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Abstract 

 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the loss of motor 

neurons, leading to progressive muscular paralysis. This devastating disease affects about 1-2 persons 

per 100.000 per year with a disease onset around mid-adulthood. Patients usually die 2-5 years after 

the first symptoms due to respiratory failure. The major pathological hallmark of 97% of ALS patients 

is the cytoplasmic mislocalization and aggregation of transactive response DNA-binding protein 43kDa 

(TDP-43) in the brain and spinal cord. The role of TDP-43 pathology in motor neuron degeneration is 

still uncertain, as there is evidence that inclusion bodies might represent an inert aggregation state of 

pathological TDP-43, or even have a protective function. Apart from TDP-43 pathology, another 

hallmark of ALS is the specific degeneration of the upper and lower motor neurons. Most research 

investigating cell death mechanisms in ALS has focused on apoptosis. More recently, evidence pointed 

towards a role for necrotic cell death, such as necroptosis or pyroptosis, in ALS. Until now, it is not yet 

clear what the importance of different types of cell death is in ALS, and if pathological TDP-43 plays a 

role herein. Finally, apart from dysfunction of the neuronal cell body, affected nerve cells also display 

axonal degeneration. It is becoming increasingly apparent that microtubules play a critical role in 

axonal pathology. As such, mutations in tubulin alpha 4A (TUBA4A) were recently associated with ALS, 

highlighting the importance of cytoskeletal stability in ALS. 

The aim of this PhD project was to clarify the mechanisms of neuronal and axonal degeneration in ALS. 

For this, we used post-mortem central nervous system tissue from ALS and frontotemporal lobar 

degeneration (FTLD) patients, as well as two in vivo models: TDP-43A315T transgenic mice and zebrafish. 

Specifically, we investigated the activation of necroptosis and pyroptosis pathways in relation to TDP-

43 pathology. Additionally, we looked into cytoskeletal disturbances, focusing on the role of TUBA4A 

dysfunction in genetic as well as sporadic ALS and FTLD.  

First, we investigated the involvement of different types of necrotic cell death in ALS in relation to TDP-

43 pathology. We did not detect a significant activation of the necroptosis pathway in ALS-affected 

brain and spinal cord regions using post-mortem tissue. However, in patients with FTLD with TDP-43 

pathology (FTLD-TDP), necroptosis activation, reflected by the presence of phosphorylated mixed 

lineage kinase domain-like protein (pMLKL), was observed in hippocampal regions and was associated 

with the burden of TDP-43 pathology. On the other hand, microglial pyroptosis activation was 

increased in the ALS precentral white matter and correlated with neuronal loss in the motor cortex, 

but not with TDP-43 pathological aggregation. Similar results were obtained in symptomatic TDP-
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43A315T transgenic mice, where microglial pyroptosis activation was significantly increased in the motor 

cortex upon symptom onset, and correlated with neuronal demise.   

Secondly, we assessed the role of tubulin alterations in axonal and neuronal degeneration in ALS, 

focusing on TUBA4A specifically. We pathologically described a patient with the semantic variant of 

primary progressive aphasia with a frameshift mutation c.187del (p.Arg64Glyfs*90) in TUBA4A. The 

patient displayed underlying FTLD-TDP type C pathology. No truncated TUBA4A protein was detected, 

although total full-length TUBA4A levels were decreased in the brain, suggestive of a haploinsufficiency 

mechanism. We observed a similar TUBA4A protein downregulation in the brain of sporadic ALS 

patients, which we were able to mimic in zebrafish by the injection of antisense oligonucleotide 

morpholinos. This led to a motor axonopathy and a disturbed motor behavior, both of which were 

morpholino dose-dependent and could be rescued by the addition of human wild-type TUBA4A mRNA. 

In conclusion, our findings provide new insights into the mechanisms of motor neuron and axonal 

degeneration in ALS. It is clear that several disease mechanisms are at play in ALS, amongst which 

microglial pyroptosis activation, cytoskeletal disturbances and protein aggregation, as demonstrated 

in this thesis. This indicates that ALS is a multifactorial disease, which can be initiated through different 

pathways. Ultimately, it will be key to elucidate the pathogenicity of distinct affected pathways in ALS 

in order to come to a multi-targeted approach that can be of benefit for the majority of ALS patients, 

which do not have a clear genetic cause of this devastating disease. 
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Nederlandstalige samenvatting 

 

Amyotrofe laterale sclerose (ALS) is een neurodegeneratieve aandoening gekenmerkt door het verlies 

van motorische neuronen, hetgeen leidt tot een progressieve verlamming van de spieren. Deze 

aandoening komt voor bij ongeveer 1-2 personen per 100.000 per jaar en begint gewoonlijk rond 

middelbare leeftijd. Patiënten overlijden meestal 2-5 jaar na de eerste symptomen door respiratoir 

falen. Het voornaamste pathologische kenmerk van 97% van de patiënten met ALS is de abnormale 

cytoplasmatische lokalisatie en aggregatie van ‘transactive response DNA-binding protein 43kDa’ (TDP-

43) in de hersenen en het ruggenmerg. De rol van TDP-43 in het afsterven van motorische neuronen 

is nog onduidelijk. Er zijn aanwijzingen dat TDP-43 inclusies een inert aggregatiestadium van 

pathologisch TDP-43 vertegenwoordigen, of dat ze zelfs een beschermende functie zouden hebben. 

Naast TDP-43 pathologie wordt ALS ook gekenmerkt door de specifieke degeneratie van de bovenste 

en onderste motorische neuronen. Het merendeel van het wetenschappelijk onderzoek naar celdood 

mechanismen in ALS was voornamelijk gefocust op apoptose. Meer recent onderzoek toont aan dat 

necrotische celdood, zoals necroptose en pyroptose, een rol zou spelen in ALS. Tot heden is het 

onduidelijk wat de bijdrage is van de verschillende types celdood in ALS, en in welke mate TDP-43 hier 

een rol in speelt. Naast een disfunctie van het neuronaal cellichaam, vertonen zenuwcellen ook 

degeneratie van de axonen. Het wordt meer en meer duidelijk dat microtubuli een belangrijke rol 

spelen in deze axonale pathologie. De recente ontdekking van genetische mutaties in tubuline alfa 4A 

(TUBA4A) in ALS benadrukt het belang van de stabiliteit van het cytoskelet in ALS.  

Het doel van dit PhD project was om de mechanismen van neuronale en axonale degeneratie in ALS te 

ontrafelen. Hiervoor maakten we gebruik van centraal zenuwstelsel weefsel van patiënten met ALS en 

frontotemporale lobaire degeneratie (FTLD), alsook van twee in vivo modellen: TDP-43A315T transgene 

muizen en zebravissen. We onderzochten de activatie van necroptose en pyroptose en de rol van TDP-

43. Daarnaast bestudeerden we mogelijke abnormaliteiten van het cytoskelet, waarbij we specifiek 

focusten op de rol van TUBA4A disfunctie in genetische en sporadische ALS en FTLD.   

Allereerst onderzochten we de rol van verschillende types necrotische celdood in ALS. We 

detecteerden geen significante necroptose activatie in post-mortem hersenen en ruggenmerg van ALS 

patiënten. Echter, in patiënten met FTLD met TDP-43 pathologie (FTLD-TDP) observeerden we 

necroptose activatie in hippocampale regio’s, gereflecteerd door de aanwezigheid van gefosforyleerd 

mixed lineage kinase domain-like protein (pMLKL). Dit was geassocieerd met de hoeveelheid TDP-43 

pathologie. Anderzijds was er meer microgliale pyroptose activatie aanwezig in de precentrale witte 

stof van ALS patiënten, wat correleerde met het verlies van neuronen in de motorische cortex, maar 
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niet met TDP-43 pathologie. We verkregen gelijkaardige resultaten in symptomatische TDP-43A315T 

transgene muizen, waar microgliale pyroptose activatie significant hoger was in de motorische cortex 

bij het optreden van symptomen, wat eveneens correleerde met een verlies van neuronen. 

Ten tweede evalueerden we de rol van tubuline veranderingen in axonale en neuronale degeneratie 

in ALS, waarbij we specifiek of TUBA4A focusten. We rapporteerden een pathologische analyse van 

een patiënt met de semantische variant van primaire progressieve afasie met een frameshift mutatie 

c.187del (p.Arg64Glyfs*90) in TUBA4A. De patiënt vertoonde onderliggende FTLD-TDP type C 

pathologie. We detecteerden geen verkort TUBA4A eiwit, hoewel het totale TUBA4A eiwitniveau lager 

was in de hersenen van deze patiënt, suggestief voor een haploinsufficiëntie mechanisme. We 

observeerden een gelijkaardige daling van TUBA4A eiwitniveaus in de hersenen van patiënten met 

sporadische ALS, hetgeen we konden nabootsen in zebravissen door de injectie van antisense 

oligonucleotide morfolinos. Dit leidde tot een motorische axonopathie en een verstoorde motoriek. 

Beide fenotypes waren afhankelijk van de morfolino dosis, en werden sterk verminderd waargenomen 

wanneer humaan wild-type TUBA4A mRNA mee werd geïnjecteerd. 

Onze bevindingen brengen nieuwe inzichten in de mechanismen van motor neuron en axonale 

degeneratie in ALS. Het is duidelijk dat verschillende ziektemechanismen een rol spelen in ALS, 

waaronder microgliale pyroptose activatie, verstoringen van het cytoskelet en eiwitaggregatie, zoals 

aangetoond in deze thesis. Dit wijst erop dat ALS een multifactoriële ziekte is, welke geïnitieerd kan 

worden via verschillenden pathways. Uiteindelijk zal het cruciaal zijn om de pathogeniciteit van de 

verschillende ziektemechanismen in ALS te bepalen om tot een combinatoriële behandeling te komen 

met het doel om patiënten met deze vreselijke ziekte te helpen. 
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GENERAL INTRODUCTION 

 

1. Amyotrophic lateral sclerosis 

Amyotrophic lateral sclerosis (ALS) was first described in 1874 by Jean-Martin Charcot and is also 

known as motor neuron disease (MND) or Lou Gehrig’s disease, after the famous baseball player Lou 

Gehrig, who died from the disease (1,2). ALS is a neurodegenerative disorder characterized by 

progressive muscular paralysis resulting from the loss of motor neurons in the motor cortex, brainstem 

and spinal cord. ‘Amyotrophy’ refers to the atrophy of muscles, while ‘lateral sclerosis’ reflects the 

hardening of the anterior and lateral corticospinal tracts by axonal degeneration and gliosis (3). ALS is 

an orphan disease with an incidence of 1-2 persons per 100.000 per year and a lifetime risk estimated 

to be 1 in 400. The mean age of onset varies between 55-65 years. Patients usually die 2-5 years after 

disease onset due to respiratory failure (2–4). 

1.1. Clinical features 

The majority of ALS patients presents with classical spinal-onset symptoms, while 25% display bulbar-

onset (due to an initial loss of motor neurons in the brainstem) and only 3-5% show respiratory-onset 

(5). Classical spinal-onset ALS usually starts with asymmetric, painless weakness in a limb, which later 

on progresses to paralysis of nearly all skeletal muscles. It can include or evolve to symptoms of lower 

motor neuron (LMN; located in the brainstem and spinal cord) dysfunction including fasciculations, 

cramps and muscle wasting, or upper motor neuron (UMN; located in the motor cortex) dysfunction 

presenting as spasticity and muscle weakness (6). Patients with bulbar-onset ALS on the other hand 

present with dysarthria, dysphagia, facial weakness and tongue fasciculations. These patients have a 

worse prognosis, with a mean survival of approximately two years (5). Patients with respiratory-onset 

ALS show orthopnea or dyspnea, possibly in combination with mild spinal cord or bulbar signs, with a 

mean survival of only 1.4 years (5). Some subsets of motor neurons, such as those innervating the 

extraocular muscles or sphincters, are spared until late in the disease (3). The diagnosis of ALS requires 

progressive UMN and LMN symptoms in one out of four body segments (cranial/bulbar, cervical, 

thoracic or lumbosacral), or clinical or electromyographic LMN symptoms in two body segments, as 

defined in the El-Escorial criteria (7–9). More restricted phenotypes are primary lateral sclerosis (PLS) 

with only UMN involvement, and progressive muscular atrophy (PMA) with exclusive LMN involvement 

(6).  

Apart from motor neuron symptoms, up to 50% of ALS patients also develop some cognitive and/or 

behavioral impairment, with 13% presenting with comorbid behavioral variant frontotemporal 

dementia (bvFTD; cf. infra) (10). Apart from this clinical overlap, ALS and bvFTD also share pathological 
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(e.g. presence of transactive response DNA-binding protein 43kD (TDP-43) protein pathology) and 

genetic (e.g. C9orf72 repeat expansion) features, suggesting that ALS and bvFTD constitute extremes 

of a disease spectrum, with patients presenting with overlapping ALS and bvFTD in the center (3). 

Until today, only two disease-modifying treatments are available, i.e. riluzole and edaravone (11). 

Riluzole is a glutamatergic neurotransmission inhibitor and was the first approved drug for ALS in 1995. 

However, it does not have an effect on symptoms and only poses modest benefits on survival (12). 

More recently, edaravone, an antioxidant drug, was approved for use by the US regulatory authorities 

Food and Drug Administration (FDA), but not by the European Medicines Agency (EMA) (13,14). Its use 

as a treatment for ALS is still under debate. Other than these two drugs, patients are often treated 

symptomatically to improve their quality of life. Examples are physiotherapy, muscle relaxants, 

nutritional support and noninvasive ventilation (15). 

1.2. Genetics 

The majority of ALS cases (~90%) are considered sporadic (sALS), meaning that there is no family 

history of the disease, although gene mutations can rarely occur. The other 10% of cases are classified 

as familial ALS (fALS), where the genetic mutation is usually inherited in an autosomal dominant 

manner (2,3,16). The first ALS gene to be identified was superoxide dismutase 1 (SOD1) in 1993 (17). 

Mutations in SOD1 account for up to 20% of fALS and 1-2% of sALS cases (18,19). After that, it took 15 

years until the discovery of the next ALS-related gene, i.e. transactive response DNA-binding protein 

(TARDBP) in 2008 (20), in which mutations are found in only 4% of fALS and 1% of sALS patients (18,19). 

Later on, mutations in the gene fused in sarcoma (FUS) (4% fALS; 1% sALS) and repeat expansions in 

chromosome 9 open reading frame 72 (C9orf72) (25-55% fALS; 5% sALS) were identified (18,19). This 

C9orf72 hexanucleatide repeat expansion ranges from hundreds to thousands of repeat units in 

patients. In contrast, non-affected individuals usually have a repeat length of only 2-30 repeats (21). 

Recently, a case with a repeat length of 38 displaying the typical clinical picture of ALS was described 

(22), shedding light on the pathogenic threshold of the C9orf72 repeat expansion to trigger TDP-43 

pathology and the development of ALS (cf. 1.3). 

Mutations in these four genes (i.e. SOD1, TARDBP, FUS and C9orf72) explain more than 75% of the 

familial ALS cases. Variants in other genes occur only in a minority of fALS and sALS cases, and include 

amongst others TBK1, OPTN, SQSTM1, VCP, PFN1, KIF5A, TUBA4A, and UBQLN2 (18,23,24). 

Functionally, these ALS-related genes can be divided into three distinct groups: genes implicated in 

protein homeostasis, genes involved in RNA stability, function and metabolism, and genes with a 

function in cytoskeletal dynamics (3). This pinpoints crucial pathways that may be relevant for ALS 
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pathobiology. Therefore, further elucidation of the genetic basis of ALS will aid in understanding the 

pathological molecular mechanisms underlying the disease. 

1.3. Neuropathological characteristics 

At autopsy, ALS patients typically display degeneration of motor neurons in the primary motor cortex, 

the brainstem and in the anterior horn of the spinal cord. Additionally, scarring of the lateral tracts of 

the spinal cord can be observed. As about 97% of ALS patients exhibit cytoplasmic accumulation of 

TDP-43 in neurons of the brain and spinal cord, ALS is considered a TDP-43 proteinopathy (10,25,26). 

In patients with FUS and SOD1 mutations on the contrary, the main aggregate components are FUS 

and SOD1 proteins respectively, with TDP-43 aggregates rarely observed (27,28). TDP-43 was 

discovered in 2006 as the main aggregating protein in ALS cases displaying ubiquitin-positive tau-

negative and α-synuclein-negative inclusions (25,26). It is a 414 amino acid DNA/RNA-binding protein 

that is predominantly located in the nucleus, but is able to shuttle between the nucleus and the 

cytoplasm. It contains two RNA recognition motifs (RRMs), a glycine-rich prion-like C-terminal domain, 

a nuclear localization signal (NLS) and a nuclear export signal (NES) (Fig. 1a,b) (29). In ALS, TDP-43 

mislocalizes to the cytoplasm, where it accumulates in aggregates. In these pathological conditions, 

TDP-43 is often phosphorylated, ubiquitylated and cleaved into C-terminal fragments (30,31). Apart 

from neuronal inclusions, which can present as neuronal cytoplasmic inclusions or dystrophic neurites, 

TDP-43 can also accumulate in glial cells (Fig. 1c-f) (32,33).  

 

General introduction - Figure 1. TDP-43 protein structure and pathological lesions. a. TDP-43 consists of two 
RNA-recognition motifs (RRM), a nuclear localization signal (NLS), a nuclear export signal (NES) and a C-terminal 
glycine-rich prion-like domain. N: amino-terminus, C: carboxyl-terminus. b. Normal nuclear TDP-43-positive 
staining of pyramidal neurons in the motor cortex. c-f. pTDP-43 staining in ALS patient tissue showing neuronal 
cytoplasmic inclusions in the motor cortex (c) and the spinal cord (d), as well as dystrophic neurites (e) and glial 
inclusions (f). Scale bar represents 50 µm.  
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Carriers of a C9orf72 repeat expansion also reveal intranuclear RNA foci and cytoplasmic inclusions 

composed of dipeptide repeat proteins (DPRs). These DPR inclusions result from unconventional 

repeat associated non-ATG (RAN) translation of the GGGGCC repeat expansion (34). Translation of the 

sense transcript from three different reading frames gives rise to three distinct DPRs, poly(glycine-

alanine (GA)), poly(glycine-proline (GP)) and poly (glycine-arginine (GR)). On the other hand, the 

antisense transcript generates poly(GP), poly(proline-arginine (PR)) and poly(proline-alanine (PA)). 

