTDP-43 pathology
overall. With the exception of layer I, this pathology was found across all grey-matter
layers as well as the subcortical white matter, but was particularly evident within
oligodendrocytes in the deeper layers V/VI and at the grey-white matter border. We next
assessed the relative abundance of oligodendrocyte pTDP-43 pathology in genotypes with
the highest mean pTDP-43 deposition (sporadic n =10, C9ORF72 n = 10). Both the mean
number of oligodendrocyte inclusions and the ratio of oligo/neuron inclusions was highest
in C9ORF72 cases but neither was significantly higher than in sporadic disease (Fig 23G

and H). These results highlight cortical pTDP-43 oligodendrocyte pathology as a defining



feature of ALS, and support the notion that any potential dysfunction caused by their
pTDP-43 accumulation contributes to neurodegeneration via non-cell autonomous

mechanisms.
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Figure 23: Assessment of cortical oligodendrocyte pathology. Olig2+ OPC (A) and
mature TPPP/p25+ oligodendrocytes (B) were present in all layers of the primary
motor cortex. Green star in (A) indicates Betz cell, with red arrow indicating and
immature oligodendrocyte satellite surrounding its apical dendrite. Green star in (B)
indicates Betz cells. However there was no difference in the numbers of mature or
immature oligodendrocytes between ALS and control cases (C and D). pTDP-43
inclusions are present in neurons (E) and oligos (F, red arrows indicate characteristic
‘cateye’ shaped inclusions). Both the mean numbers of oligo inclusions and the
relative predominance of pTDP-43 oligo pathology was higher in C9-ALS, but was
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not statistically higher than in sporadic disease (G and H).



3.3.5 Cell-type specific vulnerability to pathological aggregation

Given our previous results, we next sought to reconcile the presence of ALS pathology to
individual cell types within the primary motor cortex using a MxIF method in a subset of
our cohort. This method allowed the co-localization of antigens to be visualised without

the associated loss of anatomical resolution caused by serial sections.

Microglia phagocytose inclusions/cells that have been suitably marked for destruction as
part of the innate immune system. As the extent of microglial activation correlates with
pTDP-43 deposition, we first analysed whether pTDP-43 inclusions could be visualised
within microglia. Similar to other studies [182], we found several examples (Fig 24A-D)
of Ibal+ microglia either actively phagocytosing or containing pTDP-43 in several of the
TDP-43 proteinopathy cases analysed, although this was not universally true across all
cases. Astrocytes are a diverse glial sub-type whose roles include mediation of potassium
ions across the synapse and the provision of neurotrophic support. Cortical astrogliosis is
a prominent feature of ALS [345]. However, we were unable to find clear evidence of
pTDP-43 within astrocytes (Fig 25), even in cases with extensive pTDP-43 deposition.
We were also unable to find significant evidence of pTDP-43 inclusions within HUC/D-

parvalbumin+ interneurons (Fig 26).

Similar to a previous study [203], we were unable to find significant evidence of pTDP-
43 accumulation within Betz cells (Fig 27A-C). However, we did find evidence in several
cases of severe microgliosis surrounding large pyramidal neurons in layer V (Fig 27D),
suggesting that processes within these large neurons may induce a selective vulnerability
to the microglial response. Together, these results suggest a clear cell-type specific

vulnerability to pathological aggregation within the ALS primary motor cortex.



Figure 24: pTDP-43 inclusions are found within Ibal+ microglia. Mx-IF
allows the staining and identification of multiple antigens on a single slide, without
the concomitant loss of anatomical resolution caused by serial sections. We found
several examples of pTDP-43 aggregates within Ibal+ microglia (A-D), however
it is unknown whether the microglia phagocytosed the aggregates, or they arose
within the microglia themselves. We also found examples of elongated microglial
processes reaching the apical dendrites of neurons containing smaller pTDP-43
aggregations (A, orange arrow). All scale bars = 50um.



Figure 25: pTDP-43 inclusions are not present within GFAP+ astrocytes.
Staining for CollagenlV (A, blood vessels), pTDP-43 (B), GFAP (C, astrocytes)
and HUC/D (D, neurons) was simultaneously conducted on a single section using
MxIF (E, merge). There was no clear evidence of pTDP-43 within GFAP+
astrocytes, even in cases with extensive pTDP-43 deposition and despite cortical
astrogliosis being a prominent neuropathological feature of ALS. Scale bar =
50um.
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Figure 26: We find no evidence of pTDP-43 inclusions are not present within
parvalbumin+ interneurons. Co-localization staining for pTDP-43 (A),
parvalbumin (B) and HuC/D (C, merge) revealed no evidence of pTDP-43
inclusions within parvalbumin+ interneurons in the cases assessed. Green star
indicates pTDP-43 inclusion within HUC/D+, parvalbumin- neuron. Scale bar =
100um.
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Figure 27: pTDP-43 is rare within large pyramidal cells of Betz.
Using MxIF and layering of the digital images, we found almost no
evidence of pTDP-43 inclusions within layer Vb Betz cells (A-C,
arrows), but did find several examples of severe microgliosis
surrounding these cells (D, starred and Fig 14F), suggesting that
neuronophagia is occurring in some cases even in the clinical end
stage of disease.



3.4 Expression and localisation of FUS and TARDBP in the human primary motor

cortex

Previous studies have identified differing expression levels of genes involved in ALS
across the human brain, however these studies were performed using methods such as RT-
PCR and RNA-seq, which while highly specific and quantitative, come at the cost of
cellular resolution, and offer no contextual information such as the localization of
transcripts. The in situ cortical expression of two core genes involved in ALS, FUS and
TARDBP, is unknown. We therefore sought to assess the expression of genes involved in
ALS in the primary motor cortex using RNAscope and quantitative digital image analysis.
Anti-sense probes (Table 6) targeted to FUS (Fig 28A) and TARDBP (Fig 28B) were
applied to post-mortem human brain tissue cut at 6pum from the primary motor cortex of
a small cohort of short fixed ALS (n=7) and control cases (n=3) (Table 14). We also
sought to begin to assess the RNA-protein interaction between pTDP-43 and its gene,
TARDBP, by using a dual IHC/ISH approach (Fig 29C&D). The expression and
localisation of transcripts was then assessed and quantified using the algorithms described

previously (see section 2.3).

We found that FUS is significantly more highly expressed than TARDBP in the primary
motor cortex (Fig 29A&B, Fig 30A&B), but that there was no reduction in the expression
of either gene between ALS and control cases (Fig 30). We found several instances of
strong FUS expression within Betz cells (Fig 29C), but there were also several examples
of Betz cells in the same case which expressed only very low levels of FUS (Fig 29C,
orange star). This suggests a highly dynamic expression of at least one ALS gene within
Betz cells. In contrast, TARDBP expression was relatively low within the primary motor

cortex (Fig 29B) and within Betz cells (Fig 29D). This is perhaps surprising, given that



IHC staining using a pan-TDP-43 antibody reveals nuclear staining within almost every
cortical cell [133]. However, expression of an individual gene does not correlate strongly
with the expression of its relevant protein [346] particularly in neurons where there is a
significant requirement for dynamic translation/repression and subsequently a high degree
of polarity. This difference in FUS and TARDBP expression is notable because both are
RNA binding proteins closely involved in ALS pathogenesis, have similar structures and

functions, and yet exhibit very different expression and localisation patterns.

We also attempted to assess the interaction of pTDP-43 with TARDBP mRNA using a
combined ISH/IHC approach. This is warranted because a previous study demonstrated
that the aggregation and mislocalisation of TDP-43 in spinal motor neurons increases the
numbers of TARDBP transcripts localised to the cytosol via disruptions to TARDBP
autoregulation [157]. However, we were unable to comment on this or draw conclusions
more generally due to the limited number of runs and cases (n = 2) involved here.
Additionally, the red-1SH and brown-DAB made it difficult to discern individual signals,
and the use of fluorescently bound probes and antibodies would facilitate their

identification in future studies.
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Figure 28: FUS, but not TARDBRP, is highly expressed in the human control
primary motor cortex. FUS is highly expressed in all cortical layers (A) and in
some Betz cells (C). TARDBP is expressed at lower levels relative to FUS (B and
D). There appears to be significant differences in the extent that Betz cells express
both FUS (C) and TARDBP (D). Betz cells are designated with green arrows.
Orange asterisk in C denotes Betz cell that is not expressing FUS. Betz cells were
identified solely by their size, morphology and presence in layer V.
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Figure 29: Quantification of FUS and TARDBP gene expression in the
primary motor cortex and dual TARDBP-pTDP-43 expression. FUS is highly
expressed in the primary motor cortex, while TARDBP is not. There is no
significant difference in expression of FUS or TARDBP between ALS and control
cases (A). However proportionally, significantly more TARDBP transcripts are
localized to the nucleus than in FUS (B). A Betz cell containing pTDP-43 skein
pathology can be seen in (C, left green arrow). No obvious co-localization of
TARDBP probes and pTDP-43 deposition can be seen in either the sporadic (C) or
CI90RF72 case tested (D). Green arrows indicate pTDP-43 pathology, yellow
arrow indicates clustering of TARDBP transcripts.



RNA-ISH DAB-IHC
Nuclear:

Average transcripts/3mm? cytoplasm ratio % | Average positive cells/3mm?
Case CTIP2 SATB2 | TBR1 FUS TARDBP | FUS TARDBP | CTIP2 | SATB2 | TBR1
Control 4804 20501 14925 16070 4587 24.2 45.7 125.3 729.0 523.0
Control 1220 8409 10371 25059 5336 30.7 56.2 143.6 610.0 600.3
Control 271 7266 10257 19626 5018 33.9 50.7 44.0 388.3 319.3
C9-ALS 1925 16813 14561 11499 2629 35.8 67.6 40.3 288.6 433.0
SALS 3628 17480 13686 9744 2995 23.6 50.7 121.0 582.3 651.3
SALS 1535 14545 17086 15070 2305 36.5 63.3 41.3 621.3 939.0
SALS 665 20819 10620 14375 1887 30.5 60.3 39.0 642.0 623.3
SALS 1048 7814 6648 31521 10614 35.3 66.3 105.0 468.3 421.6
SALS 359 3509 4047 13398 1245 28.6 23.0 68.3 608.3 578.0
SALS 599 7270 | - 36572 2959 334 62.9 75.3 386.3 467.0

Table 14: Quantification of RNA-ISH and DAB-IHC for CTIP2, SATB2, TBR1, FUS and TARDBP.




3.5 Specification of neurons expressing transcription factors associated with

projection neuron diversity

We previously demonstrated that inhibitory interneurons degenerate within the ALS
primary motor cortex (Fig 21), however the majority of neurons within the cortex are
excitatory pyramidal neurons. CTIP2, SATB2 and TBR1 are critical transcription factors
required for projection neuron fate determination in mice [197-199]. However, the
expression pattern of genes associated with projection neuron diversity is unknown in the
human motor cortex. We therefore next sought to assess projection neuron diversity in the
human ALS motor cortex, and attempt to reconcile these neurons to the presence of
characteristic ALS pTDP-43 pathology using a combination of anti-sense in situ probes

(Table 6) and IHC.

Using a small subset of short fixed ALS (n = 7) and control (n = 3) cases (Table 14), we
were unable to find a difference in either the numbers of cells expressing the above
transcription factors in either IHC (Fig 30) or by using RNAscope (Fig 31) in the ALS
primary motor cortex. IHC for CTIP2, SATB2 and TBR1 revealed very little staining
within layer I. IHC for CTIP2 revealed that CTIP2+ neurons appeared to be concentrated
within layers Il and V, but SATB2 and TBR1 IHC revealed expression that was present
across all cortical layers (Fig 30). This was largely recapitulated using probes for each
antibody in RNAscope, and the expression of each probe appears to correlate fairly closely
with the extent of protein expression in Betz cells and surrounding layer V neurons (Fig
32G-L). However the expression of each gene/protein was not assessed in a layer wise
manner. The results of additional ISH/IHC experiments using these probes in conjunction
with pTDP-43 antibody (Fig 32A-F) were also inconclusive, in part because of the

difficulty in observing red-brown co-localization. Together, while conducted on a small



number of cases and therefore largely inconclusive, these results are an example of how
RNAscope and combined IHC/ISH could potentially be utilised and expanded upon in the
future to answer defined hypotheses regarding gene/protein expression dynamics using
post-mortem human tissue, which is relevant in the context of neurodegenerative diseases

like ALS.
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Figure 30: Analysis of expression of neuronal transcription factors associated
with projection neuron fate in the primary motor cortex using DAB-IHC.
Pictured is a single control case. NeuN labels all neurons and is highly expressed in
all layers (A). CTIP2 largely labels CSMN in layers Il and V (B). SATB2 labels
callosal projection neurons which are present in all layers (C). TBR1 labels
corticothalamic projection neurons which are also present in all layers (D). From
these cases, there appears to be no significant reductions in these positive neurons
within the ALS primary motor cortex. White numbers within bars highlight number
of cases included, error bars indicate SEM.
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Figure 31: Expression of genes involved in projection neuron diversity in the
human primary motor cortex assessed using RNAscope. Images are from layer
Vb of a single control case. Areas of expression are arrowed green, Betz cells are
highlighted by orange stars. TBR1 (A) and SATB2 (B) are more significantly more
highly expressed than CTIP2 (C and D). However the relative expression of each
gene is similar (E) when normalised against the number of cells highly expressing
(at least 3x the average number of transcripts per cell) each gene. There was no
significant difference in expression between ALS and control cases in any gene.
Error bars represent SEM.
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Figure 32: ISH-IHC using probes targeted to specific neuronal transcription factors in
conjunction with IHC for pTDP-43 pathology. Probes against CTIP2 (A,D), SATB2 (B,E)
and TBR1 (C,F) were applied to human tissue from the primary motor cortex in conjunction
with pTDP-43 antibody. Green arrows highlight Betz cells. No obvious correlation could be
seen between expression of these transcription factors and the likelihood of aggregative
pTDP-43 pathology in either sporadic of COORF72 ALS cases. Quantification in these cases
was not possible because the colour deconvolution between the red and brown signal was too
similar to make identification of each possible. RNAscope results observed in ~20 Betz cells
per case suggests that SATB2 is expressed reasonably highly in Betz cells (G,J), but
surprisingly CTIP2 is not (I,L). TBR1 does not appear to be significantly expressed in Betz
cells either at the protein or RNA level (H,K). Green arrows highlight Betz cells in all panels.
Images A-C and D-F taken from a single C9-ALS and sporadic case, respectively. Images G-
L taken from a single control case. All scale bars = 50um.



Chapter four

Upper and lower motor neuron predominant

monogenic ALS



4. Upper and lower motor neuron predominant monogenic forms of ALS

In 2009, mutations to the Fused-in-Sarcoma (FUS) gene were identified as causative in a
small number of ALS cases [48, 347]. This was followed in 2010 by the discovery that
mutations to the autophagic adapter OPTN also cause ALS [50]. This section assesses the
neuropathology of a novel mouse model of ALS-FUS utilising the P525L mutation, which
in humans causes a LMN predominant syndrome, and contrasts with another monogenic
form of the disease (ALS-OPTN) assessed through the identification and description of
an UMN predominant index case donated to the Oxford Brain Bank. A comparison of the

pathotypes is included in the discussion (Chapter 5).

4.1 Neuropathological characterisation of a novel BAC transgenic mouse model of
ALS-FUS utilising the P525L mutation

A novel mouse model of ALS-FUS was generated which uses a Bacterial artificial
chromosome (BAC) transgene containing the P525L mutation. The generation of the
transgene, insertion into the mouse, animal husbandry and phenotyping were performed
by other members of the lab. Described here is the neuropathological characterisation of
the mouse. The mice were culled at 3, 9, 12 and 20 months of age. Three strains were
generated: WT, expressing the full-length human wild-type FUS, PL1, a low copy-
number variant expressing the P525L mutation, and PL3, a high copy-number variant
expressing the P525L mutation. Within the BAC transgene, the human FUS gene was
tagged to mCherry to allow the distinction between human and endogenous mouse FUS

expression.



4.1.1 Methods

Mice were anaesthetised using ketamine prior to transcardial perfusion using 4%
paraformaldehyde (PFA). The brain and spinal column were dissected and immersion
fixed in 4% PFA for a further 48 hours. Fixed tissue was then dissected by slicing the
brain into separate hemispheres along the midline. One hemisphere was then coronally
sliced. The spinal cord was removed from the spinal column and transected into small
enough pieces to fit into a standard histology cassette. The bisected hemisphere, coronal
sections and transected spinal cord were then all placed cut surface down into the same
cassette. Tissue was then processed on a carousel-based tissue processor through
increasing concentrations of alcohol, followed by four xylene changes, followed by
infiltration using paraffin wax, for a total processing time of 24 hours. Processed tissue

was then embedded within paraffin wax and sectioned using a rotary microtome at 4um.

Sections were dewaxed through xylene, and rehydrated through decreasing concentrations
of alcohol before being pre-treated for 30 min in 10% concentrated (30%) H.O. and
distilled water to block endogenous peroxidase. Heat-induced epitope-retrieval was
performed using autoclave boiling at 121°C for 10 minutes. Sections were then rinsed
with Tris-buffered saline and blocked with normal goat serum (1:10 in TBS-T) for 30
min. Primary antibodies including Ibal (Wako, 1:1000), FUS (Sigma-Aldrich, 1:300),
FUS (Bethyl labs, 1:500), mCherry (Abcam, 1:1000), p62 (BD Transduction labs,
1:3000), NeuN (Merck Millipore, 1:1000) and mutant specific P525L FUS (gift from Elke
Bogaert, KU Leuven, 1:200) were incubated overnight at 4°C and visualised using the

Dako Envision+ kit and HRP-DAB signal.



NeuN and Ibal staining was quantified using digital image analysis algorithms optimised
for each stain using ImageScope software. Graphing and statistical analysis was

performed using GraphPad prism software.

4.1.2 Results

mCherry staining was consistent across mice of same genotype and age. Overall,
expression of the mCherry-tagged mutant FUS increased in both a time and genetic level
expression dependant manner, across brain and spinal cord, with complete nuclear
clearance caused by the mutation preventing nuclear re-localization even in PL1 3M
mutant mice (Fig 33B). Progression of staining was clear, with 12M PL3 mice exhibiting
granular mCherry-FUS inclusions, however these were not large or discrete enough to be
considered inclusions in the human sense (Fig 33F). mCherry staining was most intense
in the spinal cord, in keeping with mutation being LMN predominant in humans. In WT
mice, mCherry staining is nuclear as expected, which supports the hypothesis that full
length, WT human FUS is not pathogenic in mice when expressed at near physiological
levels (Fig 33A, D, G and Fig 34 A, D, G). In the spinal cord some larger anterior horn

neurons contained small aggregations, but most had diffuse mCherry.

Staining was also conducted using two different FUS antibodies which recognise different
epitopes of the FUS protein (Bethyl labs antibody 200-250aa, Sigma antibody 1-122aa).
FUS staining was broadly similar for both antibodies, staining both nuclear and to a lesser
extent cytoplasmic FUS. However in PL3 spinal cord there was additional intense diffuse
cytoplasmic staining as well as nuclear (Fig 35 A&B). Staining using an antibody targeted

against the P525L mutation in the 20M PL3 mice exclusively highlights the mislocalized



mCherry-FUS in most cells, but did not appear to be as sensitive as standard mCherry
staining (ie, inclusions etc cannot be identified)(Fig 35C). As with mCherry-FUS, the
most intensive pathology identified using the mutation specific antibody is in the spinal
cord, in keeping with the effect of the mutation in humans. Aggregated granulations of
FUS protein could be seen in the spinal cord and thalamus of 12M PL3 mice at higher
magnifications (Fig 34). However, there does not appear to be clear neuronal selectivity,

and most neurons are affected.

Staining for p62 revealed only a small amount of staining across mice, which was mainly
moderate diffuse cytoplasmic staining with some granularity/punctate inclusions in motor
cortex and cerebellum. The spinal cord (Fig 35F) and brainstem most severely affected in
terms of number of p62 inclusions. Staining and quantification of the microglial marker
Ibal (Fig 35E) and the pan-neuronal marker NeuN (Fig 35D) revealed no indication of
microglial activation or neuronal loss in the motor cortex, spinal cord or cerebellum in

any of the mice tested (Fig 35).
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Figure 33: Mutant FUS pathology assessed using mCherry antibody progresses
in an age and expression level dependent manner in the motor cortex of the
transgenic P525L mice. The mutant transgene causes the cytoplasmic
mislocalization of mCherry-FUS in all regions of the brain including the motor
cortex. However this remains more diffuse mislocalization until around 12 months
(E,F). At 20 months there are small inclusions within neurons in the high-expressing
PL3 mice (I, arrowed), but this begins as early as 3 months in the PL1 mice (B). The
full length wild-type human protein was retained within the nucleus in all lines/ages
(A,D,G). All scale bars at 100pm.
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Figure 34: mCherry IHC reveals mutant FUS pathology progresses in an age
and expression level dependent manner in the spinal cord and thalamus of the
P525L mice. The mutant transgene causes the cytoplasmic mislocalization of
mCherry-FUS in all regions of the CNS including spinal cord (A-F) and thalamus
(G-1). At 20 months, there are small inclusions within thalamic neurons in the high-
expressing PL3 mice, arrowed (I). The wild-type human protein was retained within
the nucleus in all lines/ages (A,D,G). All scale bars at 100um.
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Figure 35: Transgenic mice display no evidence of microgliosis or
neurodegeneration. Neuronal numbers of various regions were quantified using
NeuN staining (D, 12M PL3 cortex) which revealed no statistically significant
neuronal loss in any line at 12 months. Microgliosis was assessed using Ibal
staining (E, 12M PL3 Thalamus), which revealed no evidence of increased
microglial activation at 12 months. Staining using an antibody targeted at the full-
length FUS protein (A, 3M PL3 spinal cord and B, 20M PL3 spinal cord) revealed
some mislocalization of transgenic FUS plus staining of the endogenous mouse
FUS within the nucleus. Staining using an antibody targeted to the P525L
mutation selectively stains the mislocalized mCherry-FUS within the cytoplasm
(C, 20M PL3 motor cortex). There was also some evidence of punctate p62
staining within large anterior horn neurons in the spinal cord (F, 20M PL3 spinal
cord). Scale = A,B,C,E,F 100pum, D 200um.