DPR pathology is abundantly present in the cerebellum, all neocortical areas and the hippocampus of 

C9orf72 ALS/FTD patients, with moderate levels of pathology in subcortical areas and limited DPR 

lesions in lower motor neurons (35). In addition, DPR pathology was found in circadian sleep/wake-

associated cells and along the hypothalamic-pituitary axis, possibly reflecting sleep/wake disturbances 

and neuroendocrine alterations observed in ALS/FTD (36,37). However, no association between DPR 

pathology and the degree of neurodegeneration was observed, contrary to TDP-43 pathology (35,38).  

 

2. Frontotemporal dementia 

FTD was first described by Arnold Pick back in 1892, but the first clinical and neuropathological 

consensus criteria were only defined in 1994 (39,40). As the name implies, FTD is characterized by 

degeneration of the frontal and temporal lobes (41). It is a heterogeneous clinical syndrome that can 

include symptoms such as progressive changes in behavior, language and personality, usually with 

relative sparing of memory function (42,43). FTD is the second most common dementia in persons 

under the age of 65 following Alzheimer’s disease, with an incidence approximated at 2-4 persons per 

100.000 per year and a lifetime risk estimated to be 1 in 742 (43,44). The age of onset varies between 

45-80 years, depending on the clinical subtype (cf. infra 2.1) (43). The neuropathological correlate for 

FTD is referred to as frontotemporal lobar degeneration (FTLD). As mentioned earlier, some patients 

clinically present with ALS-FTD, with ALS-FTLD as corresponding neuropathology, stressing the overlap 

between both diseases (Fig. 2).  
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General introduction - Figure 2. The ALS-FTLD-TDP spectrum with the different FTLD subtypes and their clinical 

correlates. Illustration of the ALS-FTLD-TDP spectrum with FTLD subtypes FTLD-TDP, FTLD-tau and FTLD-FUS 

along their accompanying clinical presentations. AD = Alzheimer’s disease, bvFTD = behavioral variant FTD, svPPA 

= semantic variant PPA, nfvPPA = non-fluent variant PPA, lvPPA = logopenic variant PPA, CBS = corticobasal 

syndrome, PSPS = progressive supranuclear palsy syndrome. Less frequent phenotypes are in parentheses. 

2.1. Clinical features and classification 

FTD can be categorized into three distinct clinical syndromes, based on clinical presentation: 

behavioral variant FTD (bvFTD), non-fluent/agrammatic variant primary progressive aphasia (nfvPPA) 

and semantic variant PPA (svPPA or semantic dementia) (41,42). BvFTD encompasses 60% of all FTD 

cases and is characterized by changes in behavior, such as dysinhibition, impulsive or inappropriate 

behavior, self-neglect, apathy, lack of insight and loss of empathy (39,43,45). PPA comprises 40% of 

FTD and is characterized by language deficits such as anomia (i.e. impaired word retrieval) (43). 

Patients with nfvPPA display non-fluent speech, with as two main features agrammatism and speech 

apraxia, the latter being effortful, halting speech (46,47). In svPPA on the other hand, spontaneous 

speech is fluent, but patients display deficits in single-word comprehension and/or object recognition 

(46). FTD can also clinically overlap with ALS as discussed earlier, with up to 20% of FTD patients 

developing motor neuron symptoms (47). Additionally, FTD can overlap with atypical Parkinsonian 

disorders, such as corticobasal syndrome and progressive supranuclear palsy (42,47). The expected 

survival for FTD patients ranges from three to eleven years from disease onset, depending on the 

clinical subtype (44). Currently, no disease-modifying treatment is available. Symptomatic treatments 

focusing on neurotransmission are widely used, based on efficacy in treating other neurodegenerative 

or psychiatric disorders with similar clinical involvement. Examples include selective serotonin 

reuptake inhibitors, acetylcholinesterase inhibitors, antipsychotics and antiepileptic drugs (47).  
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2.2. Genetics 

FTD also has a strong genetic component with approximately 30-50% of patients showing a family 

history of dementia, psychiatric disease or motor symptoms, of which at least 10% have a clear 

autosomal dominant inheritance pattern (47,48). In 1988, the microtubule-associated protein tau 

(MAPT) gene was the first gene found to be linked to FTD, accounting for 5-20% of familial cases and 

rarely being observed in sporadic cases (49,50). Only in 2006, a second major FTD-associated gene was 

discovered: progranulin (GRN) (51,52). Mutations in GRN account for 5-20% of familial FTD and 1-5% 

of sporadic FTD (50). Five years later, repeat expansions in C9orf72 were identified as a third major 

genetic component in patients with FTD, explaining 21% of familial and 6% of sporadic FTD cases 

(21,50). Apart from these three genes, autosomal dominant mutations in VCP, CHMP2B, TARDBP, FUS, 

SQSTM1, CHCHD10, TBK1, TIA1, EXT2 and OPTN1  account for less than 6% of all FTD cases (48,53). 

Importantly, there is a significant overlap in the genetic background of ALS and FTD. Genes that can be 

involved in the development of ALS as well as of FTD include C9orf72, TARDBP, FUS, TBK1, VCP and 

SQSTM1. Furthermore, patients with mutations in C9orf72, TBK1 and SQSTM1 can clinically present 

with both ALS and FTD (54).  

2.3. Neuropathological characteristics and classification 

FTLD is an underlying neuropathological correlate of FTD. FTLD can be classified into three main 

pathological subtypes, depending on the protein that is aggregated: FTLD-tau, FTLD-TDP and FTLD-FUS 

(Fig. 2) (39). FTLD-TDP can be the underlying neuropathology of bvFTD and svPPA, and in rare instances 

of nfvPPA, logopenic variant PPA (lvPPA) or corticobasal syndrome (CBS) (41). Patients with FTLD-tau 

pathology usually present with bvFTD, nfvPPA, CBS or progressive suprananuclear palsy syndrome  

(PSPS) syndrome, while FTLD-FUS patients clinically show early onset bvFTD (55). In this thesis, we will 

focus on FTLD-TDP, which is, like ALS, a TDP-43 proteinopathy. In these patients, TDP-43 inclusions are 

mainly located in the frontotemporal cortex and hippocampus (25,26). The types of TDP-43-positive 

lesions detected include neuronal cytoplasmic inclusions (NCI), neuronal intranuclear inclusions (NII), 

dystrophic neurites (DN), glial cytoplasmic inclusions (GCI) and granulofilamentous neuronal inclusions 

(GFNI). Based on the type and distribution of these lesions in the neocortex, FTLD-TDP was further 

subdivided into different subtypes (56,57). FTLD-TDP type A cases show numerous NCI and short DN 

in layer II, with rare NII (Fig. 3). Clinically, it is associated with bvFTD and nfvPPA, while genetically it is 

linked to GRN mutations. In FTLD-TDP type B, mainly NCI are present in all cortical layers, with few DN 

in the white matter (Fig. 3). This subtype clinically mainly presents as bvFTD, possibly in combination 

with ALS. Genetically, it is most often associated with C9orf72 repeat expansions. Long DN in layer II 

are characteristic for FTLD-TDP type C, with only few NCI and no white matter pathology (Fig. 3). 

Clinically, these patients usually present with svPPA or bvFTD, with no known genetic associations. The 
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less common FTLD-TDP type D is characterized by the presence of lentiform NII in superficial as well as 

deep layers, with few NCI and absence of white matter pathology (Fig. 3). This is associated with a 

familial syndrome caused by VCP mutations, namely inclusion body myopathy with Paget’s disease of 

bone and frontotemporal dementia (IBMPFD). More recently a fifth subtype, i.e. FTLD-TDP type E, was 

identified and clinically associated with rapidly progressive bvFTD (57). Cases with this subtype present 

with abundant GFNI and fine dot-like gray matter grains affecting all cortical layers, with the presence 

of oligodendroglial inclusions in the white matter (Fig. 3). Similar to type D, type E is a rare subtype, 

with 81-96% of FTLD-TDP cases classifying as subtypes A, B or C (39). On a final note regarding 

neuropathology in FTLD-TDP, cases carrying a C9orf72 repeat expansion also display DPR pathology 

similar to ALS cases (35), as discussed above. 

 

General introduction - Figure 3. FTLD-TDP pathological subtypes. Overview of FTLD-TDP pathological subtypes, 
including type A, B, C, D and E with representative TDP-43 pathological lesions in different layers (I-VI) of the gray 
matter (neuronal and glial pathology) and in the white matter (glial pathology). WM: white matter. 

 

3. TDP-43 toxicity and spreading 

3.1. TDP-43 toxicity 

As mentioned before, TDP-43 is predominantly localized in the nucleus, but can shuttle to the 

cytoplasm. Its localization to the nucleus occurs through active transport, while export to the 

cytoplasm can also take place by passive diffusion (58). Importantly, TDP-43 regulates its own 

expression levels via a negative feedback loop, in which it binds a region in the 3’ untranslated region 

(UTR) of its own TARDBP transcript (58,59). This tight regulation is critical to maintain proper levels of 

functional TDP-43 (60). Apart from its role in DNA/RNA-binding, TDP-43 was also shown to be involved 

in both the assembly and maintenance of stress granules. Moreover, TDP-43 regulates the expression 

of several stress granule proteins, such as G3BP, TIA-1 and eIF4G (61,62). Interestingly, the TDP-43 C-
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terminal region can undergo liquid-liquid phase separation (LLPS) to form dynamic protein droplets. 

Detrimental mutations, stress and aging are thought to drive these droplets to undergo liquid-to-solid 

phase separation (LSPS), eventually leading to the formation of pathological protein aggregates (61). 

This pathological aggregation can cause TDP-43 to become dysfunctional by reducing its nuclear 

localization (58). 

The identification of ALS-related mutations in TARDBP is indicative of a causal role for TDP-43 in ALS 

pathogenesis. The observed consequences of TARDBP mutations include increased aggregation 

propensity, enhanced cytoplasmic localization, altered protein stability, resistance to proteases, and 

modified binding interactions (61). However, it remains debated if the resulting TDP-43 protein 

aggregates are a primary cause of ALS, an inert byproduct of the disease, or the result of a protective 

cellular response to neurotoxicity (63). There is evidence supporting both a loss-of-function (LOF) and 

a toxic gain-of-function (GOF) following the cytoplasmic mislocalization and aggregation of TDP-43. 

Nuclear TDP-43 depletion seems to precede the formation of cytoplasmic pathological aggregates, and 

it is argued that TDP-43-associated alterations in mRNA metabolism resulting from a LOF are more 

crucial in disease pathogenesis compared to the aggregation of TDP-43 (61). Indeed, a study suggested 

that the increase in cytoplasmic TDP-43, and therefore reduction in nuclear levels, but not the 

aggregation of TDP-43, is neurotoxic (64). In addition, both mice heterozygous for TARDBP and mice 

overexpressing wild-type TDP-43 displayed impaired motor function (60), indicating the importance of 

maintaining physiological levels of TDP-43. It was also shown that transgenic models expressing 

mutant TARDBP do not necessarily exhibit TDP-43 pathological aggregates in their brain and spinal 

cord, suggesting nuclear depletion of TDP-43 as a crucial event for neurodegeneration, as these mice 

presented with typical ALS motor symptoms (65). This questions the toxicity of TDP-43 protein 

aggregates as observed in post-mortem tissues of 97% of ALS patients, and suggests that inclusion 

bodies might represent an inert aggregation state of pathological TDP-43. In fact, similar to other 

neurodegenerative disorders, protein aggregates may not be as toxic as their preceding soluble 

oligomers (66–68).  

Apart from hyperphosphorylation and ubiquitination of TDP-43, the protein is also cleaved into C-

terminal fragments (CTFs). These 25kDa and 35kDa CTFs were detected in ALS and FTLD-TDP brain 

tissue in the detergent-insoluble fraction (25). It is thought that the remaining N-terminal fragment of 

TDP-43 is rapidly degraded following cleavage of the full-length (FL) protein (69). Contrary to brain 

tissue, these CTFs are not detected in ALS spinal cord aggregates (70), questioning its toxicity and 

relevance for motor neuron degeneration. Furthermore, multiple studies showed that transgenic mice 

expressing TDP-43 CTFs do not exhibit a clear ALS-like phenotype of motor dysfunction (69). Overall, 

the question remains what the truly toxic TDP-43 species is in ALS disease pathogenesis. 
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3.2. TDP-43 prion-like spreading 

In recent years, misfolded proteins have been shown to act as seeds of aggregation that can sequester 

their native isoforms and convert these into pathological molecules. This resembles the replication of 

infectious prions and is therefore called ‘prion-like spreading’ (63). In contrast to the evidence for tau 

and α-synuclein transmission, evidence for prion-like spreading of TDP-43 is only beginning to emerge. 

Similar to prion diseases, motor neuron loss and TDP-43 pathology start focally and, during the 

progression of the clinical disease, spread across central nervous system (CNS) regions in a 

spatiotemporal manner (63). This implies that TDP-43 pathology not solely affects the pyramidal motor 

system, but rather progresses towards a multisystem neurodegenerative disorder (32). A sequential 

spreading of TDP-43 pathology in ALS has been proposed, whereby TDP-43 seems to initially spread 

from the motor neocortex towards other brain regions (71). This spreading was defined by four stages. 

In the first stage, where ALS cases have the lowest burden of phosphorylated TDP-43 (pTDP-43) 

pathology, lesions are observed in the motor cortex, brainstem nuclei and motor neurons of the spinal 

cord. Next, the pathology involves the prefrontal neocortex, the brainstem reticular formation, the 

precerebellar nuclei and the red nucleus in stage two. In stage three, pathology further spreads into 

the postcentral neocortex and striatum, whereas stage four involves anteromedial portions of the 

temporal lobe, such as the hippocampus. Based on this sequential spreading of pTDP-43 pathology, 

the authors suggest that pTDP-43 seeds propagate along axonal pathways (72). Similar conclusions 

were obtained for pTDP-43 pathology in bvFTD, where also four patterns of pTDP-43 propagation were 

determined. Here, pathology initiates in the orbital gyrus, the gyrus rectus and the amygdala in stage 

one. Next, pathology spreads towards the middle frontal and anterior cingulate gyrus, as well as the 

anteromedial temporal lobe, the superior and medial temporal gyri, the striatum, red nucleus, 

thalamus and precerebellar nuclei in stage two. With further progression to stage three, pTDP-43 is 

detected in the motor cortex, bulbar somatomotor neurons and the spinal cord. Finally, cases with 

stage four display pTDP-43 lesions in the visual cortex (73). Although the distance between the brain 

regions involved in ALS and FTD is often substantial, affected neurons are connected by axonal 

projections, suggesting that physical contact between nerve cells might be important for the spreading 

of pathology (74). Indeed, there is evidence that TDP-43 can be transported through the axon 

anterogradely as well as retrogradely (75). Interestingly, TDP-43 cytoplasmic inclusions were also 

found in other neurodegenerative disease, such as Alzheimer’s disease (AD) (up to 57% of cases), 

Parkinson’s disease (PD) and Huntington disease (HD) (58,76). In AD, TDP-43 pathology was reported 

to first appear in the amygdala and to spread towards entorhinal and hippocampal areas, as well as to 

the occipitotemporal and inferior temporal cortical areas and, finally, the frontal cortex and basal 

ganglia (77,78). TDP-43 pathology was recently also described in medial temporal lobe structures in 
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older adults, named limbic-predominant age-related TDP-43 encephalopathy neuropathological 

change (LATE-NC), and was associated with an amnestic dementia syndrome (79). This indicates that 

TDP-43 pathology can affect different neuronal subtypes and CNS regions, depending on the 

neurodegenerative disease. 

Apart from the sequential spreading pattern of pTDP-43 in several neurodegenerative diseases, 

additional evidence for prion-like properties comes from the structure of the TDP-43 protein. The C-

terminal region of TDP-43 comprises a glycine-rich domain and a part enriched in glutamine and 

asparagine (Q/N) amino acids. This shows sequence similarities to yeast prion proteins and is therefore 

referred to as the prion-like domain (58,61). It was shown that proteins containing such a prion-like 

domain are more vulnerable to changes that affect their physical properties, eventually altering their 

physical state and converting them into pathological aggregates (58,80). Interestingly, this C-terminal 

region contains most of the ALS-associated TARDBP mutations, as well as pathological phosphorylation 

sites (61). It was shown that the expression of TDP-43 CTFs in cell lines as well as primary motor 

neurons led to the formation of abnormally phosphorylated and ubiquitinated cytoplasmic aggregates 

as well as splicing abnormalities, indicating that TDP-43 CTF expression can recapitulate key 

pathological features of ALS (70,75). Another group confirmed this, showing that TDP-43 CTFs could 

drive the co-aggregation of full-length (FL) TDP-43, therefore affecting the function of FL TDP-43 in a 

dominant negative way, by reducing its nuclear localization (81). On the other hand, Zhang and 

colleagues showed that the expression of a 25kDa TDP-43 CTF induced cell death through a toxic gain-

of-function, without affecting the functionality of FL TDP-43 (82).  

In 2011, Furukawa and colleagues for the first time showed in vitro evidence of a TDP-43 seeding 

reaction. They triggered the intracellular aggregation of overexpressed HA-tagged endogenous TDP-

43 by transfection with fibrillary aggregates derived from in vitro TDP-43. The resulting aggregates 

were sarkosyl-insoluble and ubiquitinated, similar to aggregates found in ALS patient tissue. However, 

these inclusions were not hyperphosphorylated. Their data indicate that TDP-43 fibrils can function as 

seeds to trigger the aggregation of endogenous TDP-43 (83). Two years later, Nonaka et al. reported 

the induced aggregation of overexpressed HA-tagged TDP-43 in SH-SY5Y cells following transduction 

of the insoluble protein fraction derived from ALS or FTLD-TDP post-mortem brain tissue. The resulting 

aggregates were ubiquitinated and hyperphosphorylated, and could be used to seed further 

aggregation in cultures of naïve cells, supporting a pathological prion-like propagation of TDP-43 in ALS 

and FTLD-TDP (84). Other groups later confirmed this in neuronal cultures (85–87). Similar results were 

obtained with the addition of ALS/FTD-derived cerebrospinal fluid (CSF) to cultured cells, where 

pathological TDP-43 present in the CSF could seed endogenous TDP-43 mislocalization and aggregation 

(88). Importantly, Shimonaka et al. identified the specific C-terminal regions responsible for the 
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templated aggregation of TDP-43. When they transduced synthetic TDP-43 peptides 274-313 and 314-

353 in cells, this led to seed-dependent aggregation of phosphorylated TDP-43 (89).  