4.1.3 Discussion

A novel transgenic mouse model of ALS-FUS was generated which utilised the full-
length human FUS gene, plus the P525L mutation which in humans causes a severe,
juvenile onset form of ALS [104]. The main advantage of this mouse is the use of the
BAC transgene, which unlike smaller cDNA based transgenes, allows for the inclusion of
all the human upstream regulatory elements including the human promoter, allowing
expression of the transgene at near physiological levels. The mutant FUS was also tagged
to a mCherry reporter, to allow for the distinction between endogenous mouse FUS and
mutant human FUS. mCherry-FUS staining exhibited a clear age- and genetic- dependent
progression, with mislocalization of the mutant protein increasing accordingly. WT mice
displayed no mislocalization of the human FUS protein, with no concomitant phenotype
(data not published), demonstrating that full-length human WT FUS is not pathogenic in
mice. mCherry-FUS is clearly mislocalized, with total nuclear clearance at fairly juvenile
ages. However, these mice display no overt motor phenotype (data not published).
Additionally, there is no evidence of neuronal loss or overt microglial activation in any of
the lines. This suggests that the expression of the transgene at this level is insufficient to
induce neurodegeneration, or that the existence of the endogenously expressed mouse
FUS is sufficient for the physiological role of the gene in mice, essentially overriding any

negative cellular effects caused by the human gene.

FUS, like TDP-43, exhibits substantial autoregulatory capacity whereby FUS protein is
able to bind to the C-terminal domain of FUS mRNA to prevent translation. This allows
the temporal and spatial expression of the FUS gene. However, the effect of the mutation
described here on the autoregulatory capacity of FUS is unknown. Additionally, recent
studies have highlighted the role that TDP-43 plays in the alternative splicing of other

target exons including MAPT [335, 348, 349], providing a further pathophysiological link



between ALS and FTD. However, whether this is also the case for FUS is also largely

unknown.

4.2 Novel homozygous R217X OPTN mutation causes knock-out of functional C-
terminal domains and upper motor neuron predominant amyotrophic lateral

sclerosis.

The following is a case report of an OPTN mutation case that was donated to the Oxford
Brain Bank in 2009. The case described is the same ALS-OPTN patient used in the
neuropathological selective vulnerability component of this study. Elaboration on the case
is included as a direct comparator to ALS-FUS which has been described previously, and
because it stands as an example of the extreme UMN vulnerability that can be induced by

genotypic background.

4.2.1 Introduction

Mutations to the autophagy adaptor gene OPTN are a rare cause of ALS and also the
related but clinically distinct disease frontotemporal dementia (FTD). Here, we describe
an ALS autopsy case of a 54 year old male who presented initially with isolated dysarthria
and subsequently developed only limited lower motor neurone symptoms. There was no
family history of ALS or dementia. Whole-exome sequencing revealed a novel
homozygous recessive mutation (c.649A>T, p.R217X) within the OPTN gene. No other
mutations within known ALS/FTD genes were found. At post-mortem there was
prominent cortical atrophy of the primary motor region and relative sparing of the spinal

cord. Neuropathology revealed a striking upper motor neuron predominant motor neuron



disease with widespread neuronal and glial pTDP-43 proteinopathy, as well as extensive
reactive gliosis, without significant f-amyloid or a-synuclein pathology. C-terminal
OPTN protein was undetectable across the brain and spinal cord in both IHC and western
blotting. RT-qPCR analysis of three CNS regions revealed around a 75% reduction in
OPTN expression against control, together suggesting loss-of-function through both
truncation of functional C-terminal domains and reduced gene expression via nonsense
mediated decay. This is the first reported human case of ALS resulting from the R217X
mutation, with implications for our understanding of the OPTN-mediated autophagy

pathway in ALS.

4.2.2 Background

Optineurin, coded by the OPTN gene and most frequently associated with its role in
primary open-angle glaucoma [350], is one of five autophagy adaptor proteins whose
primary role is the linking of ubiquitinated cargo to autophagic membranes. TANK-
binding kinase 1 (TBK1) phosphorylates OPTN at its ubiquitin binding domain and
enhances the autophagic clearing of both damaged mitochondria and cytoplasmic
aggregates [351, 352](Fig 38). OPTN also suppresses the receptor-interacting kinase-1
(RIPK1) signalling pathway [353], and acts as an adaptor between myosin-VI and
secretory vesicles [354]. Conditional deletion of optn from oligodendrocytes and myeloid
cells in mice results in progressive dysmyelination and axonal degeneration without
significant motor neuron cell body loss [353], however global deletion of its C-terminal
is embryonic lethal [355]. Mutations to OPTN in humans are an infrequent cause of ALS

and the genetically/pathologically related but clinically distinct disease, frontotemporal



dementia (FTD), of which over 30 individual mutations of varying predicted

pathogenicity have been described (Table 15) [40, 44, 50, 356-358].

Pathologically, wild-type OPTN is occasionally found in the inclusions present in both
sporadic and autosomal dominant forms of ALS [50, 359-361]. However, there have been
few neuropathological descriptions of OPTN mutation cases themselves. Ayaki et al
(2018) recently characterised three cases which were found to exhibit multiple
proteinopathies including one case which positively immunostained for tau, pTDP-43 and
a-synuclein within a single neuron [362]. Bury et al (2015) described OPTN-positive,
TDP-43-negative inclusions in an OPTN mutation case, however the patient also carried
a hexanucleotide repeat expansion within C9ORF72 [40]. Other reports have also
described OPTN mutations existing in conjunction with other known ALS/FTD

mutations, contributing to the discussion of ALS as an ‘oligogenic’ disease [356].

The combination of these genetic and neuropathological factors highlight the functional
importance of OPTN and its role in the autophagic clearance pathway in ALS. Here, we
present an autopsy case of upper motor neuron predominant sporadic ALS caused by a
novel homozygous recessive ¢.649A>T mutation within OPTN, existing independently of

all other known ALS/FTD mutations.



Mutations

Study | DNA Protein Zygosity Effect Location Diagnosis | Notes
¢.1502C>T Q398X Homozygous Nonsense Coil-Coiled domain ALS -
c.1743A>G E478G Heterozygous Missense Ubiquitin-binding domain ALS OPTN+ and pTDP-43 inclusions, see Ayaki et al (2018)
[50] Exon 5 deletion N/A Homozygous Deletion - ALS 58-aa truncated protein
¢.703C>T Q235X Heterozygous Nonsense Coil-Coiled domain Same patient. Prominent focal cortical atrophy. TDP-43 and p62
positive inclusions. No pathology in motor neurons. Reduction of
[356] | c.1442C>T A481V Heterozygous Missense Ubiquitin-binding domain FTD OPTN expression in cerebellum
c.495C>T Q165X Heterozygous Nonsense Coil-Coiled domain FTD 72% truncation of protein
[358] | c.1362C>G Q454E Heterozygous Missense Ubiquitin-binding domain ALS Possibly damaging (PolyPhen-2)
[44] €.493C>T Q165X Heterozygous Nonsense Coil-Coiled domain ALS Predicted truncation of the protein
€.1242+1GA_insA - Heterozygous Unknown Intronic ALS Possible frameshift and protein truncation
[357] | c.1442C>T A481V Heterozygous Missense Ubiquitin-binding domain ALS -
C.785C>A S262X Heterozygous Nonsense Coil-Coiled domain
[363] | c.1289 1290del L430Rfs*16 Heterozygous Frame shift | Ubiquitin-binding domain ALS-FTD | Same patient. 75-80% reduction in OPTN expression in blood
[364] | c.1320delA K440Nfs*8 Heterozygous Frame shift | Coil-Coiled domain ALS Frameshift resulting in premature stop codon
[365] €.691 692insAG D128Rfs*21 Homozygous Insertion Exon 6 ALS Frameshift resulting in premature stop codon
c.844A>C T282P Heterozygous Missense Coil-Coiled domain PLS Possible pathogenicity
Within highly-conserved region, predicted pathogenicity (PMUT,
C.941A>T Q314L Heterozygous Missense Coil-Coiled domain ALS PolyPhen and SNPs3D)
Within highly-conserved region, predicted pathogenicity (PMUT,
c.1670A>C K557T Heterozygous Missense Zinc Finger domain ALS PolyPhen and SNPs3D)
c.67G>T G23X Heterozygous Nonsense Intronic ALS Creates very premature stop codon
Induces activation of exonic cryptic donor splice site, leading to 111
c.552+1delG 148 184del Heterozygous Deletion Intronic ALS nucleotide skipping within exon 6
[366] | c.1401+4A>G - Heterozygous Unknown Intronic ALS Predicted splice site insertion. Patient also carried T343T variant
Highly conserved region, predicted pathogenicity (PolyPhen,
c.277G>C A93P Heterozygous Missense Coil-Coiled domain ALS SMART)
[367] | c.1433A>G E478G Homozygous Missense Ubiquitin-binding domain ALS -
[368] | c.481G>A V161M Heterozygous Missense Leucine Zipper domain ALS -
€.658delG D220Mfs*12 | Heterozygous Frame shift | Intronic ALS
[369] | c.493C>T Q165X Heterozygous Nonsense Coil-Coiled domain ALS Two siblings with identical mutations
c.407C>T Al136V Heterozygous Missense Coil-Coiled domain ALS -
c.1184A>G K395R Heterozygous Missense Coil-Coiled domain ALS -
€.1352T>C 1451T Heterozygous Missense Ubiquitin-binding domain ALS -
[370] | c.1546G>C E516Q Heterozygous Missense Exon 14 ALS -
[40] €.964G>A E322K Heterozygous Missense Coil-Coiled domain ALS Concurrent C9ORF72 expansion
[371] | c.1403T>G M468R Heterozygous Missense Ubiquitin-binding domain ALS-FTD | Concurrent COORF72 and ATXN expansions

Table 15: Selection of previously reported OPTN mutations associated with ALS/FTD. Only mutations for which
reasonable evidence of pathogenicity is available (e.g absence in controls) are included.




4.2.3 Genetic screening

Next-generation whole exome sequencing was conducted on DNA extracted from frozen
brain tissue as part of a separate study [372]. A novel homozygous recessive nonsense
mutation (c.649A>T, p.R217X) was found within exon 8 of the OPTN gene (Fig 36A&B).
which was absent from 368 simultaneously sequenced controls and from both the NCBI
dbSNP and EXAC databases. No other obviously penetrant within known ALS/FTD
genes, including TBK1 and SQSTM1, were found [372]. Only two other non-synonymous
SNP’s have been described at the 217 codon (rs1328890259, 649A>G, Arg>Gly and
rs755695303, 650G>C, Arg>Thr)(NCBI dbSNP database). Nonsense mutations cause the
translation of a premature stop codon which generally disrupt gene function through lack
of transcription, degradation of mRNA via nonsense-mediated decay or protein
truncation. In-silico analysis predicted a stop-gain effect (SIFT, PolyPhen2) for the
mutation, with a concomitant 62.4% reduction in protein length (Fig 36A) where
translation occurs. The mutation meets multiple effect criteria making its pathogenic

significance ‘very strong” according to ACMG guidelines [373].

4.2.4 Immunohistochemistry

For immunohistochemistry (IHC), 6um FFPE sections from fourteen regions (medulla
oblongata, pons, midbrain, cerebellar vermis, primary motor cortex, parietal cortex,
occipital cortex, anterior cingulate, amygdala, hippocampus, basal ganglia, thalamus,
trigeminal ganglion and cervical spinal cord) of the index case were assessed. Sections
were dewaxed through xylene, and rehydrated through decreasing concentrations of
alcohol before being pre-treated for 30 min in 10% concentrated (30%) H>O and distilled

water to block endogenous peroxidase. Heat-induced epitope-retrieval was performed



using autoclave boiling at 121°C for 10 minutes. Sections were then rinsed with Tris-
buffered saline and blocked with normal goat serum (1:10 in TBS-T) for 30 min. The
primary antibodies used were against pTDP-43 (Cosmo-bio, 1:10,000), CD68 (Wako,
1:250), a-synuclein (BD Transduction labs, 1:1000), Tau (Launch Diagnostics 1:1500),
B-amyloid (Biolegend, 1:24000), p62 (Abcam, 1:1000) and OPTN (Proteintech, 1:3000).
Primary antibodies were incubated overnight at 4°C and visualised using the Dako
Envision+ kit and HRP-DAB signal. Additional sections from the lumbar spinal cord,
cerebellum and primary motor cortex of one sporadic ALS and one neurologically normal
case were also assessed via OPTN IHC. No staining was seen when the primary antibody
was omitted. Stained sections were then dehydrated, cleared, mounted (Histomount,
Thermo-Fisher Scientific, Germany) and coverslipped. All sections were viewed using a
Zeiss Primo Star microscope (Zeiss, Oberkochen, Germany). Slides were digitally
scanned at 40X using the Aperio ScanScope AT Turbo system (Leica Biosystems,

Germany), and analysed using QuPath pathology analysis software [327].

4.2.5 Western blotting

Proteins were extracted from fresh-frozen tissue of three regions (frontal cortex, spinal
cord and cerebellum) of the index case, one sporadic ALS case and one neurologically
normal control (Fig 36C) and yield assessed using Pierce™ BCA Protein Assay Kit
(Thermo Fisher). The same amount of proteins (20 pg) was mixed with 4X Sample Blue
buffer (Invitrogen) and 10X Reducing agent (Invitrogen), boiled at 95°C for 5 minutes
and loaded onto a 4-12% Bis-Tris gel (Life Technologies). Samples were run at 140 V for
one hour, before being transferred to PVDF membrane and blocked using 5 % skim milk

(Sigma) dissolved in TBS-T for one hour at room temperature. After blocking, membranes



were exposed to primary using HRP-conjugated anti rabbit or anti-mouse IgG at a dilution
of 1:5000 (Amersham). Protein bands were visualized using the ChemiDoc™ Imaging

System (BioRad).

4.2.6 RT-gPCR

gPCR was performed on total RNA extracted from three regions (frontal cortex, spinal
cord and cerebellum) of the index case, one sporadic ALS case and one neurologically
normal control (Fig 36D). After TRIzol extraction (Invitrogen), total RNA was treated
with DNasel (Invitrogen) and retro-transcribed (High capacity cDNA reverse
transcription kit, Applied Biosystems). The gPCR reagent used was Fast SYBR® Green
Master Mix (Applied Biosystems). gPCR was run on a Roche LightCycler and melting
curve analysis was performed on LightCycle Multicolor software. Target transcripts were
OPTN and TBK1, and the internal reference was the combined TOPI, RPL13A and ATP5B
whose stability has been previously described [374]. The primers were designed based on
the reference sequences in National Centre for Biotechnology Information (NCBI)
database. The relative mRNA expression was calculated as 24V and plotted as a

percentage.

4.2.7 Neuropathology

On external post-mortem examination there was very prominent focal cortical atrophy
involving the entire motor region but without significant atrophy outside of the motor
area. Coronal slices revealed the grey/white matter was generally well demarcated. The
lateral horn of the ventricle was not dilated and the hippocampi were of normal bulk. The

substantia nigra was well pigmented. The aqueduct was patent and both the pons and



medulla were within normal limits. The spinal cord was not particularly thin and the
greying of anterior roots was not pronounced. Microscopic examination of pTDP-43, tau,
-amyloid, a-synuclein, CD68 and p62 on fourteen regions was performed (Fig 37). No
evidence of B-amyloid or a-synuclein was seen. There was severe reactive gliosis and
transcortical spongiosis in the primary motor area, associated with significant neuronal
loss including prominent depletion of the layer V Betz cells. p62 and pTDP-43
immunohistochemistry showed extensive white matter pathology which was at least as
pronounced as grey matter pathology and consisted of neurites and perinuclear
cytoplasmic inclusions as well as widespread glial inclusions. No nuclear inclusions were
seen. The hippocampus showed some intracellular neuronal tau accumulation (Fig 371)
but there was no apparent loss of neurons. There was very mild loss of substantia nigra
neurons in the lateral pars compacta. The loci coerulei show no clear loss of pigmented
neurons and there were no Lewy bodies. The cerebellum was relatively well preserved
with possible mild Purkinje cell loss only, but with an abundance of p62 positive corpora
amylacea within the molecular layer (Fig 37G). The spinal cord showed severe
degeneration of the corticospinal tract. Anterior horn cells were mildly depleted and there
were only rare granular or cytoplasmic compact pTDP-43 inclusions (Fig 37D). p62
highlighted glial aggregates which seem to be particularly prominent in the degenerated
corticospinal tract. Staining for C-terminal OPTN in the index case was entirely absent in
primary motor cortex, cerebellum and spinal cord in both IHC and WB (Fig 36C, Fig 36G,
J, M), however cytoplasmic OPTN-ir inclusions were occasionally seen in the sporadic

ALS comparative case (Fig 36F, I).
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Figure 36: Expression analysis of the R217X mutation. The mutation exists at the
non-conserved 217aa residue, between the LIR domain and the largest coil-coiled
domain. Previously reported nonsense mutations are shown, homozygous mutations
are shown in bold. OPTN possesses several key functional domains, with defined
binding-regions for Rab8, Htt and MyoVI. The c.649A>T mutation (highlighted in
red) results in a premature stop codon, truncating the protein by 62.4% and preventing
the translation of three functional domains. (A). The mutation occurs within a region
conserved across primates but not other mammals (B). Expression of the C-terminal
OPTN fragment is absent/significantly reduced in both IHC (G, J, M) and WB (C).
RT-gqPCR using primers mapping both the C- and N-terminal regions reveals a 75%
reduction in OPTN, but not TBK1 gene expression across the CNS (D). OPTN is
highly expressed in a control (E,H,K) and sporadic ALS (F,1,L) case but not the ALS-
OPTN index case (G,J,M). Arrows highlight OPTN-immunoreactive inclusions. All
scale bars = 50um.
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Figure 37: Neuropathology of the index case is defined by widespread TDP-
proteinopathy, reactive gliosis and tau aggregation within hippocampal
neurons. Extensive neuronal and oligodendroglial pTDP-43 aggregation in the
primary motor cortex (A), but also limited glial inclusions within the cerebellum (F),
hippocampus (H) and spinal cord a-motoneurons (D). There was also evidence of
neuronal intracellular Tau aggregation within the dentate gyrus and CA regions (1).
Extensive reactive microgliosis within the primary motor cortex, which was
particularly prominent within the subcortical white matter (C) as well as within the
lateral corticospinal tract (E). Extensive p62 aggregations in the primary motor cortex
(B) and p62-positive corpora amylacea were also seen within the molecular layer of
the cerebellum (G). There was no evidence of a-synuclein+ Lewy bodies, or
significant f-amyloid accumulation in any of the assessed regions. Arrows highlight
pTDP-43 inclusions. All scale bars = 50um.
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Figure 38: OPTN mediates the endosomal-lysosomal autophagy pathway
through its interaction with TBK1. Cellular stress caused by pathogens, damaged
mitochondria or aggregation pathology initiates the ubiquitination of the target
cargo, in this case TDP-43 (1). Phosphorylation of TBK1 and one of four autophagic
adaptor proteins (OPTN, p62, TAX1BP1, NDP52) facilitates the binding of the
ubiquitinated cargo to LC3Il on the immature autophagosome membrane (2). The
autophagosome matures and is transported from the centre of the cell to the
membrane along microtubules via the kinesin-dyenin motor unit (3). The lysosome
merges with the autophagosome, where lysosomal enzymes degrade the target cargo
(4). Some smaller cargos are taken up by the late-stage phagosome and excreted
(microautophagy and chaperone-mediated autophagy). LC3II is delipidated and
recycled as LC3I. C-terminal OPTN mutations prevent it’s binding to ubiquitin and
subsequently reduce the efficiency of its role in the endosomal-lysosomal pathway.