In 2018, Porta and colleagues for the first time showed the seeding and propagation of TDP-43 

pathology in vivo. They injected brain-derived FTLD-TDP extracts in transgenic mice expressing a 

cytoplasmic NLS mutant of human TDP-43 in forebrain neurons. This led to the formation of pTDP-43-

positive neuronal cytoplasmic inclusions in the neocortex and hippocampus. They observed spreading 

of pTDP-43 pathology via the connectome, along with a maturation of pTDP-43-positive aggregates 

(90). Interestingly, they demonstrated that distinct TDP-43 species or strains from FTLD-TDP brains 

might confer different seeding capabilities (90), which was confirmed by other groups (91,92). More 

recently, a study by Smethurst et al. demonstrated seeded aggregation and propagation of TDP-43 

following exposure of human induced pluripotent stem cell (iPSC)-derived motor neurons to ALS post-

mortem spinal cord homogenates (93). These motor neurons were more vulnerable to TDP-43 

aggregation and toxicity compared to human iPSC-derived astrocytes. Furthermore, astrocytes were 

neuroprotective to the seeded aggregation in motor neurons. Finally, they concluded that the toxicity 

was conferred by TDP-43 oligomers present in the ALS spinal cord extracts (93). This important 

research using human iPSC-derived motor neurons and glial cells not only allows the examination of 

seeding and propagation in disease-relevant cell types, but also provides researchers with the 

opportunity to study the effects of ALS-related mutations in patient-derived cells. 

Finally, with regard to the route of TDP-43 propagation, it has been shown that TDP-43 can be 

transported between neurons by means of axonal transport (75). On the other hand, several groups 

showed interneuronal transmission of pathogenic TDP-43 through the medium of cultured cells via 

microvesicles or exosomes (85,88). Other researchers, who did not observe the transfer of TDP-43 

through conditioned medium, could not recapitulate this (86,94). Ultimately, results from in vitro, 

mouse and human post-mortem studies suggests that TDP-43 is mainly propagated via axonal 

pathways. There is growing evidence for a prion-like seeding and spreading mechanism of TDP-43 

pathology in neurodegenerative diseases, indicating that in ALS and FTLD-TDP, TDP-43 aggregation 

most likely does not independently originate in distinct CNS regions following cellular insults, but starts 

focally and propagates as the disease develops. More research focusing on TDP-43 toxicity and 

spreading in motor neurons in vitro and in vivo is needed to elucidate the exact pathogenic 

mechanisms of motor neuron protein pathology, as well as the role of the surrounding glial cells. 

Furthermore, the question remains to what extent TDP-43 oligomers and aggregates are instrumental 

in the eventual degeneration of motor neurons.  
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4. ALS neurodegenerative pathomechanisms 

4.1. Neuronal degeneration: cell death mechanisms 

Apart from protein aggregation, another main pathological hallmark of ALS is the specific degeneration 

of the upper and lower motor neurons. This motor neuron dysfunction and death is thought to drive 

ALS. Most research investigating cell death mechanisms in ALS has been done in models of familial ALS. 

Some of these models suggest that apoptosis plays a role in motor neuron death (95). However, there 

is lack of evidence on this pathway in human tissue. Some recent studies proposed that other cell death 

mechanisms (such as necroptosis, pyroptosis and autophagy) might play a role in ALS-related 

neurodegeneration (64,96–99). It remains unclear which cell death types are responsible for motor 

neuron loss in ALS. Here, we will give an overview of different types of regulated cell death and their 

possible role in ALS.  

4.1.1. Apoptosis 

Programmed cell death is important for a variety of physiological processes, such as organ 

development, epithelial cell renewal and selection of lymphocytes. However, cell death can also take 

place following stress, injury or infection, and is in that case linked to tissue damage and disease (100). 

Cells undergoing apoptotic cell death are morphologically characterized by shrinkage of both the 

nucleus and the cytoplasm, chromatin condensation, nuclear fragmentation and the formation of 

apoptotic bodies (101). There is usually no inflammatory reaction as the apoptotic cells are quickly 

phagocytosed by surrounding cells, and these engulfing cells do not produce anti-inflammatory 

cytokines (102). The apoptosis pathway can be initiated through an intrinsic or an extrinsic signaling 

pathway, both of which depend on the activity of caspases (95,103).  

In the intrinsic apoptosis pathway, also called the mitochondrial pathway, certain stimuli can cause 

alterations in the inner mitochondrial membrane, resulting in the opening of the mitochondrial 

permeability transition pore. As a consequence, cytochrome c is released from mitochondria and binds 

to the cytochrome c-apoptotic protease-activating factor 1 (APAF1) complex as well as to pro-caspase-

9, forming the apoptosome (Fig. 4). This complex activates the caspase cascade starting with caspase-

9, which induces the activation of effector caspases, such as caspase-3. These effector caspases then 

cleave several substrates, ultimately leading to apoptotic cell death (95,102,103) (Fig. 4). Contrary, the 

extrinsic pathway, also referred to as the death receptor pathway, is activated by ligand binding to 

death receptors (DR) from the TNF family (e.g. TNFR1, Fas). When TNF binds to its corresponding death 

receptor, cytoplasmic adaptor proteins are recruited, leading to the formation of complex I (102). This 

complex consists of TNF receptor-associated death domain protein (TRADD), receptor-interacting 

protein kinase 1 (RIPK1), TNF receptor-associated factor 2 (TRAF2), cellular inhibitor apoptosis protein 
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1/2 (cIAP1/2) and the linear ubiquitin chain assembly complex (LUBAC) (Fig. 4). This complex, in which 

RIPK1 is ubiquitinated by cIAP1, favors pro-inflammatory signaling and cell survival (100,104). 

However, deubiquitination of RIPK1 by cylindromatosis lysine 63 deubiquitinase (CYLD) promotes 

apoptosis or necrosis through the formation of the cytoplasmic death-inducing signaling complex, 

referred to as complex II. In addition to RIPK1, this complex also recruits pro-caspase-8, Fas-associated 

protein with death domain (FADD) and cellular FLICE-like inhibitory protein (cFLIP) (complex IIa) 

(105,106). FADD and caspase-8 eventually promote apoptosis through the activation of downstream 

effector caspases (e.g. caspase-3), and inhibit necroptosis through cleavage of RIPK1, RIPK3 and CYLD 

(95,100,103,107) (Fig. 4). Importantly, expression levels of FLIPL are crucial in the control of necroptosis 

and apoptosis. High FLIPL levels lead to heteromeric caspase-8-FLIPL in complex II, preventing complex 

IIa-dependent apoptosis and thus favoring necroptosis (cf. 4.1.2) (100). 

 

General introduction - Figure 4. Schematic overview of the extrinsic and intrinsic apoptosis pathway. TNF: 
tumor necrosis factor, TNFR1: TNF receptor 1, TRADD: TNFR1-associated death domain protein, RIPK: receptor-
interacting protein kinase, TRAF2: TNF receptor-associated factor 2, cIAP: cellular inhibitor apoptosis protein, 
CYLD: cylindromatosis lysine 63 deubiquitinase, FADD: Fas-associated death domain protein, cFLIP: cellular FLICE-
like inhibitory protein, Cyt C: cytochrome c, Apaf-1: cytochrome c-apoptotic protease-activating factor 1. 

Importantly, it was shown that TBK1, which is a major ALS/FTD disease gene, inhibits RIPK1 through its 

phosphorylation at Thr189. This suggests that in patients with TBK1 haploinsufficiency mutations, 

reduced TBK1 levels allow RIPK1 to initiate apoptotic cell death (108). Moreover, there is evidence 

from a mutant SOD1 mouse model suggesting that apoptosis is an underlying mechanism of mutant 

SOD1-related cell death (109). However, data from human cases give conflicting results (95). Overall, 
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evidence for a clear role of apoptosis in ALS disease pathogenesis is missing, which led researchers to 

focus on other types of regulated cell death, such as necroptosis and pyroptosis, which will be 

discussed in the following paragraphs. 

4.1.2. Necroptosis 

Unlike apoptosis, other forms of regulated cell death (i.e. cell death through a dedicated molecular 

mechanism) such as necroptosis and pyroptosis (cf. 4.1.3) are characterized by rupture of the plasma 

membrane, resulting in extracellular leakage of the intracellular contents, eliciting a local inflammatory 

reaction (110,111). Necroptosis and pyroptosis are the two best studied types of regulated necrosis, 

with other less-known types including parthanatos, ferroptosis and NETosis (cell death associated with 

the release of neutrophil extracellular traps) (101). Necroptosis specifically is a caspase-independent 

form of programmed necrosis, and is characterized by loss of plasma membrane integrity, cell and 

organelle swelling and increased cytoplasmic granularity (95,101).  

Necroptosis can be initiated through the activation of death receptors (DRs), with TNF receptor 1 

(TNFR1) as the best characterized example (95). Possible triggers of the necroptosis pathway include 

TNF, Fas, TNF-related apoptosis-inducing ligand (TRAIL), interferon (IFN), lipopolysaccharide (LPS), DNA 

damage, ER stress, increased reactive oxygen species (ROS), viral infection and anti-cancer drugs 

(101,107). The initiation of the pathway starts in a similar way as apoptosis, with ligation of TNF to 

TNFR1 leading to the recruitment of RIPK1 and TRADD through their death domains, as well as cIAP1/2, 

TRAF2 and LUBAC, forming the membrane-bound complex I (Fig. 4,5) (105). Next, RIPK1 is 

deubiquitinated and phosphorylated, which prevents its dissociation from the complex. As explained 

above (cf. 4.1.1), complex IIa, also containing FADD, can induce apoptosis. However, necroptosis can 

be initiated through complex IIb when caspase-8 is inactive or absent (103,107,112). Next, RIPK1 

recruits RIPK3 through their RIP homotypic interaction motifs (RHIM) and activates RIPK3 by 

phosphorylation at Ser227, which is crucial for the recruitment and phosphorylation of mixed lineage 

kinase domain-like protein (MLKL), the effector protein of the necroptotic pathway (113,114). These 

three phosphorylated proteins, together with TRADD and FADD, form the necrosome complex (103) 

(Fig. 5). In this complex, RIPK3 phosphorylates MLKL at Thr357 and Ser358, leading to oligomerization 

of MLKL through its N-terminal domain, followed by translocation to lipid rafts on the cellular plasma 

membrane (115). There, it induces an ion influx either directly by formation of membrane pores of 

approx. 4 nm, or indirectly through the association with ion channels (101,116). This gives rise to 

increased osmotic pressure, water influx and eventually cell swelling and plasma membrane rupture 

(117). As discussed above, the presence of caspase-8 can inhibit a cell from executing the necroptosis 

pathway, and favors apoptosis through cleavage of RIPK1 and RIPK3. Therefore, caspase-8 seems to 

represent a molecular switch that controls apoptosis, necroptosis and pyroptosis (95,112).  
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General introduction - Figure 5. Schematic overview of the necroptosis pathway. TNF: tumor necrosis factor, 
TNFR1: TNF receptor 1, TRADD: TNFR1-associated death domain protein, FADD: Fas-associated death domain 
protein, RIPK: receptor-interacting protein kinase, MLKL: mixed lineage kinase domain-like protein. 

Based on ALS transgenic mouse models, some studies suggested a role for necroptosis in ALS disease 

pathogenesis (99,108), while others later on opposed this and showed that necroptosis is dispensable 

for motor neuron degeneration in ALS (118,119). In human ALS post-mortem tissue, Ito and colleagues 

detected elevated levels of RIPK1, RIPK3 and MLKL (99), although they did not elaborate on the 

phosphorylated and therefore activated forms of these proteins. Furthermore, it was shown that 

human ALS astrocytes trigger selective death of motor neurons in vitro through a caspase 3-

independent form of programmed cell death with necrotic morphology, which they postulated to be 

necroptosis (98).  

4.1.3. Pyroptosis 

Pyroptosis is a pro-inflammatory type of cell death, which can be initiated through activation of the 

inflammasome complex. This is a multi-protein complex mainly located in immune cells, neurons, 

microglia and astrocytes in the CNS (120). It is composed of a sensor protein, apoptosis-associated 

speck-like protein containing CARD (ASC) and caspase-1 (Fig. 6) (121). The sensor proteins are classified 

into three different types of cytosolic receptors, including nucleotide-binding domain and leucine-rich 

repeat-containing receptors (NLRs), absent in melanoma-like receptors (ALRs) and pyrin receptors. The 

ASC adaptor protein acts as a bridge by linking the pyrin (PYD) domain of the sensor protein to the 

caspase recruitment domain (CARD) of pro-caspase-1. However, some inflammasomes can directly 
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recruit pro-caspase-1, without the intervention of the adaptor protein ASC (e.g. NLRP1b, NLRC4) (122). 

NLRP3 is the best characterized NLR, and AIM2 is a well-known example of an ALR (120,123). NLRP3 is 

thought to be the main sensor for sterile inflammatory stimuli, while for example NLRC4 mainly acts 

as a sensor for bacterial infection (124). The activation of the inflammasome requires both a priming 

and an activation step. First, during the priming step cells activate the NFκB pathway through the 

stimulation of toll-like receptors (TLRs), leading to an upregulation of the expression of the 

inflammasome sensor protein and cytokine targets at the transcriptional level. Next, the 

inflammasome is assembled by plasma membrane pattern recognition receptors (PRRs) during the 

activation step, and acts as a cytosolic scaffold responsible for the detection and elimination of 

pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) 

(110,120,123,125). In the CNS, PRRs are mainly expressed on microglia, macrophages and astrocytes 

(121). The inflammasome can be activated by a wide range of stimuli, including K+ efflux, extracellular 

ATP, ROS, lysosomal rupture and aggregated or misfolded proteins (120,126).  

Activation of the inflammasome can occur through the typical canonical signaling pathway, or an 

alternative non-canonical pathway (120). In the canonical pathway, inflammasome activation causes 

cleavage of pro-caspase-1 into active caspase-1 fragments of 20kDa (p20). Thereafter, caspase-1 

cleaves biologically inactive pro-IL-1β and pro-IL-18 into their respective mature inflammatory 

cytokines IL-1β and IL-18. Additionally, caspase-1 cleaves and therewith activates Gasdermin D 

(GSDMD), which causes the release of an N-terminal fragment (GSDMD-NT) (Fig. 6). This region 

becomes active after cleavage, as the C-terminus of GSDMD functions as an intramolecular inhibitor 

when connected to the N-terminus (127). GSDMD-NT then oligomerizes and binds to acidic 

phospholipids, such as phosphoinositides, on the inner part of the plasma membrane to form death-

inducing pores with a diameter of 10-20 nm (120–122,128–130). This causes potassium efflux, 

intracellular and extracellular ion imbalance, cell swelling and rupture of the plasma membrane, 

resulting in the massive leakage of cytosolic contents in the extracellular environment, including the 

pro-inflammatory cytokines IL-1β and IL-18, inducing focal inflammation and pyroptotic cell death 

(121). It is thought that cleaved GSDMD, which functions as the effector of pyroptotic cell death, can 

target and perforate multiple organelles, in addition to the cellular plasma membrane (128). 

Extracellular IL-18 and IL-1β in turn can recruit and activate other immune cells, therefore expanding 

the local inflammatory response through secondary expression of multiple inflammation-associated 

genes (121,126).  

In the non-canonical signaling pathway, which does not contain the typical inflammasome, caspase-

4/5 (caspase-11 in mice) is the main player. This pathway can be activated by the presence of LPS 

released from gram-negative bacteria. The CARD domain of pro-caspase-4/5 directly binds to the lipid 
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A tail of intracellular LPS, acting both as a sensor and effector with mature caspase-4/5 inducing 

cleavage of GSDMD. This leads to pyroptotic cell death and the secretion of pro-inflammatory 

cytokines in a similar manner as in the canonical pathway (Fig. 6) (120,131). The main role of the non-

canonical inflammasome is clearance of invaded pathogens and alerting neighboring cells, and 

eventually removal of infected cells by pyroptosis (132).  

 

General introduction - Figure 6. Schematic overview of the canonical and non-canonical pyroptosis pathway. 
DAMPs: damage-associated molecular patterns, PAMPs: pathogen-associated molecular patterns, PRR: pattern 
recognition receptor, LPS: lipopolysaccharide, NLRP3: NOD-, LRR- and pyrin domain-containing protein 3, ASC: 
apoptosis-associated speck-like protein containing a CARD, Casp-1: caspase-1, Casp-4/5: caspase-4/5, pro-IL-18: 
pro-interleukin 18, pro-IL-1β: pro-interleukin 1β, GSDMD: Gasdermin D, NT: N-terminal fragment. 

Initially, pyroptosis was regarded as a host response to remove the niche of bacteria. However, there 

is now evidence supporting a role for pyroptosis in non-infectious cell death processes, such as in 

neurodegenerative disorders (124,131). In the CNS, it is thought that microglia, astrocytes and neurons 

can all initiate pyroptosis and express its related downstream molecules and receptors, taking part in 

the local inflammatory reaction (121). The NLRP3 inflammasome is likely implicated in multiple 

neurodegenerative disorders. It was shown that the inflammasome could be activated through 

abnormal protein aggregation, including for example amyloid-β in Alzheimer’s disease (133) and α-

synuclein in Parkinson’s disease (134). 
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In ALS, most research related to the inflammasome complex has been conducted in mutant SOD1 

animal models. Multiple studies showed an upregulation of the expression of several NLRP3 

inflammasome proteins, as well as the pro-inflammatory cytokines IL-18 and IL-1β in the CNS of SOD1 

mice (135–137) and rats (138) compared to controls. Furthermore, it was shown that mutant SOD1 

could activate microglia, leading to caspase-1 activation and consequent cleavage of IL-1β. This was 

not the case when microglia where deficient for NLRP3, suggesting that NLRP3 is the key 

inflammasome in mediating SOD1-induced microglial pyroptosis activation (97,139). Importantly, 

deficiency for caspase-1 or IL-1β, or treatment with a recombinant IL-1β receptor antagonist extended 

the lifespan of SOD1 mice and reduced inflammation (139). Regarding TDP-43, there is evidence that 

mutant and aggregated forms of TDP-43 can trigger NLRP3 inflammasome-dependent IL-1β and IL-18 

secretion in microglia in vitro, which was shown to be toxic to motor neurons (140,141). In the absence 

of microglia, TDP-43 was not toxic to motor neurons (141). Additionally, there is some evidence for 

inflammasome and pyroptosis activation in ALS patients. Elevated levels of IL-18 in ALS patient serum 

(142) and elevated NLRP3 mRNA in blood (143) were detected. In human post-mortem ALS tissue, 

some studies observed increased expression of NLRP3, ASC, caspase-1 and IL-18 (137,144).  