4.2.8 Conclusion

This case is unusual for two reasons. First, the vast majority of previously reported ALS-
OPTN cases are heterozygous (Table 15), and the R217X mutation itself has never before
been described. The effect of the mutation is likely loss-of-function through prevention
of functional C-terminal domain translation as well as haploinsufficiency through
nonsense mediated decay of affected transcripts. Secondly, both the atypical clinical
progression pattern and neuropathology appear to be unique among previous reports. We
describe the first case of UMN predominant ALS caused by the homozygous nonsense
R217X mutation, which exists independently of all other known ALS/FTD mutations, and
is one of the few ALS-OPTN cases with reported post-mortem neuropathology thus far.
Our results strongly suggest that the mutation is LOF via degradation of affected
transcripts via NMD and truncation of functional C-terminal protein domains, with the
primary neuropathological consequence being a severe TDP-43 proteinopathy (Fig 37).
This case has implications for our understanding of the role of OPTN-mediated autophagy

pathway in ALS.



Chapter five

Discussion



5. Discussion

5.1 Main findings

The main findings in this thesis can be summarised as follows:

1. There is significant variability of motor cortex neuropathology both within and
across the genotypic spectrum of ALS. Overall, sporadic cases display the most
severe accumulation of pTDP-43 and activation of microglia. pTDP-43 deposition
is moderately but significantly higher in sporadic cases than in COORF72 disease,
and the extent of the microglial response correlates with the severity of pTDP-43
deposition in both sporadic and C9 genotypes.

2. Sporadic ALS demonstrates the highest level of pathological homogeneity across
the motor cortex-spinal cord neuraxis in terms of pTDP-43 aggregation and
microglial proliferation.

3. There is a moderate but significant reduction of parvalbumin+ and calbindin+, but
not calretinin+ interneurons within the ALS primary motor cortex, and this may
be a contributor to the cortical hyperexcitability phenotype seen in ALS patients.
Our results show this reduction is genotype specific and present even after
statistical adjustment for fixation time and neuropathological predominance.

4. Thereis aclear vulnerability of specific cell types within the primary motor cortex
to the aggregation of pTDP-43. Oligodendrocytes and excitatory neurons appear
to be most severely affected, with parvalbumin+ interneurons and Betz cells less
likely. At the glial cell level, microglia occasionally contain pTDP-43, but we
found no evidence of pTDP-43 within GFAP+ astrocytes.

5. FUS is more highly expressed than TARDBP in the primary motor cortex, but

TARDBP exhibits a higher proportion of transcripts localised to the nucleus.



5.2 Discussion

To the best of our knowledge, this is the largest post-mortem study to date on the primary
motor cortex in ALS. A particular strength of the study is the use of digital image-analysis
algorithms to provide a comprehensive, fully quantitative approach to pathological
assessment. This provides a more defined readout of pathological burden than quasi-
logarithmic ‘scoring” methods - which are also more subject to human bias - and allows
for the comparison of multiple pathologies with high-specificity. Our approach uses
neuropathological readouts as quantitative traits which we consider to be more proximally
related to genetic variables and pathobiology than dichotomous clinical data (e.g. ALS vs.
control), which were limited, not quantitative and unlikely to be reflective of neuraxis
involvement at the end stage of the disease. Given the multiple molecular and cellular
pathways disrupted in ALS it is challenging to describe an overall hypothesis that
accounts for all aspects of disease heterogeneity in humans, however a theoretical scenario
is presented in Fig 39, that attempts to link preclinical and molecular evidence with the

findings described in this thesis.

The first major finding from this study is that on average, sporadic patients demonstrate
the most severe primary motor cortex pTDP-43 pathology, and that this is significantly
higher than in COORF72 disease (Fig 14G) which comprises the second largest group of
ALS TDP-proteinopathies. Sporadic patients also display the highest microglial activation
within the primary motor cortex (Fig 141) which correlates closely with pTDP-43 severity
(Fig 15). This suggests that sporadic ALS patients demonstrate on average a more severe
cortical disease than C9ORF72 patients. However, both the pTDP-43 and CD68 data is
significantly skewed, showing that there is a high interindividual variance in pathology

within each genotype. We presume that all of the cases used in this study, being post-



mortem, represent end-stage disease. While it is conceptually unclear why there should
be such a variance in pathology, this variance can possibly be explained by the duration
of the disease that the patient experiences. However detailed clinical information was not

available for all cases, and this relationship could not be tested.

Microglial activation and proliferation is a prominent feature of ALS. Notably, the largest
degree of microglial activation was found within the white matter of each genotype (Fig
141). However the extent of activation between the white and grey matter was also closely
correlated in all genotypes, i.e cases that demonstrated high microglial activation within
the grey matter, also demonstrated high microglial activation in the white matter (Fig 18).
The non-TDP-proteinopathies (i.e SOD1 and FUS cases) demonstrated the lowest levels
of microglial activation (Fig 141). However, as we were unable to quantify the severity of
the FUS and SOD1 inclusions in these cases owing to the specificity of the antibodies, it
is unclear whether this is a reflection of these cases being lower motor neuron
predominant, or there being lower numbers of inclusions within the primary motor cortex.
The extent of microglial activation correlated closely with the severity of pTDP-43
pathology in the primary motor cortex (Fig 15B and C). Given that pTDP-43 aggregation
is the dominant pathology in 97% of ALS cases, it can be reasonably suggested that the
mislocalisation and aggregation of TDP-43 is a driver of cortical microgliosis in ALS.
However, it is acknowledged that by using post mortem human tissue we are ultimately

only able to observe their correlation.

A key point in discussions concerning selective vulnerability is the distinction between
cellular vulnerability to proteinopathy, and vulnerability to degeneration itself. The
toxicity of TDP-43 has been demonstrated in vitro through a range of mechanisms
including its effects on endocytosis, autophagy and stress-granule formation [174-176].

However, the cellular effect of this toxicity in humans is less well understood. On average,



in our cohort the most severe motor cortex pTDP-43 deposition was in sporadic ALS cases
(Fig 14G), a finding which was also recapitulated at the level of the lumbar spinal cord
within the anterior horn (Fig 17B). Our results show that of all the genotypes analysed,
sporadic cases demonstrate the highest level of pathological homogeneity across the
motor cortex-spinal cord neuraxis at post-mortem (Fig 19A&B). C9-ALS cases did not
exhibit this homogeneity to the same degree. We also found that non-TDP-proteinopathies
exhibit the highest levels of neuronal shrinkage/loss in the anterior horn (Fig 17J) and that
the severity of pTDP-43 deposition does not correlate with anterior horn neuron
degeneration (Fig 17K). This mirrors findings at the other end of the neuraxis in Betz cells
[213], where the degeneration of Betz cells does not correlate with the severity of
pathology. Similar to a previous study [203], we found little evidence of pTDP-43
aggregates within Betz cells themselves (Fig 27A-C) , although we did find evidence of
severe microgliosis surrounding layer V neurons in several cases (Fig 27D), which has
also been previously reported [375]. This raises interesting questions regarding whether
Betz cells are perhaps selectively vulnerable to the toxicity conferred by soluble TDP-43
and its effects on microglia, selectively resistant to the aggregation of pTDP-43 which
afflicts neighbouring neurons, or both. It is possible that Betz cells lack the capacity to
insolubilize TDP-43, perhaps because of their larger size or metabolic activity, which
precludes their vulnerability. In this hypothesis, the capacity of a cell to aggregate
insoluble pTDP-43 actually represents a neuroprotective mechanism, a concept which has
previously been suggested [328, 330]. Molecular characterisation of this anatomically

unique cell will likely yield further insights.

Previous studies using SOD1%%” mice have strongly implicated oligodendrocyte
dysfunction in ALS [204, 205]. Using human cortical tissue, we found evidence of

oligodendrocyte pathology in nearly every case assessed in this study, demonstrating



cortical oligodendroglial proteinopathy as a defining feature of the disease. However, the
mechanisms by which these aggregations cause dysfunction are unclear. Ferraiuolo et al
(2016) showed reduced MN survival and altered axonal architecture when
oligodendrocytes from ALS patients were co-cultured with disease free MN, and that this
degeneration generally required close cell-to-cell proximity but could also be induced
through the secretion of soluble factors [210]. It is plausible that a combination of both
mechanisms occurs in-vivo, whereby pTDP-43 oligodendroglial pathology is an end stage
result preceded by both cell-to-cell transmission and secretion of soluble TDP-43 which
is toxic to surrounding motor neurons. Neuronal transmission of soluble TDP-43 has been
demonstrated [212], but at the time of writing there have been no studies demonstrating

its transmission either glia-glia or glia-neuron.

Whether the microglial response is in itself pathogenic in ALS or primarily a subsequent
reactive event is debated. Our results show that the extent of this response in the primary
motor cortex varies significantly between ALS genotypes (Fig 141), and confirms findings
in vivo concerning the difference in microglial burden between upper and lower motor
neurons in sporadic ALS [376, 377](Fig 19). It is notable that comparably low numbers
of cortical activated microglia were seen in SOD1 and FUS cases, which are not TDP-
proteinopathies, while the highest microglial response was seen in sporadic and C9ORF72
cases, implicating TDP-43 as a driver of the microglial-based cortical inflammatory
response. Both wild-type TDP-43 and its C-terminal fragments initiate CD14-mediated
NF-kB activation as well as the intracellular NLRP3 proinflammatory cascade in-vitro,
which is toxic to motor neurons [180, 181]. A recent study in mice found that the presence
of TDP-43, not neurodegeneration, is responsible for an increase in microglial
proliferation [183], however conversely, repressing mutant SOD1 within microglia in the

SOD1%%A model does not delay disease onset but does significantly slow progression in



the later stages of disease [378]. It may therefore be speculated that the microglial
response is both a primary pathogenic instigator and secondary reactive event, dependent
on disease genotype, perhaps whereby a dominant mutation (presumably present in all
cells including microglia) alters the microglial response to its corresponding
proteinaceous inclusion. Functional in vitro studies utilising microglia conditionally

expressing mutations in the various ALS genes will be required to ascertain this.

However, we demonstrate that the pTDP-43-microglial relationship is not entirely linear,
because their correlation is not recapitulated in spinal cord lower motor neurons (Fig 17C).
We also found several examples of pTDP-43 aggregates within microglia (Fig 24), though
we cannot say whether these cells actively phagocytosed the aggregates, or the inclusions
arose within the microglia as result of the disease process itself. Notably, we found no
evidence of pTDP-43 inclusions within astroglia (Fig 25A-E) despite cortical astrogliosis
being a prominent feature in ALS [345]. Further mechanistic studies will be required to

determine the specificity of the microglial response in the various ALS genotypes.
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The loss of GABAergic inhibitory interneurons within the cortex has been postulated to
be the cause of a cortical hyperexcitability phenotype in ALS patients. Similar to a
previous study using human cortical tissue [188], we demonstrate that there is a modest
reduction of Calbindin+, but not Calretinin+ interneurons within the primary motor cortex
in ALS (Fig 20 and Fig 21). However, given that ALS patients exhibit varying degrees of
cortical involvement, we also attempted to reconcile interneuron numbers with the relative
extent of upper/lower MN involvement to clarify whether interneuron loss was simply
related to more severe cortical disease in general. Our results show that there is still a
small, but statistically significant loss of interneurons in the primary motor cortex in some
genotypes, even after adjustment for UMN/LMN predominance and fixation (Fig 21). The
effect of this adjustment suggests that UMN/LMN predominance is a fairly large
determinant of interneuron loss— i.e that ALS patients with a more severe motor cortical
phenotype overall (the subtleties of which are not likely to be identifiable in-vivo) tend to
exhibit a more severe interneuron loss in the cortex. However unexpectedly, we found the
largest degree of interneuron loss in SOD1/FUS cases which are predominantly LMN
disease genotypes. Conversely, we found only a moderate loss of interneurons in sporadic
and C9ORF72 cases, genotypes associated with the highest mean deposition of pTDP-43
(Fig 14G and Fig 21). There was no correlation between the severity of pTDP-43
deposition and the degree of interneuron loss in these cases (Fig 22), and we found almost
no evidence of pTDP-43 inclusions occurring within parvalbumin+ interneurons
themselves (Fig 26), which is consistent with a lack of TDP-43 mislocalization in
parvalbumin+ interneurons in a recently published tardbp knock-in mouse model [335].
Together, this suggests that the reduction of interneurons in the ALS primary motor cortex
is not dependent on the accumulation of pTDP-43, and that non-TDP genotypes

demonstrate a larger selectively vulnerability to the degeneration of inhibitory



interneurons. This may be because it is not hyperphosporylated TDP but soluble C-
terminal fragments of TDP which are the most damaging, or because dysfunction of

FUS/SOD1 is more detrimental to interneurons.

RNAscope is a novel RNA in-situ method which has only recently begun to be applied to
human tissue in a significant way. Originally designed for use with surgical oncology and
mouse tissue, the method presents significant challenges when used with human post-
mortem material. Following optimisation and development of in situ specific algorithms
it was possible to use the method to assess aspects of primary motor cortex histopathology.
Firstly, it was found that FUS and TARDBP — two RNA binding proteins with similar
structures and functions and both implicated in ALS — display very different expression
and localisation patterns within the primary motor cortex (Fig 28 and 29). Relatively, FUS
is far more highly expressed than TARDBP, but TARDBP displays a higher retention of
transcripts within the nucleus. Unlike in a previous study, we found that this localisation
of transcripts was unchanged between ALS and controls (Fig 29A&B)[157]. However,
the aforementioned study analysed spinal neurons, and the expression and localisation of
TARDBP transcripts was only quantified in a small number of cells. Here, the localisation
of transcripts was quantified in >10,000 cells per case. Our results suggest that
dysregulation of TARDBP expression may occur in the ALS primary motor cortex, but
that the consequence of this dysregulation does not manifest as aberrant localisation. This
is in sharp contrast to the pathological consequence of TDP-43 protein expression which
is the mislocalisation and aggregation of pTDP-43 within the cytosol. The difference in
expression between FUS and TARDBP is interesting, because both have similar functions,
but FUS mutations are only implicated in a very small number of total ALS cases. It might
be postulated that the relatively low expression of TARDBP makes it more vulnerable to

physiological alterations. We could also find no clear interaction between TARDBP and



pTDP-43 aggregates (Fig 29C&D). However, assessment of this interaction was
hampered by only chromogenic detection signals being available. Repeating these
experiments using fluorescent-conjugates would allow the distinction between channels

and facilitate more detailed analysis.

Next, the expression of three neuronal transcription factors (CTIP2, SATB2 and TBR1)
associated with projection neuron diversity was assessed within the primary motor cortex
(Fig 30 & Fig 31). This was indicated in part because the projection patterns of Betz cells
have not been molecularly defined in humans. However, it is noted that the expression of
these transcription factors becomes more promiscuous during ageing to the point where
they lose fidelity in adult mice. CTIP2 is a transcription factor essential for the proper
migration and development of corticospinal projection neurons [198, 201], and it has been
previously shown that CTIP2-positive neurons degenerate early and specifically in the
SOD1 G93A mouse model [202]. However, while the SOD1 G93A model is probably the
best available in terms of its recapitulation of an overt motor neuron phenotype, it is
arguably not a good model of the underlying pathophysiological disease process because
of a high copy number of transgene insertions leading to 4-fold overexpression of the
mutant protein. We did not find any reduction in CTIP2+ neurons in the ALS primary
motor cortex, when assessed by either IHC (Fig 30) or RNAscope (Fig 31). This is
possibly because of the fairly low number of cases that were available at low fixation
times, which was a prerequisite for the method. We also found preliminary evidence that
all three transcription factors assessed are expressed in Betz cells at low levels relative to
surrounding cells (Fig 32), suggesting that Betz cells are a distinct class of neuron which
express a unique combination of genes post-mitotically. Further analysis, possibly using

RNA-seqg/proteomics, will increase our understanding of this unique cell.



The usage of novel methods such as CLARITY and Imaging Mass Cytometry (IMC)
represent a glimpse of the future of tissue histopathology and their application in research.
However, their implementation was challenging and produced sub-optimal results when
attempted here. Both methods will require further adaptation and optimisation for use with

human brain tissue before they are used on a wider scale.

The ALS-OPTN patient described in chapter 4 suffered a predominantly upper motor
neuron syndrome with limited lower motor neuron involvement, but with some mild
deficits in cognitive function. Post-mortem neuropathology was consistent with these
features and was dominated by widespread TDP-43 proteinopathy within both white and
grey matter neurons/oligodendroglia, as well as extensive cortical reactive microgliosis
and transcortical spongiosis (Fig 37). The primary motor cortex was severely affected,
with prominent depletion of layer V Betz cells and concomitant degeneration of the lateral
corticospinal tract, but there was only limited TDP-43 pathology and degeneration of a-
motoneurons within the spinal cord ventral grey column (Fig 37D). There was however
evidence of predominantly intracellular neuronal AT8 accumulation within the dentate
gyrus (Fig 371) without obvious neurodegeneration, consistent with the mild cognitive
deficit exhbited during life. OPTN contributes to the autophagic destruction of damaged
mitochondria through the PINK1-Parkin mitophagy pathway [351]. Mutations to Parkin
cause genetic Parkinsons disease (PD) [379], normally without Lewy body formation,
implicating mitophagy as a pathomechanism in PD. However, in contrast to previous
descriptions of ‘multiple-proteinopathy’ [362], there was no significant evidence of either

a-synuclein or B-amyloid pathology, and no parkinsonian features in our patient.

As in previous studies [359-361], we found some evidence of OPTN-immunoreactive
inclusions in a single comparitive sporadic ALS case (Fig 36F&I). However, it is unclear

how many of these are OPTN-positive, TDP-43-negative inclusions. Co-localization of



OPTN with other proteinopathies has been reported in a number of neurodegenerative
diseases [380] - including ALS [50] - however results are conflicting. Others haved noted
the combined TDP-43, OPTN, ubiquitin- immunoreactivity of inclusions in sporadic ALS
[50] and of OPTN with FUS in ALS-FUS [381], but not with SOD1 in ALS-SOD1 [359],
suggesting that OPTN does possesses some capacity to interact with RNA-binding
proteins. Conversely, two studies using human tissue have reported that OPTN and TDP-
43 co-localize only rarely [40, 361], and OPTN and TBK1 do occasionally co-localize
with SOD1 aggregates in the SOD1%%** mouse [382]. No OPTN-ir inclusions were found
in the index case described here. OPTN also possesses a C-terminal huntingtin (Htt)
binding region, and infrequently co-localizes with Htt in the p62-positive intranuclear
inclusions associated with Huntingtons disease [383, 384]. However, despite the location
of the R217X mutation upstream of the Htt binding site, there was no indication of such

intranuclear inclusions in our patient.

A primary role of OPTN is as an adapter protein in the autophagic clearance pathway,
where it is phosphorylated and binds to TBK1 to facilitate the attachment of ubiquinated
cargo to the autophagic membrane [351, 352]. TBK1 is known to interact with and
phosphorylate OPTN at three serine residues (S177, S473 and S513) enhancing its
ubiquitin (UBQ) binding capacity [351, 385]. Mutations in TBK1 have also been
associated with ALS/FTD [356, 386, 387], however immunostaining for TBK1 revealed
no obvious difference between case and controls (data not shown). One study described a
UBQ-independent role for OPTN in autophagy, but this was configured on inclusion
interaction with the OPTN C-terminal coiled-coil domain, which also lies downstream of
the R217X mutation site. Additionally the authors did not investigate the role of this
mechanism in the clearing of TDP-43 [382], which is the disease-defining pathology in

around 95% ALS of cases and the main proteinopathy described here. As OPTN binds to



LC3lII via its LIR domain and contributes to autophagosome maturation [388], we suggest
that in this case the endosomal-lysosomal autophagy pathway itself is only inhibited as

far as the role of OPTN within it is rendered impotent.

Given the site of the R217X mutation upstream of the coiled-coil, ubiquitin-binding and
zinc finger domains, it seems likely that its effect is to prevent ubiquitin binding and
subsequently inhibit the autophagic destruction of cytoplasmic TDP-43, as has been
demonstrated in vitro for other OPTN mutations [389](Fig 38). A previous study also
reported a homozgous OPTN nonsense mutation (Q398X) in a single patient, whose
consanguineous parents were unaffected heterozygous carriers [50]. However its location
would be likely to leave a majority of the ubiquitin-binding domain intact and therefore
potentially functional. Notably however, homozygous mice lacking the entire UBQ C-
terminal binding region of the mouse OPTN homologue display early embryonic lethality
[355], suggesting possible compensatory mechanisms in the human autophagic process.
Conditional deletion of mouse optn from oligodendrocytes and myeloid cells also results
in progressive axonal degeneration without significant motor neuron cell body loss [353]
suggesting a larger role within myelinating Schwann cells. Notably in our case, pTDP-43
aggregative pathology was at least as pronounced in oligodendroglia than in neurons.
Nonsense mutations cause degradation of affected transcripts via nonsense mediated
decay (NMD). Consistent with this, we also found a significant reduction in OPTN mRNA
(~75%) across three regions of the CNS (Fig 36D), strongly implicating reduced OPTN

gene expression as a pathogenic effect of the homozygous R217X mutation.

The neuroinflammatory response is a common feature of neurodegenerative disease,
however whether this response is in itself pathogenic or a primary reactive event is
debated. A recent ultrastructural study found that the OPTN ubiquitin binding domain is

crucial for NF-kB supression [390], however mice lacking the entire OPTN C-terminal



domain exhibit normal NF-xB activation [355]. It is possible that the R217X mutation
inhibits the normal suppression of RIPK1, enhancing necroptosis induced via tumour
necrosis factor-a signalling [353], which would be consistent with the extensive reactive
microgliosis in our patient. However at the time of writing the RIPK1 binding site for

OPTN is unknown.