4.1.4. Autophagy-related cell death 

Autophagy is crucial in the degradation of cellular proteins, organelles and RNA to maintain cellular 

homeostasis (95). Autophagy comprises three main steps: 1) initiation, 2) vesicle expansion and 

closure, and 3) autophagosome maturation and its fusion with the late endosome, followed by 

degradation. Autophagy is initiated when the ULK kinase complex is activated, which is controlled by 

mTORC1. When mTORC1 is active, it inhibits autophagy through phosphorylation of ULK. In contrast, 

when mTORC1 is inhibited, the activity of the ULK complex is promoted, leading to translocation of the 

ULK complex to a specific location on the endoplasmic reticulum (ER) marked by autophagy-related 

protein 9 (ATG9) (145,146). Next, Beclin1 and class II phosphatidylinositol 3-kinase (PI3K) are recruited 

to the ER, building the so-called omegasome (145,147). This complex then recruits WIPI2B, which 

allows the E3-like complex ATG12-ATG5-ATG16L to join the forming phagophore. Pro-LC3 is first 

cleaved by ATG4 to form cytosolic LC3-I, which then is conjugated to a phosphoethanolamine by the 

LC3 ubiquitin-like lipidation complex to form the membrane-associated LC3-II (147,148). Then, 

autophagy receptors, such as p62/SQSTM1, bind cargo and transport it into the forming phagophore 

through binding of LC3-II. The double membrane of the phagophore then expands around the cargo, 

forming the characteristic double-membrane autophagosome, which further matures. The 

autophagosome fuses with an endosome containing vacuolar ATPases (v-ATPase) through SNARE-

mediated fusion, leading to acidification of the autophagosome. Thereafter, the autophagosome can 

fuse with a lysosome, which provides the degradative enzymes to break down the cargo in the resulting 
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autolysosome. Finally, LC3-II is converted back to LC3-I on the exterior part of the autolysosome, and 

both nutrients and membranes are recycled (145,148,149).  

Although autophagy usually promotes cell survival, it has also been recognized as a key regulator and, 

in some cases, executor of cell death (150,151). The term ‘autophagic cell death’ is still somewhat 

controversial. Therefore, it is important to clarify what is considered as autophagic cell death, 

compared to cell death that is accompanied by autophagy (152). According to Denton and colleagues, 

the different roles of autophagy in cell death can be defined in three distinct mechanisms. The first 

type is autophagy-associated cell death, where the induction of autophagy occurs simultaneously with 

the induction of another cell death pathway, such as apoptosis. Here, autophagy does not play an 

active role in the cell death pathway. The second type is autophagy-mediated cell death, in which the 

induction of autophagy triggers the activation of a cell death pathway. Finally, the third mechanism is 

autophagy-dependent cell death. This is a relatively unknown distinct cell death mechanism that 

occurs independently of for example apoptosis or necroptosis (153). It is morphologically characterized 

by extensive intracellular phagosome formation, which reflects the autophagic digestion of cytosolic 

contents and organelles (101). One example of a cell death type that can be initiated by chronic 

autophagy inhibition is karyoptosis, which is characterized by nucleophagy and the excretion of nuclear 

components (151,154). 

In contrast to autophagy-dependent cell death, more is known about autophagy-mediated cell death, 

where the autophagy machinery is involved in a substantial crosstalk with several other forms of cell 

death. Autophagy was shown to be closely linked to necroptosis. For example, researchers showed 

that increased autophagy initiation through reduced mTORC1 activity inhibited necroptosis, possibly 

by degradation of RIPK1 (151,155). On the other hand, the presence of p62/SQSTM1 was required for 

the assembly and activation of the necrosome, indicating that the autophagy machinery functions as 

a scaffold for necroptosis activation (156). In turn, activation of necroptosis was demonstrated to 

suppress autophagy (150,151,157). A similar relationship was described for autophagy and apoptosis, 

where apoptosis activation had an inhibitory effect on autophagy, while on the other hand autophagy 

efficiently inhibited apoptosis (151). There is also evidence for a link between autophagy and 

pyroptosis, as it was shown that autophagic pathways degraded NLRP3 inflammasome components 

and suppressed the secretion of IL-1β (123). Overall, there seems to be a complex interplay between 

different types of regulated cell death, with autophagy as an important mediator. 

Autophagy has been implicated in ALS disease pathogenesis. Apart from the presence of autophagy-

related proteins (e.g. p62/SQSTM1) in TDP-43-positive lesions (158), upregulation of autophagy was 

shown to enhance clearance of TDP-43 aggregates and improve neurodegenerative symptoms 
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(149,159,160). In addition, several ALS-related genes play a role in autophagy, such as OPTN, TBK1, 

CHMP2B and p62/SQSTM1 (149). It was also shown that a reduction in C9orf72 protein levels due to 

repeat expansions in C9orf72 could inhibit autophagy initiation (161). Thus, apart from playing an 

important role in clearance of pathological aggregates in neurodegenerative diseases, autophagy is 

involved in the initiation and inhibition of several cell death pathways. More research is needed to 

elucidate the precise regulatory mechanisms to be able to modulate this pathway, favoring abnormal 

protein clearance and halting detrimental neurodegenerative pathways.  

4.2. Axonal degeneration 

4.2.1. Axonal dysregulation in ALS 

Apart from detrimental changes in neuronal cell bodies, pathological alterations in the axon (i.e. 

axonopathy) have also been described in ALS. This axonal degeneration has been postulated to 

precede motor neuron cell body degeneration, referred to as the “dying-back hypothesis” (162,163). 

This proposes that the pathology begins at the synaptic distal ends of axons and proceeds towards the 

cell body in a “dying-back” pattern. Indeed, there is evidence for morphological and functional 

abnormalities in the neuromuscular junctions (NMJs) in ALS models (164,165). As neurons are the most 

asymmetric cells, with axons reaching up to one meter in length, these cells have a crucial requirement 

for axonal transport to maintain their morphology and function (3). This ensures the constant transport 

of proteins and cellular organelles, as well as mRNA for local axonal translation (19,164). Two types of 

axonal transport have been described, which can be distinguished based on their speed. Fast axonal 

transport occurs at a rate of 50-400 mm per day and generally carries vesicles and organelles such as 

mitochondria, while slow axonal transport progresses at less than 8 mm per day and carries 

cytoskeletal and soluble proteins (163,164). Axonal transport occurs both anterograde (i.e. from the 

cell body to the periphery) and retrograde (i.e. from the periphery to the cell body) and is microtubule 

(MT)-dependent (23). Axonal transport defects have been described in several neurodegenerative 

diseases (19). In ALS, the earliest evidence came from post-mortem studies showing the abnormal 

accumulation of neurofilaments and microtubules in the central nervous system (166,167). Later on, 

axonal transport was shown to be impaired in ALS mouse models as well as in iPSC-derived motor 

neurons with ALS-related mutations in TARDBP, FUS and SOD1 (168–173).  

As discussed earlier, ALS-related genes can be categorized into distinct groups, depending on the 

cellular pathways in which they are involved. The recent discovery of ALS-related genes involved in 

cytoskeletal dynamics countered the perspective that the observed dysfunction of cytoskeletal 

proteins in ALS is a result rather than a possible cause of the disease (23). One of the first described 

ALS-related genes with a function in the cytoskeleton is neurofilament heavy (NF-H) (174). This is a 

type of intermediate filament (IF), which is important for maintenance of the cytoskeletal architecture 
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(23) (Fig. 7). A mouse model overexpressing NF-H supported its causality, as these mice presented with 

characteristic ALS pathology (175). Furthermore, neurofilament levels in CSF, plasma and blood of 

patients have been established as a diagnostic tool and predictor of disease progression (176,177). 

Apart from NF-H, peripherin (PRPH) is another gene with a function in intermediate filaments in which 

mutations have been associated with ALS (Fig. 7) (16,23). As in vitro and in vivo studies on PRPH are 

lacking, the detrimental effects of these mutations remain unclear. Apart from intermediate filaments, 

a link between actin and ALS was demonstrated in 2012 with the identification of mutations in profilin 

1 (PFN1) (178). Profilin 1 is important in the polymerization of filamentous (F)-actin, and mutations in 

this gene were linked to dysregulation of actin dynamics with disruption of axonal growth (23) (Fig. 7). 

Several genes related to MTs and MT-dependent axonal transport were reported in patients with ALS. 

Mutations in dynactin subunit 1 (DCTN1) were identified in fALS and sALS patients. This protein is part 

of the dynactin complex, which takes part in axonal transport through binding of both MTs and dynein, 

with the latter being the motor protein responsible for retrograde axonal transport (Fig. 7). Mutations 

in DCTN1 were shown to decrease the ability of this protein to bind MTs, and dynactin 1 depletion 

leads to NMJ instability, functional abnormalities and motor defects in zebrafish (23,179). In line with 

this, kinesin family member 5A (KIF5A), which is involved in anterograde axonal transport, was also 

confirmed as an ALS-related gene (180) (Fig. 7). Apart from motor proteins, mutations in spastin 

(SPAST) were associated with an ALS phenotype (181,182). Spastin belongs to the ATPases associated 

with diverse cellular activities (AAA) family, which induces MT severing and thus increases MT 

disassembly, thereby affecting axonal transport (23) (Fig. 7). Finally, mutations in α-tubulin 4A 

(TUBA4A) were identified in fALS and sALS patients (183,184). TUBA4A is one of nine α-tubulin subunit 

genes, therefore building the MT network (Fig. 7). As we focus on TUBA4A in this thesis, this gene will 

be discussed in more detail in the next section.  
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General introduction - Figure 7. Overview of the neuronal cytoskeleton indicating the role of ALS-related 
genes. Neurofilaments are indicated in orange, microtubules in green. PFN1 = profilin 1; KIF5A = kinesin family 
member 5A; DCTN1 = dynactin subunit 1; TUBA4A = tubulin alpha 4A; NF-H = neurofilament heavy; PRPH = 
peripherin; SPAST = spastin.  

 

4.2.2. TUBA4A in ALS: why microtubules are more than just a loading control 

Microtubules (MTs) are composed of heterodimers of α- and β-tubulin and are an essential part of the 

cytoskeleton. These heterodimers are assembled in a head-to-tail fashion at the growing (+) ends of 

MTs, forming sheets of longitudinal protofilaments. Lateral interactions between these protofilaments 

ensure closure of the hollow MTs, which typically have an outer diameter of approx. 25 nm (185,186). 

MTs are dynamic and can alternate between phases of polymerization and depolymerization, which is 

referred to as “dynamic instability” (187). MTs regulate several cellular functions, such as cell division, 

organelle positioning and motility (188). In neurons, MTs are especially important for the long 

extending axons, in which they serve as “tracks” for axonal transport of organelles, proteins and RNA 

granules (186). In axons, MTs are uniformly oriented with their plus ends towards the synapses, while 

in dendrites MTs are of mixed polarity (189).  

In humans, nine α-tubulin and nine β-tubulin isoforms are expressed from distinct genes. Tubulins are 

evolutionary highly conserved, and mainly show sequence variation within isoforms in their 

unstructured, negatively charged C-terminal tails (187,190). These C-terminal tails are located on the 

outside of MTs and are involved in the binding of motor proteins, such as dynein and kinesin, and other 

microtubule associated proteins (MAPs) to the MT backbone (189). MTs can undergo several post-

translational modifications (PTMs), such as acetylation, detyrosination, glutamylation, glycylation, 

polyamination and glutathyonilation (186). Acetylation occurs on a lysine at position 40 (K40) on the 

luminal surface of α-tubulin, and was shown to be associated with increased stability of MTs by 
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preventing MT breakage (187). Furthermore, acetylation is important for the recruitment of MAPs 

(188). This PTM is reversible, with tubulin acetyltransferase αTAT1 responsible for acetylation, and 

histone deacetylase 6 (HDAC6) and Sirtuin 2 (SIRT2) exerting deacetylation (188). Evidence of 

deacetylation of α-tubulin has been demonstrated in several neurodegenerative diseases, such as AD, 

PD, HD and ALS (191). Contrary, other PTMs occur on the C-terminal tail of tubulin. During 

detyrosination, the final C-terminal tyrosine residue of α-tubulin is removed by tubulin tyrosine 

carboxypeptidase, which can be reversed by tubuline tyrosine ligase (TLL) (185). Detyrosination is 

associated with long-lived stable MTs and was shown to inhibit MT depolymerization (191). 

Interestingly, TUBA4A and TUB8A are the only tubulin isoforms that do not contain this final tyrosine 

residue, which suggests that their expression involves the generation of more stable MTs. Finally, both 

α- and β-tubulin can undergo the ligase-mediated addition of glutamate residues to their C-terminal 

tail by enzymes from the tubulin tyrosine ligase-like (TTLL) family, which can be reversed by cytosolic 

carboxypeptidase (CCP) enzymes (188). Polyglutamylation is thought to influence the binding of motor 

proteins and other MAPs and regulate axonal transport (191). Overall, neurons are characterized by a 

MT cytoskeleton with numerous PTMs, as they are usually acetylated at K40, detyrosinated and 

polyglutamylated (187). These stable MTs are essential for maintaining neuronal functions such as 

axonal transport. Disturbances in MT stability were shown to be involved in neurodegenerative 

diseases (192). 

Evidence for a functional specification of different tubulin isoforms comes from in vitro studies as well 

as from tubulinopathies, which is a broad spectrum of diseases caused by mutations in tubulin genes 

(185,188,189). Most tubulin mutations lead to disorders related to neurodevelopmental defects (193). 

For example, mutations in TUBA1A lead to lissencephaly, cerebellar malformations and basal ganglia 

defects, while TUBB2B and TUBB3 variants cause axon guidance disorders such as congenital fibrosis 

of the extra-ocular muscles (CFEOM). TUBB5 mutations are also related to neurodevelopment deficits, 

as they can cause microcephaly with severe mental retardation (185). In contrast, mutations in TUBB1 

cause macrothrombocytopenia, which is a blood disorder affecting platelet formation, while TUBB8 

mutations lead to arrest of meiotic oocytes, resulting in female sterility (185). This phenotypic variety 

illustrates the functional specification of different tubulin isoforms and implies a different spatial and 

temporal expression. Indeed, the expression of TUBB1 is restricted to the hematopoietic system, while 

TUBB8 is enriched in oocytes. The neurodevelopmental defect-associated tubulin genes show an 

expression restricted to the CNS, which can change over time. For example, TUBA1A and TUBB3 are 

typically expressed in post-mitotic neurons, while TUBB2 is initially expressed in neurons, but is 

postnatally found in astrocytes and oligodendrocytes (185). 
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In 2014, mutations in TUBA4A were identified in patients with ALS with or without cognitive deficits, 

suggesting that MTs may be a primary driver of ALS pathophysiology (183,184). The expression of 

TUBA4A was shown to increase over time (23), possibly explaining why variants in this gene cause a 

later age disease phenotype such as ALS, contrary to developmental disorders as discussed above. 

These TUBA4A mutations are located in the C-terminal part of the protein. Smith and colleagues 

demonstrated that some of these TUBA4A variants inefficiently formed α/β-tubulin dimers in vitro and 

disrupted MT network stability in a dominant-negative manner (183). More recently, TUBA4A 

mutations were identified in patients with FTD often with a family history of Parkinsonism (194,195), 

as well as in a PD patient (196). In these FTD and PD patients, TUBA4A variants were detected in the 

N-terminal part of the protein, and a haploinsufficiency mechanism was suggested, contrary to the 

proposed dominant-negative mechanism attributed to C-terminal TUBA4A mutations (195,196). 

Interestingly, a downregulation of α-tubulin subunit genes was suggested in patients with sporadic ALS 

(197,198), extending the relevance of TUBA4A to the majority of ALS cases. Altogether, TUBA4A adds 

to the list of ALS-associated genes with a role in the cytoskeleton, stressing the importance and 

possible causality of cytoskeletal defects in ALS.  

 

5. Modelling ALS neurodegeneration 

To study a neurodegenerative disease such as ALS, animal models can be very valuable to model the 

disease. The first mouse model for ALS was created in 1994 (199). This model expressed SOD1G93A 

under the human SOD1 promoter. Afterwards, numerous additional SOD1 mouse models were 

created, displaying variable phenotypes, age of disease onset and survival (200). Most models 

reproduce human SOD1 pathology to some extent, with ubiquitinated SOD1 inclusions, motor neuron 

deficits and eventually fatal paralysis (200). However, a major disadvantage is the limited 

representation, as only a fraction of ALS patients has mutations in SOD1, and SOD1 mice do not present 

with TDP-43 pathology. For TDP-43, the first mouse models created overexpressed human TDP-43WT 

under the mouse prion promoter. However, this did not reproduce the pathological degenerative 

features typical for ALS (200). Later, several known TARDBP mutations were introduced, such as A315T, 

Q331K and G348C (200,201). Of these, mPrp-hTDP-43A315T mice developed motor dysfunction and 

paralysis, with underlying ubiquitin-positive inclusions and motor neuron loss. Although TDP-43-

positive lesions were not present, loss of nuclear TDP-43 staining could be observed in these mice (65).  

Alternative animal models are frequently used in ALS research, such as fruit fly (Drosophila 

melanogaster), zebrafish (Danio rerio) and a nematode (Caenorhabditis elegans) (202). Drosophila 

melanogaster is often used for the study of ALS-related genes, as the complete fly genome has been 
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sequenced showing that approx. 75% of human disease genes have a fly orthologue, while this is 

approx. 80% for Danio rerio. Apart from generating transgenic zebrafish lines, zebrafish are also often 

used for the microinjection of antisense morpholinos or DNA/RNA, allowing the study of the effects of 

downregulation or overexpression of certain genes of interest (202,203). Finally, C. elegans also has a 

well-developed nervous system with about 42% of human disease genes having a C. elegans 

orthologue, enabling the study of neurodegenerative diseases. As with Drosophila, C. elegans is mostly 

used for modeling genetics (202).  

Apart from in vivo research, iPSCs are increasingly used in the ALS field. These pluripotent stem cells 

are generated from human patient or control fibroblasts through reprogramming using a combination 

of transcription factors (204,205). From iPSCs, several distinct cell types relevant for ALS can be 

produced such as motor neurons, but also microglia, astrocytes and muscle cells (171,206–209). As 

such, the molecular effects of ALS-related mutations can be studied in disease-relevant cell types in 

vitro. However, this does not reflect the complexity of ALS, where several cell types interact during 

disease pathogenesis. Therefore, research is now also focusing on the development of co-culture 

systems to study the interaction between different cell types in the context of ALS (210,211).  

Although ALS research has disentangled many molecular pathways involved in this devastating disease 

over the last years, in which the identification of new genetic variants related to ALS played a crucial 

role, it remains unclear which cell death pathway(s) is/are involved in motor neuron degeneration. A 

recent shift in the focus from apoptosis to other programmed types of cell death, such as necroptosis 

and pyroptosis, in neurodegenerative diseases might be a promising avenue in the ALS field. 

Additionally, although much research has focused on axonal transport defects in the context of axonal 

disturbances and pathology in ALS in recent years (170,171,212,213), investigating the role of ALS-

related cytoskeletal genes could provide more insights in the underlying molecular pathways. 

Therefore, this PhD project focused on further unravelling motor neuron as well as axonal 

degeneration in ALS, by investigating the impact of two types of regulated cell death (i.e. necroptosis 

and pyroptosis) in ALS in relation to TDP-43 pathology, as well as assessing the role of a recent ALS-

related cytoskeletal gene (i.e. TUBA4A) in ALS axonal degeneration and pathology. The results obtained 

in this thesis, as discussed in the following chapters, might not only provide new insights in motor and 

axonal degeneration mechanisms in ALS, but could also aid in identifying new therapeutic treatment 

strategies to counter neurodegeneration in ALS. 
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OBJECTIVES 

 

The general aim of this PhD thesis was to clarify the mechanisms of neuronal and axonal degeneration 

in ALS. For this, we used post-mortem central nervous tissue from ALS and/or FTLD patients, as well as 

two in vivo models: TDP-43A315T transgenic mice and zebrafish. We hypothesized that 

neurodegeneration in ALS includes on one hand the activation of regulated cell death pathways (such 

as necroptosis and pyroptosis) with an important role for TDP-43 pathology, and on the other hand 

disturbances in axonal integrity, with the latter as a possible initiator of ALS disease pathogenesis. To 

unravel this hypothesis, we set out the following objectives:  

(1) To determine the role of necroptosis activation in relation to TDP-43 pathology and neuronal 

loss in ALS/FTLD post-mortem tissue using immunohistochemical and biochemical techniques.  

To address this objective, we analyzed post-mortem brain and spinal cord tissue from ALS/FTLD 

patients and controls using antibodies against the main necroptosis proteins. Additionally, we 

explored the relation with the burden of pTDP-43 pathology (Chapter I).  

 

(2) To determine the role of pyroptosis activation in relation to TDP-43 pathology and neuronal loss 

in ALS post-mortem tissue as well as TDP-43A315T transgenic mice. 

For this, we analyzed the expression of proteins involved in the inflammasome as well as 

pyroptosis effector proteins in ALS and control post-mortem brain and spinal cord, and studied the 

correlation with the burden of pTDP-43 pathology in the respective CNS regions. Furthermore, we 

used asymptomatic and symptomatic TDP-43A315T transgenic mice in addition to wild-type mice to 

confirm the results obtained in human autopsy cases (Chapter II). 

 

(3) To assess tubulin-related changes in ALS/FTLD post-mortem tissue and to evaluate the possible 

detrimental effects of such ALS-related alterations in an in vivo model. 

For this, we investigated the expression of the ALS-related gene TUBA4A in sporadic ALS/FTLD 

post-mortem brain and spinal cord, as well as in an FTLD autopsy case with an R64Gfs*90 TUBA4A 

mutation and TDP-43 pathology (Chapter III, IV). Additionally, we assessed the functional 

consequences of TUBA4A downregulation using antisense morpholinos in zebrafish (Chapter IV). 
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CHAPTER I: Necrosome-positive granulovacuolar degeneration is 

associated with TDP-43 pathological lesions in the hippocampus of 

ALS/FTLD cases 
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1. Abstract 

 

Aim 

Granulovacuolar degeneration (GVD) in Alzheimer’s disease (AD) involves the necrosome, which is a 

protein complex consisting of phosphorylated receptor-interacting protein kinase 1 (pRIPK1), pRIPK3 

and phosphorylated mixed lineage kinase domain-like protein (pMLKL). Necrosome-positive GVD was 

associated with neuron loss in AD. GVD was recently linked to the C9ORF72 mutation in amyotrophic 

lateral sclerosis (ALS) and frontotemporal lobar degeneration with transactive response DNA-binding 

protein (TDP-43) pathology (FTLD-TDP). Therefore, we investigated whether GVD in cases of the ALS-

FTLD-TDP spectrum (ALS/FTLD) shows a similar involvement of the necrosome as in AD, and whether 

it correlates with diagnosis, presence of protein aggregates and cell death in ALS/FTLD. 

Methods 

We analysed the presence and distribution of the necrosome in post-mortem brain and spinal cord of 

ALS and FTLD-TDP patients (n = 30) with and without the C9ORF72 mutation, and controls (n = 22). We 

investigated the association of the necrosome with diagnosis, the presence of pathological protein 

aggregates and neuronal loss. 

Results 

Necrosome-positive GVD was primarily observed in hippocampal regions of ALS/FTLD cases and was 

associated with hippocampal TDP-43 inclusions as the main predictor of the pMLKL-GVD stage, as well 

as with the Braak stage of neurofibrillary tangle pathology. The central cortex and spinal cord, showing 

motor neuron loss in ALS, were devoid of any accumulation of pRIPK1, pRIPK3 or pMLKL. 

Conclusions 

Our findings suggest a role for hippocampal TDP-43 pathology as a contributor to necrosome-positive 

GVD in ALS/FTLD. The absence of necroptosis-related proteins in motor neurons in ALS argues against 

a role for necroptosis in ALS-related motor neuron death. 
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2. Introduction 

Amyotrophic lateral sclerosis (ALS) is an orphan disease that affects 1-3 individuals per 100 000 per 

year (3,214). It is a neurodegenerative disease characterized by the progressive degeneration of both 

upper and lower motor neurons, leading to muscle weakness and consequent paralysis (10). Patients 

usually die due to respiratory failure within 2-5 years after disease onset (2). The majority of ALS cases 

are sporadic, but up to 10% are familial, most commonly caused by mutations in chromosome 9 open 

reading frame 72 (C9ORF72), superoxide dismutase 1 (SOD1), transactive response DNA-binding 

protein (TARDBP) and fused in sarcoma (FUS) genes (18,215). The major pathological hallmark of 97% 

of ALS patients is the cytoplasmic mislocalisation and aggregation of transactive response DNA-binding 

protein 43kDa (TDP-43) in the brain and spinal cord (25). TDP-43 inclusions are also found in 50% of 

patients with frontotemporal lobar degeneration (FTLD), referred to as FTLD-TDP (216). These diseases 

are TDP-43 proteinopathies. TDP-43 also accumulates in Alzheimer’s disease (AD), limbic-predominant 

age-associated TDP-43 encephalopathy (LATE), Lewy body disease, and, to a lesser extent, in normal 

control subjects over the age of 65 years (79,217). ALS and FTLD-TDP have been suggested to be part 

of a clinicopathological spectrum (ALS/FTLD), sharing similar pathological mechanisms that affect 

different populations of central nervous system neurons (218). Another common characteristic of ALS 

and FTLD-TDP is the hexanucleotide repeat expansion in the C9ORF72 gene as the most frequent 

disease-linked mutation. In families with a C9ORF72 mutation, some family members develop FTLD-

TDP, whereas others develop ALS (219,220). Additionally, up to 25% of ALS patients show 

characteristics of FTLD-TDP, pointing to a continuum between these diseases (5). 

Necroptosis is a caspase-independent form of programmed necrosis (95). It is characterized by loss of 

cell membrane integrity, cell and organelle swelling, increased cytoplasmic granularity, and finally 

membrane rupture and leakage of cellular contents into the extracellular space, which can elicit a 

significant immune response (95,101). Necroptotic cell death can be triggered by ligands of the death 

receptor family (e.g. tumour necrosis factor, TNF), as well as viruses and anti-cancer drugs (101). The 

phosphorylation and oligomerization of mixed lineage kinase domain-like protein (MLKL) and its 

translocation to the cell membrane are essential for the execution of necroptosis (115,117). MLKL is 

phosphorylated by receptor-interacting protein kinase 3 (RIPK3), which is phosphorylated and, 

thereby, activated by phosphorylated RIPK1 (pRIPK1). Activated through phosphorylation, pRIPK1, 

pRIPK3 and pMLKL form the necrosome, with pMLKL being the final executor of necroptotic cell death 

(14,18,19). There is some evidence pointing towards a role for necroptosis in motor neuron death in 

ALS. Re et al. (98) showed that human ALS astrocytes induced necroptosis specifically in cultured motor 

neurons. Another study reported increased levels of RIPK1, RIPK3 and MLKL in post-mortem ALS spinal 

cord (99). However, this study did not elaborate on the phosphorylated and, therefore, activated forms 
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of these proteins. In ALS mouse models there is conflicting evidence on the role of necroptosis. While 

some studies suggest a relevant contribution (99,108), others argue against a major significance of 

necroptosis in motor neuron degeneration (118,119). 

We have recently shown that all components of the necrosome, i.e. pRIPK1, pRIPK3 and pMLKL, are 

detectable in granulovacuolar degeneration (GVD) in the brains of AD patients (221). GVD lesions are 

composed of multiple granulovacuolar bodies, which are membrane-bound vacuoles with dense core 

granules, considered to resemble late-stage autophagic organelles (222). Along with many other 

proteins such as abnormally phosphorylated tau protein (p-tau), phosphorylated amyloid β-peptide 

(Aβ) and casein kinase 1, phosphorylated TDP-43 (pTDP-43) can be detected in GVD granules (223–

226). GVD prevalence is high in patients with AD and is predominantly found in degenerating pyramidal 

neurons in the medial temporal lobe (MTL), from where it spreads to other brain regions following a 

pattern, defined as the GVD stages (227). Given that necrosome-positive GVD lesions in AD correlated 

with neuronal loss, it was proposed that these lesions could be of major relevance for AD-associated 

neuron loss. 

Another study showed that GVD was associated with the C9ORF72 mutation in ALS/FTLD-TDP patients 

(comprising of ALS, FTLD-TDP and mixed patients). GVD-containing neurons frequently had dipeptide 

repeat (DPR) inclusions, which are presumably toxic protein products of the C9ORF72 repeat expansion 

(228). However, it is still unclear whether GVD detected in the brains of patients with ALS/FTLD also 

exhibits the activated necrosome, and if so, whether this correlates with the C9ORF72 mutation or 

neuron loss in ALS/FTLD, or whether necrosome accumulation in GVD is solely related to AD-specific 

pathologies in these patients. 

 

3. Materials and methods 

Human autopsy cases 

Brain and spinal cord tissues were collected in accordance with the applicable laws in Belgium (UZ 

Leuven) and Germany (Ulm, Bonn and Offenbach). The recruitment protocols for collecting the brains 

were approved by the ethical committees of the University of Ulm (Germany) and of UZ-Leuven 

(Belgium). This study was approved by the UZ Leuven ethical committee (Belgium). Tissues were 

collected with an average post-mortem interval of 38 h. After autopsy, the right hemisphere was 

dissected in coronal planes and frozen at -80°C. The left hemisphere was fixed in 4% phosphate-

buffered formaldehyde. 18 ALS cases (8 C9orf72 and 10 sporadic), 9 FTLD-TDP (2 C9orf72 and 7 

sporadic), 3 ALS+FTLD-TDP (1 C9orf72 and 2 sporadic) and 22 non-neurodegenerative controls were 

included in this study (Table 1). The diagnosis of ALS or FTD was based on clinical assessment according 
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to the consensus criteria for ALS (7,8,229) and FTD (45,46). The post-mortem diagnosis of ALS and 

FTLD-TDP was pathologically confirmed by assessment of the pTDP-43 pathology. Braak NFT stage 

(230), AβMTL phase (231), and the Consortium to Establish a Registry for Alzheimer’s disease (CERAD) 

score (232) were determined based on immunohistochemical staining with antibodies against Aβ and 

p-tau (Suppl. Table 1).  

Ch. I - Table 1. List of cases. The table provides information regarding age (= age at death), sex, diagnosis, the 
presence of the C9ORF72 mutation, the presence of poly(GA) pathology in the frontal cortex, pMLKL GVD stage, 
AβMTL phase, Braak NFT stage, CERAD score, hippocampal pTDP-43 score, disease duration (months) and PMI 
(hours). Abbreviations: f = female; m = male; ALS = amytrophic lateral sclerosis; FTLD = frontotemporal lobar 
degeneration; control = non neurodegenerative disease control; A = aneurysm; AGD = argyrophilic grain disease; 
ARTAG = aging-related tau astrogliopathy; CLL = chronic lymphoid leukemia; CM = carcinoma metastasis; GB = 
Guillian-Barre syndrome; I = infaction; IHC = immunohistochemistry; MI = microinfarction; n.a. = not applicable; 
n.d. = not determined; PART = primary age-related tauopathy; RP-PCR = repeat-primed polymerase chain 
reaction; SVD = small vessel disease; SVE = subcortical vascular encephalopathy; T = trauma; PMI = post-mortem 
interval.  

 

 

 

 

Case n° Age Gender Diagnosis pMLKL GVD stage AβMTL phase Braak NFT stage CERAD pTDP-43 score Disease duration PMI (hours)

by RP-PCR by poly(GA) IHC

1 58 f ALS, PART normal no 1 0 2 0 0 18 months 24

2 62 f ALS n.d. no 0 0 1 0 0 12 months 24

3 51 m ALS normal no 0 0 1 0 1 8 months 24

4 49 m ALS, PART normal no 0 0 1 0 0 45 months 24

5 46 m ALS normal no 0 0 1 0 0 40 months 24

6 62 m ALS, MI, I, ARTAG, PART, AGD normal no 1 0 1 0 1 154 months 12

7 53 m ALS normal no 0 0 1 0 0 92 months 24

8 74 m ALS normal no 2 1 1 0 0 47 months 24

9 68 f ALS normal no 1 0 1 0 2 n.d. 192

10 56 f ALS normal no 0 1 1 0 0 48 months 72

11 57 f ALS, FTLD-TDP Type B normal no 1 1 1 0 4 22 months 24

12 61 m ALS, FTLD-TDP Type B normal no 0 0 1 0 5 32 months 2

13 62 f FTLD-TDP Type C normal no 1 0 0 0 4 144 months 12

14 79 m FTLD-TDP Type C normal no 4 0 1 0 5 135 months 24

15 69 f FTLD-TDP Type C, CLL, ARTAG normal no 4 0 1 0 4 78 months 24

16 79 f FTLD-TDP Type A, ARTAG normal no 2 1 1 0 4 127 months 24

17 81 f FTLD-TDP Type C, AGD, ARTAG normal no 4 2 2 0 4 138 months 24

18 38 m FTLD-TDP Type A normal no 0 0 1 0 3 27 months 48

19 63 m FTLD-TDP Type A,  p-preAD normal no 2 3 2 0 5 24 months 12

20 57 m ALS, p-preAD mutant yes 1 1 1 0 1 17 months n.d.

21 49 m ALS, PART mutant yes 2 0 1 0 0 46 months 24

22 48 m ALS mutant yes 2 0 1 0 0 18 months 24

23 57 m ALS mutant yes 4 0 1 0 2 19 months 20

24 75 m ALS mutant yes 0 0 2 0 2 n.d. 24

25 50 m ALS, Wernicke Encephalopathy mutant yes 1 0 1 0 0 n.d. 24

26 46 f ALS mutant yes 1 0 1 0 1 20 months 120

27 68 m ALS, SVD n.d. yes 1 2 2 0 1 36 months 144

28 55 m ALS, FTLD-TDP Type B mutant yes 4 0 3 0 5 30 months 12

29 58 f FTLD-TDP Type B, AGD mutant yes 2 1 1 0 4 48 months 24

30 58 m FTLD-TDP Type B mutant yes 1 0 1 0 5 36 months 9

31 46 m Control n.d. no 0 0 1 0 0 n.a. 29

32 36 m Control n.d. no 0 0 0 0 0 n.a. 48

33 66 f Control, AGD n.d. no 0 0 0 0 0 n.a. 48

34 69 f Control n.d. no 0 0 0 0 0 n.a. 24

35 61 m Control, CM n.d. no 0 0 0 0 0 n.a. 24

36 61 m Control n.d. no 0 0 0 0 0 n.a. 24

37 32 m Control n.d. no 0 0 0 0 0 n.a. n.d.

38 64 m Control n.d. no 0 0 0 0 0 n.a. 24

39 67 m Control n.d. no 0 0 0 0 0 n.a. n.d.

40 60 m Control, I n.d. no 1 0 0 0 0 n.a. 24

41 74 m Control, CM, I, MI n.d. no 0 0 0 0 0 n.a. 72

42 62 m Control n.d. no 1 0 0 0 0 n.a. 48

43 56 m Control n.d. no 0 0 0 0 0 n.a. 48

44 45 m Control n.d. no 0 0 0 0 0 n.a. 24

45 64 m Control n.d. no 0 0 0 0 0 n.a. n.d.