Interestingly, we found examples of p62-positive corpora amylacea (CA) across both
cortical and subcortical regions, which were particularly prominent within the cerebellar
molecular layer (Fig 37G). These glycoproteinaceous structures have been described in
several neurological diseases [391, 392] including ALS [393], but also normal ageing
[394], making their role and sigificance unclear. The age and genetic background in this
index case however suggests that their presence may be disease related. It is unsual that
CA would be present within the molecular layer, as this is mainly comprised of granular
neuropil and purjkinje cell dendrites. It is possible that the majority of autophagy within
these neurons is OPTN-mediated under normal conditions, such that p62 adaption alone
is insufficient for the disposal of ubiquitinated cellular waste. Previous studies have
associated CA with waste product recycling and disposal [392, 395]. OPTN also regulates
intracellular vesicle trafficking as an adapter protein between myosin VI and specific
cargoes [354]. As there appears to be increased OPTN expression in purkinje cells relative
to other cerebellar neurons (Fig 36), and the R217X mutation is present upstream of the
myosin VI binding site (Fig 36A), it is feasible that the disruption of these two roles

combined contributes to the accumulation of CA in this case.

While mutations to both FUS and OPTN ultimately cause the degeneration of motor
neurons and ALS as a broad phenotype, their molecular mechanisms, pathologies and
specific clinical presentations are distinct. FUS is an RNA binding protein with a

predominantly nuclear protein localization (Fig 16B), while OPTN is an autophagic



adapter with an almost exclusively cytosolic localization (Fig 36E&H). FUS mutations
result in the mislocalization and aggregation of cellular FUS, while the primary
neuropathological finding from the OPTN case described here is of an extreme TDP-43
proteinopathy. Additionally, the BAC-transgenic mutant FUS mouse described
previously exhibits mislocalised FUS in every cell (Fig 33 and Fig 34) but does not
develop a severe motor phenotype (data not shown). This is surprising because in humans
the P525L mutation causes a severe phenotype and juvenile onset [105]. The discrepancy
may be due to the BAC transgene not altering the expression of the endogenous mouse
FUS, and it is possible that directly engineering the P525L mutation into the mouse gene

itself (using CRISPR for example) may result in a more severe phenotype.

Conversely, the pathology of human OPTN case, while severe, does not affect every cell
in the same way, despite the homozygous R217X mutation essentially causing a deletion
of the functional C-terminal region. The seemingly completely different molecular basis
for these two monogenic pathotypes - despite both specifically ultimately resulting in
motor neuron degeneration — highlights the multi-factorial nature of sporadic ALS, and
also suggests that the predominant mechanisms (if they exist) causing the sporadic form

of the disease may vary from patient to patient.

The FUS cases assessed in this thesis, and those caused by the P525L mutation, are
normally heterozygous and generally result in LMN predominant ALS with a severe
disease progression, while the R217X OPTN mutation produced a distinct UMN
phenotype with only limited LMN involvement and the patient dying in middle age. The
reasons for this difference in onset, severity and distinct compartmental vulnerability to
particular gene mutations are unclear, but may in part be due to the level of expression of
each gene within upper and lower motor neurons, or differences in the requirements for

the proper functioning of each gene between cells. However notably, we also found a



significant reduction in OPTN expression within the spinal cord of our index case (Fig
40D), suggesting that there are other factors (genetic or otherwise) influencing disease
expression. While there is significant publicly available data regarding the expression of
wild type genes across the human system (EBI, ENSEMBL, Human Protein Atlas etc)
this is not true for the expression of ALS/FTD mutants in most tissues. A future study
using RNA-seq or RT-gPCR to assess the expression levels of various ALS/FTD
mutations in different tissue types across the human system is therefore warranted.
Together, these observations pose considerable difficulties in developing treatments
capable of biologically modifying the various levels of selective vulnerability in ALS, and
lend weight to the idea that in future the distinct genetic forms of ALS should be

considered separate diseases for the purposes of therapeutic design.

5.3 Methodical considerations

Our study contains several limitations. We analysed a region of the primary motor cortex
corresponding to the hand region of the homunculus wherever possible, however we
cannot guarantee that this region was analysed in every case, and it is possible that the
expression of genes and proteins described in this paper vary across the somatotopically
defined regions of the primary motor cortex. Secondly, we used IHC to measure the
expression of proteins associated with three species of interneurons. However, although
we used image-analysis algorithms that quantified staining above a certain OD threshold,
we cannot say definitively whether we have measured a reduction in the number of these
neurons, or a simple loss of expression of the protein in our cases. Additionally, we have
not stratified our cases by hemisphere sampled, and it is possible that ALS pathology

varies between the same region of different hemispheres. In the spinal cord, we have



attempted to circumvent this issue by assessing both aspects and averaging the results (Fig
12). We note that there is some evidence of asymmetrical TDP-43 pathology in
Alzheimer’s disease [396], but such asymmetry was not found in two cases of ALS-FTD
[397]. The precise variation of ALS pathology across hemispheres is therefore of an

unknown significance.

We also used CD68 to create a predominance ratio for each case that reflected the
comparable levels of involvement between the primary motor cortex and lumbar spinal
cord and could be used as a covariate in subsequent models (Fig 19). This was necessary
because there is a degree of corticospinal motor neuron loss even in patients that display
almost purely LMN signs [398]. Ideally neuronal loss itself would have been used to
create a predominance indicator. However NeuN, the most commonly used pan-neuronal
marker in mouse studies, displays a strong fixation dependency and is unsuitable for use
with the kind of archival material used in the single-IHC of this study. We attempted to
quantify the total numbers of neurons in each case using HuC/HuD, which has been shown
previously to exhibit a similar staining pattern to NeuN [399]. However we found that
HuC/HuD was also somewhat fixation dependent and quantification using HUC/HuD was

unsuccessful (data not shown).



5.4 Conclusions

We used a quantitative immunohistochemical approach to comprehensively analyse
pathology within the primary motor cortex in a large cohort of genetically-defined ALS
cases, and our results refine the concept of selective vulnerability within the cortex at both
the pathological and glial cell levels. We show that a key factor governing the
vulnerability of the motor cortex is the overall genotype of the patient, but that pathology
varies significantly both within and across the genotypic spectrum. At the cellular level,
we show that while interneurons degenerate in the ALS motor corteX, they are less likely
to demonstrate the aggregation of pTDP-43 pathology, demonstrating the distinction
between cellular susceptibility to the development of proteinopathy and vulnerability to
degeneration itself. This is of importance because aggregative pathology — of all kinds —
may simply represent a successful cellular response to proteotoxicity. These results may
provide targets for the design of future therapeutics through genotype-specific

amelioration of cortical pathology.
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7. Supplementary material

Pathology quantitation algorithms

All code is written in the Apache groovy language.

pTDP-43/p62 positive pixel count

('BRIGHTFIELD H DAB');

(""Name" : "H-DAB default", "Stain 1"
"Hematoxylin", "Values 1" : "0.65111 0.70119 0.29049 ", "Stain 2"
"DAR", "Values 2" : "0.26917 0.56824 0.77759 ", "Background" : " 255
255 255 "');

("qupath.imagej.detect.tissue.PositivePixelCounterIJd’,
'"downsampleFactor": 3, '"gaussianSigmaMicrons": 2.0,
"thresholdStainl": 0.3, "thresholdStain2": 0.2,
"addSummaryMeasurements": true');

CD68 cell count

('BRIGHTFIELD_H_DAB');
(""Name" : "H-DAB default", "Stain 1"
"Hematoxylin", "Values 1" : "0.65111 0.70119 0.29049 ", "Stain 2"
"DAB", "Values 2" : "0.26917 0.56824 0.77759 ", "Background" : " 255
255 255 "");

("qupath.imagej.detect.nuclei.PositiveCellDetection’,
'{"detectionImageBrightfield": "Optical density sum",
"requestedPixelSizeMicrons": 1.0, "backgroundRadiusMicrons": 8.0,
"medianRadiusMicrons": 0.0, "sigmaMicrons": 3.0, "minAreaMicrons":
10.0, "maxAreaMicrons": 400.0, "threshold": 0.2, "maxBackground":
2.0, "watershedPostProcess": true, "excludeDAB": false,
"cellExpansionMicrons": 5.0, "includeNuclei": true,
"smoothBoundaries": true, "makeMeasurements": true,
"thresholdCompartment”™: "Cell: DAB OD mean", "thresholdPositivel":
0.15, "thresholdPositive2": 0.4, "thresholdPositive3": 0.6,
"singleThreshold": true');

Calbindin/Calretinin/Parvalbumin cell count

('BRIGHTFIELD H DAB');

('"Name" : "H-DAB default", "Stain 1"
"Hematoxylin", "Values 1" : "0.65111 0.70119 0.29049 ", "Stain 2" :
"DABR", "Values 2" : "0.26917 0.56824 0.77759 ", "Background" : " 255

255 255 "}');
("qupath.imagej.detect.nuclei.PositiveCellDetection’,
'{"detectionImageBrightfield": "Optical density sum",



"requestedPixelSizeMicrons": 1.0, "backgroundRadiusMicrons": 8.0,

"medianRadiusMicrons": 0.0, "sigmaMicrons": 2.0, "minAreaMicrons":
10.0, "maxAreaMicrons": 400.0, "threshold": 0.2, "maxBackground":
2.0, "watershedPostProcess": true, "excludeDAB": false,
"cellExpansionMicrons": 5.0, "includeNuclei": true,
"smoothBoundaries": true, "makeMeasurements": true,
"thresholdCompartment": "Cell: DAB OD mean", "thresholdPositivel":

0.2, "thresholdPositive2": 0.4, "thresholdPositive3": 0.6,
"singleThreshold": true');

OLIG2 cell count

('"BRIGHTFIELD H DAB');

('""Name" : "H-DAB default", "Stain 1"
"Hematoxylin", "Values 1" : "0.65111 0.70119 0.29049 ", "Stain 2"
"DAB", "Values 2" : "0.26917 0.56824 0.77759 ", "Background" : " 255

255 255 "}1');
('qupath.imagej.detect.nuclei.PositiveCellDetection',

'{"detectionImageBrightfield": "Optical density sum",
"requestedPixelSizeMicrons": 0.5, "backgroundRadiusMicrons": 8.0,
"medianRadiusMicrons": 0.0, "sigmaMicrons": 1.5, "minAreaMicrons":
10.0, "maxAreaMicrons": 400.0, "threshold": 0.5, "maxBackground":
2.0, "watershedPostProcess": true, "excludeDAB": false,
"cellExpansionMicrons": 5.0, "includeNuclei": true,
"smoothBoundaries": true, "makeMeasurements": true,
"thresholdCompartment": "Nucleus: DAB OD mean", "thresholdPositivel":