46 18 m Control, T n.d. no 0 0 0 0 0 n.a. 24

47 61 m Control, SVD n.d. no 1 0 0 0 0 n.a. 48

48 73 m Control, SVD, CM n.d. no 1 0 2 0 0 n.a. 48

49 55 m Control, A, I n.d. no 0 0 0 0 0 n.a. 96

50 74 f Control, AGD, SVE n.d. no 0 0 1 0 0 n.a. 24

51 35 m Control, Limbic encefalopathy n.d. no 0 0 0 0 0 n.a. 72

52 54 m Control, GB n.d. no 0 0 1 0 0 n.a. 24

C9ORF72
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C9ORF72 repeat expansion determination 

DNA was extracted from peripheral blood and/or cerebellum according to standard protocols. Analysis 

of the hexanucleotide repeat length in intron 1 of C9ORF72 was performed by fragment length analysis 

by PCR and repeat-primed PCR (RP-PCR) as previously described (233). In three cases, we confirmed 

the RP-PCR result by Southern blotting (21). In addition, the presence of poly(GA) pathology was 

immunohistochemically assessed in the frontal cortex of all cases. The genetic determination of the 

C9ORF72 repeat expansion as well as the presence of poly(GA) pathology are shown in Table 1. 

Immunohistochemistry 

Histological examination was performed on 5 μm-thick sections cut from formalin-fixed, paraffin-

embedded tissue of frontal, pre- and postcentral, temporal and entorhinal cortex, hippocampus, 

hypothalamus, amygdala and spinal cord. Sections were stained with antibodies against pTDP-43, 

poly(GA), pMLKL, pRIPK1, RIPK1, pRIPK3, RIPK3, p-tau(S202/T205) and Aβ17-24 (Suppl. Table 1). Staining was 

performed with the BOND-MAX automated IHC/ISH Stainer (Leica Biosystems, Wetzlar, Germany) 

using the Bond Polymer Refine Detection kit (DS9800, Leica Biosystems). Briefly, slides were 

deparaffinized and epitopes were retrieved with low or high pH buffer. After incubation with Envision 

Flex Peroxidase-Blocking Reagent (Dako, Glostrup, Denmark), slides were incubated with primary 

antibodies for 30 min, followed by secondary antibody incubation. DAB was used for visualization. 

Counterstaining with haematoxylin and dehydration were carried out in an autostainer, followed by 

mounting in an automated cover-slipper (Leica Biosystems). A dephosphorylation assay was carried 

out to validate the presence of RIPK1 and RIPK3 in GVD (Suppl. Fig. 1).  

For immunofluorescence double labelling using primary antibodies from different species (Suppl. Table 

1), an antibody cocktail of the respective antibodies was applied, followed by a cocktail of species-

specific Cy2/3-conjugated secondary antibodies (Jackson ImmunoResearch, Ltd, West Grove, PA, USA). 

For double labelling with primary antibodies raised in the same species (Suppl. Table 1), a sequential 

staining was performed using a rabbit-on-rabbit staining protocol adapted from previously described 

methods (234). Briefly, a coupling method was used to avoid cross-reactivity of secondary antibodies. 

The first rabbit primary antibody was used as described above, followed by a Cy2/3-labelled goat anti-

rabbit secondary antibody. The second rabbit primary antibody was coupled to a donkey anti-rabbit 

Fab fragment conjugated to a Cy2/3 dye for 20 min (2 μg Fab fragment per 1 μg primary antibody) 

prior to its incubation with the sample. Next, normal rabbit serum (Jackson ImmunoResearch) was 

added for another 10 min to capture the unbound Fab fragments (10 μl serum per 1 μg Fab fragment). 

Then, the mix was applied to the slides to visualize the second primary antibody. Controls to rule out 

cross-reactivity were performed (Suppl. Fig. 2). Fluorescent-labelled slides were mounted using 
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ProLong Gold Antifade Mountant containing DAPI (Thermo Fisher Scientific, Rockford, IL, USA) for 

counterstaining of the nuclei.  

Images were acquired using the Leica DM2000 LED microscope coupled to a Leica DFC 7000 T camera. 

Images were processed using ImageJ and combined into figures using Inkscape.  

GVD staging 

GVD staging was evaluated based on pMLKL immunohistochemistry using the GVD staging system 

proposed by Thal et al. (227) in a modified form applicable for ALS and FTLD-TDP cases. Each stage was 

defined as follows: stage 0, no GVD; stage 1, GVD limited to the subiculum and/or CA1/CA2 and/or the 

dentate gyrus; stage 2, GVD reaching CA4/CA3 and/or the entorhinal cortex; stage 3, GVD reaching the 

temporal neocortex; stage 4, GVD reaching the amygdala and/or the hypothalamus; and stage 5, GVD 

reaching the frontal cortex.  

pTDP-43 scoring in the hippocampus 

pTDP-43 pathology was assessed in the hippocampus of all cases. A semi-quantitative grading system 

was used by assessing the total amount of pathology, including neuronal cytoplasmic and intranuclear 

inclusions, glial inclusions and dystrophic neurites positive for pTDP-43. pTDP-43-positive GVD lesions 

were not considered in this analysis. pTDP-43 severity assessment was adapted from Mackenzie et al. 

(35). In detail, pTDP-43 pathology was graded as being absent (0), rare (1), occasional (2), mild (3), 

moderate (4) or numerous (5). These scores were referred to as pTDP-43 scores. Inclusions were 

considered “rare” if only a few lesions could be found in the entire hippocampus section, “occasional” 

if lesions were relatively easy to find but not present in every 20x microscopic field, “mild” when lesions 

were present in every 20x microscopic field, “moderate” when multiple lesions were present in every 

20x microscopic field, and “numerous” when abundant lesions were present in every 20x microscopic 

field, as shown in Suppl. Fig. 3.  

Quantification of neuronal density in the hippocampal CA1 region 

For quantification of neuronal density in the hippocampal CA1 region, three consecutive images (0.632 

x 0.474 mm) of anti-pMLKL stained sections were taken using the Leica DM2000 LED microscope using 

a 20x objective (221). Criteria regarding morphological conditions of cells to be included were 

determined before quantification. Neurons were identified based on the nuclear pattern of the 

counterstaining. Image analysis was performed using ImageJ.  
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Protein extraction 

For biochemistry, the right hemispheres were cut in approx. 1 cm thick slabs and frozen at -80°C. Fifty 

mg of brain tissue was weighed and mechanically homogenized in 0.5 ml 2% SDS in TBS (Tris-buffered 

saline) with Nuclease (PierceTM Universal Nuclease, Thermo Fisher Scientific) and a cocktail of 

protease/phosphatase inhibitors (Halt, Thermo Fisher Scientific) using a micropestle. Samples were 

sonicated, followed by a centrifugation at 14 000 g for 30 min. The resulting supernatant was used. 

Protein concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific).  

Cell culture and treatment 

Human neuroblastoma SH-SY5Y cells were cultured in DMEM/F12 (Thermo Fisher Scientific) 

supplemented with Penicillin-Streptomycin (Thermo Fisher Scientific) and maintained at 37°C in a CO2 

incubator with a controlled humidified atmosphere composed of 95% air and 5% CO2. For induction of 

necroptosis, SH-SY5Y cells were stimulated for 4 h at 37°C with TSZ, which is a combination of TNFα 

(30 ng/ml, Sigma-Aldrich), Smac-mimetic (10 μM, Selleckchem, Munich, Germany) and zVAD-fmk (20 

μM, Millipore, Billerica, USA). For collecting cells, they were washed with PBS and lysed in RIPA buffer 

(Sigma-Aldrich) containing PhosSTOP (Sigma-Aldrich) and a protease inhibitor cocktail (Sigma-Aldrich). 

Protein concentrations were measured using the Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific). Cell lysates were used for validation of antibodies and as a positive control for western blot. 

The use of the human cell line for this experiment was approved by the UZ Leuven ethics committee. 

Western blotting 

For western blotting, 10 μg of protein was loaded on a Bis-Tris 4-12% gradient SDS-PAGE (Invitrogen, 

Thermo Fisher Scientific) in MOPS-SDS running buffer (Alfa Aesar, Haverhill, MA, USA), 

electrophoresed at 150V for 60 min, and transferred to a nitrocellulose membrane (Semidry transfer, 

Biorad, Hercules, CA, USA). Membranes were blocked with 5% non-fat dried milk (AppliChem, 

Darmstadt, Germany) or 5% BSA (Sigma-Aldrich) in PBS 0.1% Tween-20 (PBST). Primary antibodies and 

the corresponding dilutions are listed in Suppl. Table 1. Secondary antibodies were goat anti-rabbit 

IgG-HRP or goat anti-mouse IgG-HRP (1:10 000, polyclonal, Dako). Blots were developed with 

SuperSignal West Pico or Dura plus ECL reagent (Thermo Fisher Scientific). Digital images were 

acquired using the Amersham Imager 600 (GE Healthcare, Chicago, IL, USA). All blots were stripped 

(Restore Western Blot Stripping Buffer, Thermo Fisher Scientific) of bound antibodies and reprobed 

with GAPDH to control for equal protein loading. Band intensities were measured using ImageJ and 

were normalized to GAPDH.  
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Statistical analysis 

Statistical analyses were performed using IBM SPSS (version 26) and Graphpad Prism (version 8.2.0.) 

software. Multinomial logistic regressions controlled for age and sex, or a one-way ANOVA or Kruskal-

Wallis test followed by Tukey’s or Dunn’s multiple comparisons were used to determine the significant 

difference between three groups. When analysing nominal data, a Fisher’s exact test was used. To 

examine the correlation between pMLKL GVD stage and several parameters, partial Pearson’s 

correlation analysis (controlled for age and sex) was performed. To estimate the effect of explanatory 

variables on pMLKL GVD stage and neuronal density, we conducted linear regression analyses. Data 

are presented as mean ± SEM. 

 

4. Results 

Activated necrosome components are present in GVD lesions in the ALS/FTLD brain 

To investigate the presence of activated necrosome proteins in GVD in the ALS/FTLD brain, we 

performed a pathological analysis on human post-mortem brain tissue from ALS (n = 18), FTLD-TDP (n 

= 9), ALS+FTLD-TDP (n = 3) and control cases (n = 22). The hippocampus, entorhinal cortex, temporal 

cortex, amygdala, hypothalamus and frontal cortex were used. Immunohistochemical staining showed 

positive immunoreactivity for pRIPK1 (Fig 1 a, d), pRIPK3 (Fig 1 b, e) and pMLKL (Fig 1 c, f) in 11 out of 

18 ALS, 8 out of 9 FTLD-TDP, 2 out of 3 ALS+FTLD-TDP and 4 out of 22 control cases. More specifically, 

these activated necrosome proteins were present in GVD lesions in neurons (Fig 1). We refer to these 

lesions as GVDn+ (GVDn+, i.e. GVD positive for the activated necrosome). Immunoreactivity was 

predominantly found in hippocampal neurons of the dentate gyrus, regions of the Ammon’s horn (CA1-

CA4), the subiculum and the entorhinal cortex. Additionally, GVDn+ was sporadically present in 

neurons in the temporal cortex (Brodmann area 36), the hypothalamus and the amygdala. The 

distribution pattern of GVDn+ of all cases as represented by the GVD stages is shown in Table 1. The 

frontal cortex was devoid of GVDn+ in all cases, explaining the absence of GVD stage 5 in our cohort. 

Antibody specificity was evaluated by dephosphorylation of the tissue as previously shown in AD cases 

(221) and detection of non-phosphorylated RIPK1 and RIPK3 in GVD (Suppl. Fig. 1). Double 

immunofluorescence showed the co-localization of GVDn+ with established GVD markers, i.e. pTDP-

43 and CK1δ (Fig 2; Suppl. Fig. 2). To confirm the presence of pMLKL in GVD, another primary antibody 

against pMLKL was used, showing the same immunoreactivity for GVD in the ALS/FTLD brain (Suppl. 

Fig. 4). For all further analyses, pMLKL was used as a marker for GVDn+ as previously described (221). 
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Ch. I - Figure 1. GVD lesions in cases of the ALS/FTLD spectrum are positive for all activated necrosome 
components. Immunohistochemical detection of activated necrosome components (pRIPK1, pRIPK3, pMLKL) in 
representative ALS and FTLD-TDP brains (cases 6 and 30) shows a specific immunoreactivity for pRIPK1 (a, d), 
pRIPK3 (b, e) and pMLKL (c, f) in GVD granules in CA1 hippocampal pyramidal neurons (arrowheads). d, e and f 
are magnifications of a, b and c respectively. GVD-free neurons were negative for these three markers. Scale bars 
represent 30 μm. 

 

 

Ch. I - Figure 2. pMLKL-positive GVD lesions colocalize with established GVD markers. GVD granules in 
representative hippocampal CA1 pyramidal neurons in the ALS/FTLD brain positive for pMLKL (a, e) are also 
immunoreactive for the established GVD markers CK1δ (b, d; arrowhead) and pTDP-43 (f, h; arrowhead). Staining 
of a representative FTLD-TDP case (case 17). Control conditions are depicted in Suppl. Fig. 2. Scale bars represent 
25 μm.  
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Distribution of pMLKL-positive GVD and the association with diagnosis 

To assess the severity of pMLKL-positive GVD in ALS, FTLD-TDP and control cases, we determined the 

pMLKL GVD stage (227). ALS (p = 0.021) and FTLD-TDP cases (p = 0.003) showed higher pMLKL GVD 

stages compared to control cases (Fig 3a; nominal regression corrected for age and sex). When 

analysing the effect of the C9ORF72 mutation, we observed a difference in pMLKL GVD stage for both 

C9orf72 and non-C9orf72 ALS/FTLD groups compared to controls, which was more pronounced for 

C9orf72 ALS/FTLD (p = 0.003) than for non-C9orf72 ALS/FTLD cases (p = 0.021) (Fig 3b; nominal 

regression corrected for age and sex). However, non-C9orf72 ALS/FTLD cases were not different from 

C9orf72 ALS/FTLD cases with respect to the pMLKL GVD stage (p = 0.371; Fig 3b). The number of cases 

positive for pMLKL GVD was higher in C9orf72 ALS/FTLD (10/11) compared to non-C9orf72 ALS/FTLD 

cases (11/19), but this did not reach significance (p = 0.1; Fisher’s exact test). Next, we assessed the 

percentage of GVDn+ positive cases per affected brain region. In all regions, the percentage of affected 

cases was numerically higher in the FTLD-TDP compared to the ALS group (Fig 3c). This reached 

significance in the CA3/4 hippocampal region (p = 0.0072; Fisher’s exact test) and the entorhinal cortex 

(p = 0.0393; Fisher’s exact test). ALS/FTLD cases carrying a C9ORF72 mutation tended to have + GVDn 

more often in the CA1/subiculum region and in later affected regions (entorhinal and temporal cortex) 

compared to non-C9orf72 ALS/FTLD cases, although not significant (Fig 3d). We also observed that 

C9orf72 ALS/FTLD cases showed an increased occurrence of pMLKL-positive GVD in the dentate gyrus 

of the hippocampus compared to non-C9orf72 ALS/FTLD cases (p = 0.0472; Fisher’s exact test; Fig 3d). 

To further investigate the link between pMLKL-positive GVD and the C9ORF72 mutation, we evaluated 

the spatial relationship between DPR pathology and GVDn+ by immunofluorescence labelling of the 

hippocampus of C9orf72 ALS/FTLD cases. We did not observe co-localization between pMLKL-positive 

GVD lesions and poly(GA), poly(GP) or poly(GR) inclusions. However, we detected neurons bearing 

both poly(GA) aggregates and GVDn+ granules in the cytoplasm, although these lesions did not co-

localize with one another (Suppl. Fig. 5 a-d and e-h). In addition, we found neurons with GVDn+ lesions 

in the absence of DPRs (Suppl. Fig. 5 i-l) and neurons exhibiting poly(GA) aggregates but no GVD (Suppl. 

Fig. 5 m-p). For poly(GP) and poly(GR), we found similar co-existence with pMLKL-positive GVD in 

neurons, but to a lesser extent.  
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Ch. I - Figure 3. Distribution of pMLKL-positive GVD and the link with diagnosis. (a-b) Graphs show pMLKL GVD 
stage based on pMLKL-immunoreactivity in GVD lesions (221,227) among control, ALS and FTLD-TDP cases (a) 
and ALS/FTLD cases with and without C9ORF72 mutation (b). FTLD-TDP and ALS cases with or without C9ORF72 
mutation showed higher pMLKL GVD stages than control cases. Multinomial regression corrected for age and sex 
was used for statistical analysis. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01. (c) Percentage of cases 
positive for GVDn+ lesions in a given region of ALS and FTLD-TDP cases. A Fisher’s exact test shows a significant 
difference in the CA3/4 region (p = 0.0072) and the entorhinal cortex (p = 0.0393). *p < 0.05; ** p < 0.01. (d) 
Percentage of cases positive for GVDn+ lesions in a given region of non-C9orf72 ALS/FTLD and C9orf72 ALS/FTLD. 
A Fisher’s exact test shows a significant difference in the dentate gyrus (p = 0.0416). * p < 0.05. 

 

To evaluate the effect of the C9ORF72 mutation on the level of proteins involved in necroptotic cell 

death, i.e. RIPK1, pRIPK1, RIPK3, pRIPK3, MLKL and pMLKL, we performed western blot on extracts 

from frozen hippocampal tissue (Suppl. Fig. 6). TSZ-treated SH-SY5Y cells were used as positive control. 

MLKL expression was not different between the three groups (p = 0.1646). We detected a small 

numerical increase in RIPK1 and RIPK3 expression in C9orf72 ALS/FTLD cases compared to control 

cases, although not significant. pRIPK1 levels, however, were increased in C9orf72 ALS/FTLD cases 

compared to control cases (p = 0.0019) and non-C9orf72 cases (p = 0.0295), with non-C9orf72 

ALS/FTLD cases showing no significant difference in relation to control levels (p = 0.3087). Significant 

amounts of pRIPK3 and pMLKL could not be detected by their corresponding antibodies in human brain 

homogenates, as shown previously (221). 
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Neuronal density in hippocampal CA1 region is decreased in FTLD-TDP cases 

Since it has previously been shown that GVD in AD correlates with neuronal loss, we quantified 

neuronal densities in the CA1 region of the hippocampus in ALS/FTLD and control cases. Multinomial 

regression corrected for age and sex showed a decrease in CA1 neuronal density in FTLD-TDP 

compared to control cases (p = 0.015; Fig 4a), which almost reached significance when compared to 

ALS cases (p = 0.082). ALS cases showed a trend towards a lower neuronal density, however this was 

not significant (p = 0.101; Fig 4a). When investigating differences in the presence of pathological 

protein aggregates among ALS, FTLD-TDP and control cases, we noticed that the hippocampal pTDP-

43 pathology score was higher in FTLD-TDP cases compared to ALS and control cases (p < 0.0001; 

Kruskal-Wallis test with Dunn’s multiple comparisons; Fig 4b). Such differences were not observed 

among these disease groups for Braak NFT stage and AβMTL phase (Fig 4c, d). Compared to controls, 

neuronal density was reduced in the non-C9orf72 ALS/FTLD (p = 0.024) and in the C9orf72 ALS/FTLD 

group (p = 0.044) (Suppl. Fig. 7a; multinomial regression corrected for age and sex). The non-C9orf72 

ALS/FTLD and C9orf72 ALS/FTLD groups were not different (p = 0.996) (Suppl. Fig. 7a). There was also 

no difference between C9orf72 versus non-C9orf72 ALS/FTLD cases regarding hippocampal pTDP-43 

score, Braak NFT stage and AβMTL phase (Suppl. Fig. 7b-d; Kruskal-Wallis with Dunn’s multiple 

comparisons). 

 

Ch. I - Figure 4. Neuronal density in the hippocampal CA1 region is decreased in FTLD-TDP cases. (a) 
Quantitative data representing neuronal densities (neurons/mm2) in the CA1 region of the hippocampus of 
controls (n = 22), ALS (n = 18) and FTLD-TDP (n = 9) cases. Multinomial regression corrected for age and sex was 
used for statistical analysis of the data. (b-d) Mean hippocampal pTDP-43 score (b), Braak NFT stage (c) and 
AβMTL phase (d) are shown for the different groups. Kruskal-Wallis test followed by Dunn’s multiple comparisons 
was used for statistical analyses. Data are presented as mean ± SEM. *p < 0.05; **p < 0.01; **** p < 0.0001. 
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TDP-43 and tau pathological protein lesions are associated with a higher pMLKL GVD stage and a 

lower neuronal density in the hippocampal CA1 region 

A Pearson’s partial correlation analysis corrected for age and sex (n = 52) revealed that pMLKL GVD 

stage correlated with Braak NFT stage (r = 0.491; p = 0.001) and hippocampal pTDP-43 score (r = 0.538; 

p < 0.001), but not with AβMTL phase (r = 0.216; p = 0.159). Furthermore, neuronal density in the 

hippocampal CA1 region correlated with Braak NFT stage (r = -0.397; p = 0.008) and hippocampal pTDP-

43 score (r = -0.541; p < 0.001). The pMLKL GVD stage was not associated with neuronal density (r = -

0.193; p = 0.209). Post-mortem interval did not correlate with any of these parameters (n = 48; p = 

0.126 – 0.946) (Suppl. Table 2) and was therefore not considered as control variable in the following 

regression analysis. 

In separate linear regression models with pMLKL GVD stage as dependent variable, Braak NFT stage (β 

= 0.501; p < 0.001) and pTDP-43 score (β = 0.603; p < 0.001) were reliable predictors of pMLKL GVD 

stage, whereas AβMTL phase was less strongly associated with pMLKL GVD stage, however still 

significant (β = 0.320; p = 0.021) (Table 2, part 1). When we repeated these analyses including age and 

sex as additional independent variables, only Braak NFT stage (β = 0.440; p = 0.001) and pTDP-43 score 

(β = 0.554; p < 0.001) remained significant predictors of pMLKL GVD stage, whereas AβMTL phase did 

not (β = 0.239; p = 0.088; Table 2, part 2). Next, we used a model that combined pTDP-43 score and 

Braak NFT stage, showing pTDP-43 score as the best predictor of pMLKL GVD stage in our cohort (β = 

0.472; p < 0.001), with Braak NFT stage remaining significant (β = 0.281; p = 0.026; Table 2, part 3). 

When adding age and sex to the model term, pTDP-43 score was again the best predictor (β = 0.444; 

p = 0.001) of pMLKL GVD stage compared to Braak NFT stage (β = 0.257; p = 0.043). Age and sex did 

not have an effect on pMLKL GVD stage in this model (Table 2, part 4).  

Ch. I - Table 2. Linear regression model for pMLKL GVD stage. Influence of predictor variables, i.e. the Braak NFT 
stage, the AβMTL phase and hippocampal pTDP-43 score on pMLKL GVD stage in different linear regression 
model terms as defined in parts 1-4. Age and sex were included in the model as potential confounders but were 
not statistically significant. * p < 0.05; ** p < 0.01; *** p < 0.001. 

Part 1 
  

Predictor variable Coefficient β  p value 

Braak NFT stage 0.501   p < 0.001*** 

Dependent variable: pMLKL GVD stage 

   

Predictor variable Coefficient β  p value 

AβMTL phase 0.320 p = 0.021* 

Dependent variable: pMLKL GVD stage 

   

Predictor variable Coefficient β  p value 

pTDP-43 score 0.603    p < 0.001*** 

Dependent variable: pMLKL GVD stage 
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Part 2   

Predictor variable Coefficient β  p value 

Braak NFT stage 0.440   p = 0.001** 

Age 0.219 p = 0.100    

Sex -0.043 p = 0.738    

Dependent variable: pMLKL GVD stage 

   

Predictor variable Coefficient β  p value 

Aβ MTL phase 0.239 p = 0.088 

Age 0.266 p = 0.068 

Sex -0.038 p = 0.784 

Dependent variable: pMLKL GVD stage 

  
 

Predictor variable Coefficient β  p value 

pTDP-43 score 0.554     p < 0.001*** 

Age 0.195 p = 0.115     

Sex 0.030 p = 0.800     

Dependent variable: pMLKL GVD stage 

   

Part 3   

Predictor variable Coefficient β  p value 

pTDP-43 score 0.472    p < 0.001*** 

Braak NFT stage 0.281 p = 0.026*    

Dependent variable: pMLKL GVD stage 

   

Part 4   

Predictor variable Coefficient β  p value 

pTDP-43 score 0.444   p = 0.001**  

Braak NFT stage 0.257  p = 0.043*   

Age 0.159 p = 0.187     

Sex 0.023 p = 0.843     

Dependent variable: pMLKL GVD stage 

 

Next, we performed linear regression with hippocampal neuronal density as dependent variable and 

Braak NFT stage, AβMTL phase, pTDP-43 score and pMLKL GVD stage as separate predictor variables 

(Suppl. Table 3). Both Braak NFT stage (β = -0.412; p = 0.004) and pTDP-43 score (β = -0.551; p < 0.001) 

were significant predictors of hippocampal neuronal loss. AβMTL phase (β = -0.212; p = 0.156) and 

pMLKL GVD stage (β = -0.225; p = 0.132) were not significantly associated with a decrease in neuronal 

density in ALS/FTLD (Suppl. Table 3, part 1). When including age and sex in our models, both Braak NFT 

stage (β = -0.402; p = 0.008) and pTDP-43 score (β = -0.573; p < 0.001) remained very good predictors 

of loss of hippocampal neurons (Suppl. Table 3, part 2). However, when we combined Braak NFT stage 

and pTDP-43 stage in a model, pTDP-43 score was the best predictor of hippocampal neuronal loss (β 
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= -0.460; p = 0.003; Suppl. Table 3, part 3). This was also true when age and sex were included in the 

model (β = -0.481; p = 0.003; Suppl. Table 3, part 4).  

ALS-affected regions do not show elevation of necroptosis-related proteins 

To investigate the involvement of necroptosis in brain and spinal cord regions that exhibit severe 

motor neuron loss in ALS, we performed staining for pRIPK1, pRIPK3 and pMLKL in the spinal cord and 

precentral cortex of ALS cases. Motor neurons in the ALS spinal cord and precentral cortex were devoid 

of phosphorylated necroptotic proteins (Fig 5). As described above, most FTLD-TDP cases showed 

immunoreactivity for pRIPK1, pRIPK3 and pMLKL in GVD lesions in the hippocampus and rarely in the 

temporal cortex. However, the frontal cortex was negative for the necrosome. To investigate this 

further, we performed western blots on extracts from central cortex (precentral gyrus) from ALS cases 

and frontal cortex from FTLD-TDP cases, as these are the respective brain regions showing disease-

related neurodegeneration. TSZ-treated SH-SY5Y cells were used as positive control. In ALS cases, 

RIPK1, RIPK3, pRIPK1 and MLKL were not elevated in the central cortex compared to control cases 

(Suppl. Fig. 8). In contrast to ALS, the frontal cortex of FTLD-TDP cases showed a significant increase of 

RIPK1 compared to control (p < 0.0001) and ALS cases (p = 0.0013), as well as of pRIPK1 compared to 

control (p = 0.0454) and ALS cases (p = 0.0007) (Suppl. Fig. 8). There was a trend towards higher MLKL 

levels in FTLD-TDP compared to control cases, although not statistically significant (p = 0.0675). RIPK3 

levels were not different between control cases and FTLD-TDP cases (p = 0.6770). Significant amounts 

of pRIPK3 and pMLKL could not be detected by their corresponding antibodies in brain homogenates 

from control, ALS and FTLD-TDP cases. 

 

Ch. I - Figure 5. ALS-affected regions do not show activated necrosome proteins by immunohistochemistry. (a-
f) Immunohistochemical staining for pRIPK1 (a, d), pRIPK3 (b, e) and pMLKL (c, f) in the spinal cord and central 
cortex of ALS patients. Arrowheads indicate lower (a-c) and upper (d-f) motor neurons negative for the respective 
proteins. Staining of representative ALS cases (a-c case 2; d-f case 8). Scale bar represents 50 μm.  
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5. Discussion 

Here, we showed that 1) GVD lesions in the ALS/FTLD-TDP brain exhibit the activated components of 

the necrosome, i.e. pRIPK1, pRIPK3 and pMLKL, 2) hippocampal FTLD-related TDP-43 lesions contribute 

to the development of necrosome-positive GVD, in addition to tau pathology, and 3) the activated 

necrosome was not detectable in motor neurons in the spinal cord and motor cortex typically 

degenerating in ALS. To our knowledge, this is the first time that necrosome accumulation in GVD could 

be linked with cytoplasmic TDP-43 inclusions and threads as potential trigger/accelerator of GVD 

development in FTLD-TDP. Importantly, GVD in association with TDP-43 lesions selectively affected 

hippocampal neurons but not motor neurons. Moreover, in FTLD-TDP cases we observed a decrease 

in neuronal density in the hippocampal CA1 region. This could not be attributed to comorbid AD 

pathology, but to FTLD-like TDP-43 pathology.  

Necrosome-positive GVD lesions were predominantly present in hippocampal regions, and 

sporadically in the temporal cortex, the amygdala and the hypothalamus. We did not observe 

upregulation of necroptosis-related proteins in ALS-affected spinal cord or central cortex motor 

neurons. Thus, necrosome accumulation in association with GVD selectively affects hippocampal 

neurons. Whether co-existing tau pathology is a prerequisite for the development of GVD, as 

supported by animal and in vitro studies (235,236), requires further study. However, the absence of 

activated necrosome compounds in spinal cord and motor cortex argues against the involvement of 

necroptosis in ALS motor neuron death. In line with our results, but contrary to previous evidence 

(99,108), two studies recently demonstrated that necroptosis might be dispensable for motor neuron 

degeneration in a SOD1 mouse model for ALS (118,119). This, together with our findings, indicates that 

the potential of therapeutic targeting of the necroptosis pathway in ALS may be limited. Further work 

is needed to unravel which cell death mechanisms are responsible for upper and lower motor neuron 

degeneration in this disease. 

Recently, Koper et al. showed that GVDn+ in AD was associated with tau but not Aβ pathology. The 

presence of GVDn+ correlated with neuronal loss in the hippocampal CA1 region and the frontal cortex, 

suggesting a role for GVDn+ and tau pathology as potential drivers of neuronal loss in AD (221). In our 

cohort, GVDn+ correlated highly with Braak NFT stage and the pTDP-43 pathology score, but not with 

AβMTL phase. Although the initial formation of GVD has been thought to be triggered by pathological 

tau (235), our data shows that pTDP-43 lesions are also associated with GVD. This indicates that other 

toxic proteins apart from tau could play a role in the development of GVD and its associated necrosome 

accumulation, e.g. TDP-43 and possibly dipeptide repeat proteins. This could explain the increased 

prevalence of GVD in FTLD-TDP, as in this group the hippocampus is severely affected by TDP-43 

pathology, in contrast to ALS cases. Likewise, the presence of DPR proteins in C9ORF72 expansion 
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carriers might play a role in the increased prevalence of GVD in these cases, as reported by Riku et al. 

(228). The effect of TDP-43 pathological lesions other than GVD on the development of GVD might 

have been undetected in AD due to a lack of investigation of TDP-43 inclusions. It remains unclear 

whether the occurrence of TDP-43 inclusions in 50-70% of AD cases (48, 49) also plays a role in GVD 

development in AD. While we showed that the severity of non-GVD pTDP-43 pathology in the 

hippocampus can predict the pMLKL GVD stage, pTDP-43 is also a well-established GVD marker (223). 

How pathological proteins like tau and pTDP-43 are involved in necrosome-positive GVD remains 

unclear. Cellular and animal models displaying aggregates of these pathological proteins might help to 

unravel their contribution to GVD and the involvement of the necrosome. 

In contrast to what Riku et al. observed based on H&E-identified GVD (228), we could neither find a 

significant relationship between the C9ORF72 repeat expansion and GVDn+, nor did we observe a 

convincing relationship between GVDn+ lesions and C9orf72-related DPR pathology. This could be due 

to the limited number of C9orf72-positive cases in our cohort. However, our C9orf72 cases with long 

repeat sequences exhibited high densities of poly(GA)-positive DPRs in CA1/subiculum region (22). 

Therefore, it is not likely that in our cases co-localization between poly(GA) and pMLKL-positive GVD 

would have been overlooked. However, we observed that more C9orf72 ALS/FTLD cases displayed 

GVDn+ in the dentate gyrus compared to non-C9orf72 cases, which is in line with findings from Riku et 

al. (228). We also observed an increase in pRIPK1 levels in the hippocampus of C9orf72 ALS/FTLD 

compared to non-C9orf72 ALS/FTLD cases. Therefore, we were able to partially show a relation 

between necrosome-positive GVD and the C9ORF72 mutation. A possible explanation for the 

association between GVDn+ and the C9ORF72 mutation observed by Riku et al. is the role of the 

C9orf72 protein in autophagy. It has been demonstrated that loss of C9orf72 impairs autophagy and 

induces cell dysfunction and death (96,239–241). C9ORF72 expansion cases have been shown to 

exhibit decreased levels of the C9orf72 protein, which could have an effect on autophagic pathways 

(242). In addition, GVD lesions are known to be positive for autophagic markers (e.g. LAMP1, CHMP2B) 

and are thought to represent late-stage autophagic organelles (222). Therefore, it is possible that 

reduced levels of the C9orf72 protein in C9ORF72 expansion cases stimulate GVDn+ formation in 

neurons through the alteration of autophagic pathways.  

A recent study by Hanna-Addams et al. strengthens the relationship between necroptosis and GVD 

(243). They showed that casein kinase 1 (CK1) proteins (α, δ and ε) are responsible for RIPK3 

phosphorylation at Serine 227 and suggested that CK1 proteins are components of the necrosome. 

Interestingly, all three CK1 isoforms are present in GVD (223). On the other hand, Goodall et al. 

demonstrated that p62/SQSTM1 recruits RIPK1 and mediates necrosome assembly in association with 

the autophagy machinery, which functions as a scaffold. This complex is retained as the 
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autophagosome matures, allowing increased necrosome activation (156). This strengthens the link 

between autophagy and necroptosis and suggests that necrosome-positive GVD detected in the brain 

reflects the accumulation of the necrosome in autophagic vesicles. Whether this eventually results in 

necroptotic cell death or whether the necrosome is ‘trapped’ in late-stage autophagic vacuoles is still 

unclear. In addition, it was shown that TBK1 can inhibit the activity of RIPK1 by preventing its trans-

phosphorylation. Therefore, TBK1 loss-off-function mutations as observed in more than 10% of familial 

ALS/FTLD cases could lead to increased RIPK1 activity (108). The activation of RIPK1 may lead to 

apoptosis or necroptosis, depending on the activity of caspase-8. Extensive neuroinflammation in the 

frontotemporal cortex accompanies TDP-43 pathology in FTLD patients (244), and the expression of 

pro-inflammatory mediators was shown to be increased in ALS/FTLD (245,246), which likely is driven 

by a response to tissue damage in the brain (247). Such inflammatory response can be the result of 

necroptotic cell death. In contrast, apoptotic cell death is thought to cause less damage to the 

surrounding cells without significant microgliosis (100). Interestingly, some studies reported the 

presence of activated caspase-3, the executioner of apoptosis, in GVD lesions in AD (248–250). 

However, activated caspase-8, which enables the activation of caspase-3, was not detected in GVD 

(249). This, in combination with the absence of apoptotic morphological features in cells bearing GVD 

(223), and the presence of an inflammatory response in the ALS/FTLD brain argues against a role for 

apoptosis in GVD-related neuronal death. Given the presence of the activated necrosome and the 

microglia response to GVD (221), we speculate that necroptosis-related processes are more likely 

involved in the degeneration of GVD-bearing neurons than apoptosis. 

The observed increase in RIPK1 and pRIPK1 protein levels in FTLD-TDP frontal cortex might reflect the 

higher GVDn+ severity in these cases. However, based on immunohistochemistry, we did not detect 

GVDn+ lesions in the frontal cortex. Therefore, it is possible that this elevation in RIPK1 and its 

phosphorylated form might relate to other functions of the RIPK1 protein, as it also plays a role in 

apoptotic and inflammatory pathways (105). Additionally, we did not find a significant relationship 

between the presence of GVDn+ and hippocampal neuronal death in ALS/FTLD. This could be due to 

the low GVD stage in comparison with e.g. AD cases, where GVDn+ is highly associated with neuronal 

death. Therefore, it is not yet clear to what extent GVDn+ has an impact on disease progression and 

neuronal loss in ALS/FTLD-TDP cases.  