0.2, "thresholdPositive2": 0.4, "thresholdPositive3": 0.6,
"singleThreshold": true');

TPPP/p25 cell count

("BRIGHTFIELD H DAB');

('""Name" : "H-DAB default", "Stain 1"
"Hematoxylin", "Values 1" : "0.65111 0.70119 0.29049 ", "Stain 2"
"DAB", "Values 2" : "0.26917 0.56824 0.77759 ", "Background" : " 255

255 255 "}"');
("qupath.imagej.detect.nuclei.PositiveCellDetection’',

'{"detectionImageBrightfield": "Optical density sum",
"requestedPixelSizeMicrons": 0.5, "backgroundRadiusMicrons": 8.0,
"medianRadiusMicrons": 0.0, "sigmaMicrons": 2.0, "minAreaMicrons":
10.0, "maxAreaMicrons": 400.0, "threshold": 0.55, "maxBackground":
2.0, "watershedPostProcess": true, "excludeDAB": false,
"cellExpansionMicrons": 5.0, "includeNuclei": true,
"smoothBoundaries": true, "makeMeasurements": true,
"thresholdCompartment": "Nucleus: DAB OD mean", "thresholdPositivel":

0.2, "thresholdPositive2": 0.4, "thresholdPositive3": 0.6,
"singleThreshold": true');



RNAscope protocol — Ventana platform

Protocol #161 : FUS - Amp 1HR (08/01/2018)
Procedure: mRNA Universal ( v0.00.0210 )

Discovery ULTRA Staining Module
Neuropathology Department, John Radcliffe Hospital Oxford, UK

[ mRNA Universal Procedure v2 |

[ Al staining done using this procedure is for Ressarch Use Only |

Enable Mixers

Warmup Shide to 37 Deg C

Apply 300ul of Reaction Buffer

Rinse Slide With Reaction Buffer

Adjust Shide Volume With Reaction Buffer

Apply Coverslip

Dizable Slide Heater

Warmup Siide to 37 Deg C

Rinse Slide With EZ Prep

Adjust Slide Volume With EZ Prep

Apply Coverslip

[ RECOMMENDED: Set to 97 C and 18min for FFPE cell peliets or 24min for normal FFPE tissue ]

Rinse Slide With EZ Prep

Apply 300ul of EZ Prep

[ Targst Retrizval ]

Apply Three Drops of mRNA Trgt Ret and Incubate for 4 Minutes

Incubate for 4 Minutes

Apply CC Medium Coverslip

Warmup Siide to [97 Deg C] from All Temperatures { Cycle 1)

Incubate for 8 Minutes

Apply 300ul of EZ Prep

Incubate for 8 Minutes

Apply 300ul of EZ Prep

Incubate for & Minutes

Disable Siide Heater

Apply Cell Conditioner 1

Apply CC Medium Coverslip No BB

Rinse Slide With Reaction Buffer

Adjust Shde Volume With Reaction Buffer

Apply Coverslip

Incubate for 4 Minutes

Rinse Slide With Reaction Buffer

Adjust Shde Volums With Reaction Buffer

Apply Coverslip

Rinse Slide With Reaction Buffer

Adjust Shde Volume With Reaction Buffer

Apphy Coverslip

[ Only sslect one mRNA option 35 multiple selections will yisld negative results |
41 [ Inhibitor for mRNA Red Detection will be applied ]
42 Rinse Slide With Reaction Buffer
43 Adjust Slide Volume With Reaction Buffer
44  Apphy Two Drops of ACD Inhib Red, Apphy Coverslip, and Incubate for 4 Minutes
45 Warmup Siide to 37 Deg C, and Incubate for 12 Minutes

= one drop is one reagent dispense Printed 05/31/2019 8:52:47 AM
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Protocol # 161 : FUS - Amp 1HR (08/01/2018)

Procedure: mRNA Universal { v0.00.0210 )
Discovery ULTRA Staining Module
Neuropathology Department, John Radcliffe Hospital Oxford, UK

48 Disable Shde Heater
47 [ RECOMMENDED: Set to 37 C and 16min for normal FFPE samples ]

Rinse Slide With Reaction Buffer
45 Adjust Shde Volume With Reaction Buffer

[ Protease |
51  Apply Two Drops of mRNA Protease, Apply Coverslip, and Incubate for 0 Hr 4 Min
52 Warmup Slide to {37 Deg C). and Incubate for [0 Hr 18 Min] { Pretreatment #3 Temp RB )
Disable Shde Heater
Rinse Shde With Reaction Buffer
Adjust Slhide Volume With Reaction Buffer
Apply Coverslip
Rinse Shde With SSC
Rinse Shde With SSC
Adjust Slide Volume With SSC
[ Target Probe: RECOMMENDED: Set to 43 C for probe incubation ]
Apply Two Drops of [PROBE 10] { Probe #1 ), Apply Coverslip, and Incubate for 4 Minutes
Warmup Shide to [43 Deg CJ, and Incubate for 2 Hours ( Hybndization )
Disable Shde Heater
Incubate for 4 Minutes
Rinse Shde With SSC
Apphy CC Coverslip
Rinse Slide With SSC
Rinse Slide With SSC
Incubate for 4 Minutes
Rinse Slide With SSC
71 Adjust Slide Volume With SSC
72 [Amp1AFP]
73 [ RECOMMENDED: Temp = 38 C for most samples ]
74 Apply Two Drops of ACD RED AMP 1, Apply Coverslip, and Incubate for 4 Minutes
75 Incubate for 8 Minutes
78 Warmup Slide to [33 Deg C]. and Incubate for 32 Minutes { Hybridization #2 )
77 Disable Shde Heater
78 Rinse Slide With Reaction Buffer
79 Incubate for 4 Minutes
80 Rinse Slide With Reaction Buffer
81 Rinse Sids With Reaction Buffer
Apply Medium Cell Conditioner £1
Incubate for 4 Minutes
Apply Medium Cell Conditioner #1
Incubate for 8 Minutes
Rinse Slide With SSC
Adjust Siide Volume With SSC
[Amp2 AP ]
[ RECOMMENDED: Temp = 33 C for most samples ]
Apply Two Drops of ACD RED AMP 2, Apply Coverslip, and Incubate for 4 Minutes

* one drop is one reagent dispense Printed 05/31/2018 5:11:54 AM
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Protocol # 161 : FUS - Amp 1HR (08/01/2018)
Procedure: mRNA Universal ( v0.00.0210 )

Discovery ULTRA Staining Module
Neuropathology Department, John Radcliffe Hospital Oxford, UK

Incubate for & Minutes
Warmup Siide to [29 Deg C], and Incubate for 22 Minutes { Hybridization #4 )
Disable Slide Heater
Rinse Shde With Reaction Buffer
Incubate for 4 Minutes
Rinse Shds With Resction Buffer
Rinse Shds With Reaction Buffer
Apply Medium Cell Conditioner #1
Incubate for 4 Minutes
Apply Medium Cell Conditioner #1
1 Incubate for 4 Minutes
102  Apply Medium Cell Conditioner #1
103  Incubate for 8 Minutes
104 Rinse Slide With SSC
105 Rinse Shde With SSC
108 Adjust Shde Volume With SSC
107 Apply Two Drops of ACD RED AMF 3, Apply Coverslip, and Incubate for 4 Minutes
108 Warmup Slide to 37 Deg C, and Incubate for O Hr 12 Min
108 Dissble Slde Haater
110 Rinse Slde With SSC
111 Rinse Slde With SSC
112 Adjust Slide Volume With SSC
113 Apply Two Drops of ACD RED AMF 4, Apply Coverslip, and Incubate for 4 Minutes
114  Warmup Slide to 37 Deg C, and Incubate for 32 Minutes
115  Disable Slide Heater
118 Rinse Slide With SSC
117  Rinse Side With SSC
118 Incubate for 4 Minutes
112 Rinse Slide With Resction Buffer
120 Rinse Slide With Reaction Buffer
121 Adjust Slide Volume With Reaction Buffer
122 Apply Two Drops of ACD RED AMP 5, and Incubate for 12 Minutes
123 Apply Coverslip
124 [ Amp 5 AP incubation time: RECOMMENDED: 4 min ]
125  Incubate for [ Hour] { Hybndization #5 )
126 Rinse Shide With Reaction Buffer
127 Rinse Slide With Reaction Buffer
128 Apply Coverslip
129  Incubate for 4 Minutes
130 Rinse Shide With Reaction Buffer
131 Adjust Slide Volume With Reaction Buffer
132 Apply Two Drops of ACD RED AMP 6, and Incubate for 4 Minutes
133 Apply Coverslip
134 Incubate for 32 Minutes
135 Rinse Slide With Reaction Buffer
* one drop is one reagent dispense Printed 05/31/2019 9:12:15 AM
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Protocol # 161 : FUS - Amp 1HR (08/01/2018)
Procedure: mRNA Universal ( v0.00.0210 )

Discovery ULTRA Staining Module
Neuropathology Department, John Radcliffe Hospital Oxford, UK

138 Rinse Slide With Reaction Buffer

137 Apply Coverslip

138  Incubate for 4 Minutes

139 Rinse Siide With Reaction Buffer

140  Adjust Shide Volume With Reaction Buffer

141 Apply Two Drops of ACD RED AMP 7, Apply Coverslip, and Incubate for 4 Minutes
142 Rinse Slide With Reaction Buffer

143 Adjust Shide Volume With Reaction Buffer

144  Apply Coverslip

145 Rinse Slide With Reaction Buffer

145 Adjust Siide Volume With Reaction Buffer

147  Apply Two Drops of ACD Activator, and Incubate for 8 Minutes

148 Apply One Drop of ACD Naphthol, and Incubate for 4 Minutes

145 Apply One Drop of ACD Fastred, and Incubate for 4 Minutes

150 Apply One Drop of ACD Fastred, and Incubate for 8 Minutes

151 Rinse Shde With Reaction Buffer

152 Adjust Shide Volume With Reaction Buffer

153  Apply Coverslip

154 Rinse Slide With Reaction Buffer

1556 Adjust Slide Volume With Reaction Buffer

156 Apply One Drop of [HEMATOXYLIN I1] { Counterstain ), Apphy Coverslip, and Incubate for [12 Minutes]
157 Rinse Slide With Reaction Buffer

158  Adjust Siide Volume With Reaction Buffer

159 Rinse Slide With Reaction Buffer

160 Adjust Slide Volume With Reaction Buffer

161  Apply One Drop of [BLUING REAGENT] { Post Counterstain ), Apply Coverslip, and Incubate for [8 Minutes]
162 Rinse Side With Reaction Buffer

183 Adjust Slide Volume With Reaction Buffer

184  Apply Coverslip
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