One of the limitations of this study is the small number of C9orf72 cases (n = 11), especially the 

subgroup of C9orf72 FTLD-TDP cases (n = 3). Another limitation is that we were not able to assess 

significant amounts of pMLKL and pRIPK3 protein levels in human brain tissues by western blotting. 

This could be due to too low concentrations of these proteins in the brain lysates, and possible cleavage 

or aggregation of the proteins due to autolytic post-mortem processes or due to its physiological 



52 
 

function. Furthermore, functional assays are needed to further investigate the role of pathological 

protein aggregates in the development of necrosome-positive GVD. 

In conclusion, our findings point towards a novel role for TDP-43 as an important contributor to 

necrosome accumulation in GVD lesions of hippocampal neurons in ALS/FTLD patients, but not in 

motor neurons. This suggests that pTDP-43, similar to p-tau pathological lesions in AD, can induce or 

accelerate the development of GVDn+ in ALS/FTLD in specifically vulnerable neurons. 
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6. Supplementary information 

 
Ch. I - Suppl. Figure 1. Determination of the specificity 

of necroptosis antibodies in neurons with GVD. An 

alkaline phosphatase dephosphorylation assay was used 

to allow the detection of non-phosphorylated proteins 

after dephosphorylation. This was only done for RIPK3, as 

the MLKL antibody did not show proper staining in 

immunohistochemistry, and the RIPK1 antibody could 

detect GVD in normal tissue. Tissue sections of the 

hippocampus were incubated with a solution composed 

of alkaline phosphatase (Sigma-Aldrich, Saint Louis, MO, 

USA) diluted 1:20 in Tris-buffer with 

phenylmethylsulfonyl fluoride (Sigma-Aldrich), for 24 h at 

30°C. Next, immunohistochemistry for pRIPK3 and RIPK3 

was performed. In parallel, untreated (non-

dephosphorylated) sections were processed with the 

same antibodies. For these experiments, the same 

protocol for immunohistochemistry was followed as 

described in Materials and Methods. (a, b) pRIPK3-

immunoreactivity in GVD disappeared after 

dephosphorylation (arrowheads), confirming the 

removal of phosphorylated epitopes. (c, d) An anti-RIPK3 

antibody did not detect GVD in normal tissue (arrowhead 

in c). However, GVD becomes detectable using this 

antibody after dephosphorylation (arrowhead in d). (e) 

Positive immunoreactivity for RIPK1 could be detected in normal tissue, without dephosphorylation (arrowhead). 

Staining of representative cases (case 15, 28 and 30). Scale bar represents 25 μm. 

Ch. I - Suppl. Figure 2. Controls 
for rabbit-on-rabbit co-labelling 
for pMLKL and pTDP-43. (a-d) 
GVD granules in representative 
hippocampal CA1 pyramidal 
neurons in the ALS/FTLD brain 
positive for pMLKL (a; 
arrowhead) are immunoreactive 
for the established GVD marker 
pTDP-43 (b; arrowhead). (e-h) 
Leaving out the anti-pMLKL 
primary antibody does not result 
in cross-reactivity of the anti-
rabbit Fab fragment with pTDP-
43 (arrowhead). (i-l) Leaving out 
the anti-pTDP-43 primary 
antibody does not result in cross-
reactivity of the anti-rabbit 
secondary antibody with pMLKL 
(arrowhead). (m-p) Negative 
control in which both primary 
antibodies were left out. 
Staining of a representative FTLD 
case (case 17). Scale bars 
represent 25 μm.    
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Ch. I - Suppl. Figure 3. 
Representative images of 
hippocampal pTDP-43 scoring. 
Representative IHC staining for 
pTDP-43 showing “mild” (a; 
case 18), “moderate” (b; case 
29) and “numerous” (c; case 19) 
pTDP-43 inclusions in a 20x 
field. Scale bar 50 μm. 

 

Ch. I - Suppl. Figure 4. Confirmation of pMLKL-positive 
GVD by a second antibody against pMLKL. (a-d) 
Representative immunohistochemical staining for 
pMLKL Abcam (a, b) and pMLKL Aviva (c, d) in the CA1 
hippocampal region of a representative control (a-c; 
case 52) and ALS case (b-d; case 23) shows positivity 
for GVD granules with both antibodies in ALS 
(arrowheads). Scale bar represents 25 μm.  

 

 

 

 

 

 

 

Ch. I - Suppl. Figure 5. pMLKL-
positive GVD lesions and DPR 
pathology in the C9orf72 
hippocampus. (a-p) Representative 
images illustrating the relation 
between pMLKL-positive GVD 
(green) and poly(GA) inclusions 
(red) in the hippocampal CA1 region 
of a representative C9orf72 FTLD-
TDP case (case 30). Three different 
conditions could be observed: 1) 
pMLKL-GVD and poly(GA) inclusions 
in the same pyramidal neuron (a-d 
and e-h; arrowheads); 2) neurons 
positive for pMLKL-GVD without 
any poly(GA) inclusions (i-l; 
arrowhead); and 3) neurons 
negative for pMLKL-GVD that 
displayed poly(GA) inclusions (m-n; 
arrowhead). Scale bars represent 25 
μm. 
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Ch. I - Suppl. Figure 6. 

Biochemical characterization 

of necroptosis-related 

proteins in the hippocampus. 

(a) Hippocampal tissue 

homogenates from control (n 

= 5), non-C9orf72 ALS/FTLD 

cases (n = 5) and C9orf72 

ALS/FTLD cases (n = 5) on 

western blots probed with 

antibodies for MLKL, RIPK1, 

RIPK3 and pRIPK1. TSZ-

treated SH-SY5Y cells were 

used as positive control (+) 

and GAPDH as loading 

control. Arrowheads indicate 

the predicted molecular 

weight of the protein. The 

lower MLKL band in the 

positive control represents 

the correct protein level. (b-

d) Quantification of 

necroptosis-related proteins 

relative to GAPDH. Statistical 

analyses were performed 

using one-way ANOVA 

followed by Tukey’s multiple 

comparisons. Data are 

presented as mean ± SEM. * p 

< 0.05; ** p < 0.01. 

 

Ch. I - Suppl. Figure 7. CA1 neuronal 
density is not different in C9orf72 
compared to non-C9orf72 ALS and 
FTLD-TDP cases. (a) Quantitative data 
representing neuronal densities 
(neurons/mm2) in the CA1 region of 
the hippocampus for controls (n = 22), 
non-C9orf72 ALS and FTLD-TDP (n = 
20) and C9orf72 ALS and FTLD-TDP (n 
= 10) cases. Multinominal regression 
corrected for age and sex was used for 
statistical analysis of the data. (b-d) 
Hippocampal pTDP-43 score (b), 
Braak NFT stage (c) and AβMTL phase 
(d) are shown for the different groups. 
Kruskal-Wallis test followed by Dunn’s 
multiple comparisons was used for 
statistical analyses. Data are 
presented as mean ± SEM. * p < 0.05; 
*** p < 0.001; **** p < 0.0001. 
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Ch. I - Suppl. Figure 8. 

Biochemical characterization 

of necroptosis-related 

proteins in ALS central cortex 

and FTLD-TDP frontal cortex. 

(a) Central cortex of ALS cases 

(n = 5), frontal cortex of FTLD-

TDP cases (n = 4) and 

central/frontal cortex of 

control cases (n = 5) was 

analysed by western blots and 

probed with antibodies for 

MLKL, RIPK1, RIPK3 and pRIPK1. 

TSZ-treated SH-SY5Y cells were 

used as positive control (+) and 

GAPDH as loading control. 

Arrowheads indicate the 

predicted molecular weight of 

the protein. The lower MLKL 

band in the positive control 

represents the correct protein. 

(b-d) Quantifications of 

necroptosis-related proteins 

relative to GAPDH. Statistical 

analyses were performed using 

one-way ANOVA followed by 

Tukey’s multiple comparisons. 

Data are presented as mean ± 

SEM. * p < 0.05; ** p < 0.01; 

**** p < 0.001; **** p < 

0.0001. 

 

Ch. I - Suppl. Table 1. List of antibodies used in the study. The table summarizes information about host, 
clonality, supplier and catalogue number of the primary antibodies used for immunohistochemistry (IHC), 
immunofluorescence (IF) and western blot (WB). Dilutions for IHC, IF and WB are given. 

 

 

 

Primary antibody Host Clonality Supplier Catalogue number Dilution IHC Dilution IF Dilution WB

anti-RIPK1 (clone 38/RIP) Mouse Monoclonal BD Biosciences 610458 - - 1:1000

anti-RIPK1 Rabbit Polyclonal Protein Tech 17519-1-AP 1:200 - -

anti-RIPK3 Rabbit Polyclonal Abcam ab56164 1:150 - -

anti-RIPK3 Rabbit Polyclonal Abcam ab62344 - - 1:2000

anti-MLKL (clone EPR17514) Rabbit Monoclonal Abcam ab184718 - - 1:1000

anti-pRIPK1 (S166) (clone D8I3A) Rabbit Monoclonal Cell Signaling 44590 1:400 - 1:1000

anti-pRIPK3 (S227) (clone D6W2T) Rabbit Monoclonal Cell Signaling 93654 1:800 - -

anti-pMLKL (S358) (clone EPR9514) Rabbit Monoclonal Abcam ab187091 1:100 1:50 -

anti-pMLKL (S358) (clone 6F8) Mouse Monoclonal Aviva OASG07777 1:300 - -

anti-pTDP43 (S409/410-2) Rabbit Polyclonal Cosmo Bio TIP-PTD-P02 1:5000

anti-pTDP43 (S409) Rabbit Polyclonal Cosmo Bio TIP-PTD-P03 - 1:1000 -

anti-CK1δ (clone AF12G4) Mouse Monoclonal Abcam ab85320 - 1:1000 -

anti-β-Amyloid (clone 4G8) Mouse Monoclonal BioLegend SIG-39220 1:5000 - -

anti-pTau (S202/T205) (clone AT8) Mouse Monoclonal ThermoFisher MN1020 1:1000 - -

anti-poly-GA (clone 5E9) Mouse Monoclonal Merck Millipore MABN889 1:1000 1:500 -

anti-poly-GP Rabbit Polyclonal ThermoFisher Custom-made - 1:300 -

anti-poly-GR (clone 5A2) Rat Monoclonal Merck Millipore MABN778 - 1:50 -

anti-GAPDH (clone 6C5) Mouse Monoclonal ThermoFisher AM4300 - - 1:10 000
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Ch. I - Suppl. Table 2. Correlation matrix for pMLKL GVD stage and other parameters corrected for age and sex. 
Matrix showing Pearson’s correlation values and p-values for the association between the pMLKL GVD stage and 
other variables, including AβMTL phase, Braak NFT stage, hippocampal pTDP-43 score, neuronal density in the 
hippocampal CA1 region and post-mortem interval (PMI). ** p < 0.01; *** p < 0.001.  

 

 

Ch. I - Suppl. Table 3. Linear regression analysis for neuronal density in the hippocampal CA1 region. Influence 
of predictor variables, i.e. the Braak NFT stage, the AβMTL phase, the hippocampal pTDP-43 score and the pMLKL 
GVD stage on neuronal density according to linear regression. ** p < 0.01; *** p < 0.001. 

Part 1    

Predictor variable Coefficient β  p value  
Braak NFT stage -0.412 p = 0.004**  

Dependent variable: hippocampal neuronal density 

    

Predictor variable Coefficient β  p value  
AβMTL phase -0.212 p = 0.156  

Dependent variable: hippocampal neuronal density 

    

Predictor variable Coefficient β  p value  
pTDP-43 score -0.551 p < 0.001***  

Dependent variable: hippocampal neuronal density 

    

Predictor variable Coefficient β  p value  
pMLKL GVD stage -0.225 p = 0.132  

Dependent variable: hippocampal neuronal density 

    

Part 2    

Predictor variable Coefficient β  p value  
Braak NFT stage -0.402 p = 0.008**  

Age -0.013 p = 0.931     
Sex  0.074 p = 0.616     

Dependent variable: hippocampal neuronal density 

    

Predictor variable Coefficient β  p value  
pTDP-43 score -0.573 p < 0.001***  

Age 0.072 p = 0.610     
Sex 0.005 p = 0.969     

Dependent variable: hippocampal neuronal density 

    
Part 3    

Predictor variable Coefficient β  p value  
Braak NFT stage -0.184 p = 0.208   
pTDP-43 score -0.460 p = 0.003**  

Dependent variable: hippocampal neuronal density 

    
Part 4    

Predictor variable Coefficient β  p value  
Braak NFT stage -0.188 p = 0.208   
pTDP-43 score -0.481 p = 0.003**  

Age 0.081 p = 0.564   
Sex 0.010 p = 0.942   

Dependent variable: hippocampal neuronal density 

pMLKL-GVD stage AβMTL phase Braak NFT stage pTDP-43 score Neuron density CA1 PMI n

pMLKL-GVD stage - 52

AβMTL phase r = 0.216; p = 0.159     - 52

Braak NFT stage r = 0.491; p = 0.001**   r = 0.416; p = 0.005** - 52

pTDP-43 score r = 0.538; p < 0.001*** r = 0.283, p = 0.062  r = 0.465; p = 0.001**  - 52

Neuron density CA1 r = -0.193; p = 0.209    r = -0.181; p = 0.240  r = -0.397; p = 0.008** r = -0.541; p < 0.001*** - 52

PMI r = -0.175; p = 0.279 r = 0.070; p = 0.667  r = 0.011; p = 0.946      r = -0.246; p = 0.126      r = 0.073; p = 0.653 - 48
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CHAPTER II: Increased pyroptosis activation in white matter microglia 

is associated with neuronal loss in ALS motor cortex 
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1. Abstract 

Amyotrophic lateral sclerosis (ALS) is characterized by the degeneration of motor neurons in the motor 

cortex, brainstem and spinal cord. Although ALS is considered a motor neuron disorder, 

neuroinflammation also plays an important role. Recent evidence in ALS disease models indicates 

activation of the inflammasome and subsequent initiation of pyroptosis, an inflammatory type of cell 

death. In this study, we determined the expression and distribution of the inflammasome and 

pyroptosis effector proteins in post-mortem brain and spinal cord from ALS patients (n = 25) and 

controls (n = 19), as well as in symptomatic and asymptomatic TDP-43A315T transgenic and wild-type 

mice. Further, we evaluated its correlation with the presence of TDP-43 pathological proteins and 

neuronal loss. Expression of the NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) 

inflammasome, pyroptosis effector protein cleaved Gasdermin D (GSDMD), and IL-18 was detected in 

microglia in human ALS motor cortex and spinal cord, indicative of canonical inflammasome-triggered 

pyroptosis activation. The number of cleaved GSDMD-positive precentral white matter microglia was 

increased compared to controls and correlated with a decreased neuronal density in human ALS motor 

cortex. Neither of this was observed in the spinal cord. Similar results were obtained in TDP-43A315T 

mice, where microglial pyroptosis activation was significantly increased in the motor cortex upon 

symptom onset, and correlated with neuronal loss. There was no significant correlation with the 

presence of TDP-43 pathological proteins both in human and mouse tissue. Our findings emphasize 

the importance of microglial NLRP3 inflammasome-mediated pyroptosis activation for neuronal 

degeneration in ALS and pave the way for new therapeutic strategies counteracting motor neuron 

degeneration in ALS by inhibiting microglial inflammasome/pyroptosis activation.   

 

2. Introduction 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by progressive 

muscular paralysis resulting from degeneration of both the upper motor neurons situated in the 

primary motor cortex, and the lower motor neurons situated in the brainstem and spinal cord (10). 

This rare disease affects 1-3 individuals per 100 000 per year (3,214). ALS patients usually die due to 

respiratory failure within 2-5 years following disease onset (2). In approximately 10% of ALS cases there 

is a family history of the disease (familial ALS), whereas for most of the sporadic ALS cases the cause is 

unknown (18). The main pathological characteristic of 97% of ALS patients is the cytoplasmic 

mislocalization and aggregation of transactive response DNA-binding protein 43kD (TDP-43) in affected 

central nervous system (CNS) regions (25). TDP-43 inclusions are also found in about 50% of patients 

with frontotemporal lobar degeneration (FTLD), referred to as FTLD-TDP (216). It has become clear 

that ALS and FTLD belong to a disease spectrum as up to 50% of ALS patients show some features of 
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FTLD and hexanucleotide repeat expansions in the C9orf72 gene are the most common genetic cause 

of ALS and FTLD (5). Although ALS is considered a motor neuron disorder, non-cell autonomous 

mechanisms, such as neuroinflammation, are believed to significantly contribute to ALS pathogenesis. 

This suggests that glial cells also contribute to motor neuron degeneration observed in the ALS CNS 

(251,252). 

Inflammasomes were shown to play an important role in neuroinflammation and neurodegeneration. 

These are multiprotein complexes mainly located in immune cells, neurons, microglia and astrocytes 

in the CNS (120). They function as cytosolic scaffolds assembled by pattern recognition receptors 

(PRRs) and are responsible for detecting and eliminating pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMPs). The sensors of the inflammasome can 

be classified into three types, including nucleotide-binding domain and leucine-rich repeat-containing 

receptors (NLRs), absent in melanoma-like receptors (ALRs) and pyrin. The adaptor protein apoptosis-

associated speck-like protein containing a CARD (ASC) links the pyrin domain (PYD) of these sensors to 

the caspase recruitment domain (CARD) of pro-caspase-1. However, some inflammasomes can directly 

recruit pro-caspase-1, without the adaptor protein ASC (110). The assembly and activation of the 

inflammasome is cell-type and stimulus specific. The most investigated sensor protein is NLRP3, which 

is thought to be the main sensor for sterile inflammatory stimuli, while for example NLRC4 mainly acts 

as a sensor of bacterial infection (120,121,124). 

The activation of the inflammasome through the canonical signaling pathway causes cleavage of pro-

caspase-1 into active caspase-1 fragments (caspase-1 p20). Subsequently, caspase-1 cleaves 

biologically inactive pro-IL-1β and pro-IL-18 into the mature inflammatory cytokines IL-1β and IL-18. In 

addition, caspase-1 cleaves and activates Gasdermin D (GSDMD) leading to the release of an N-

terminal region (GSDMD-NT), which oligomerizes and binds to acidic phospholipids, such as 

phosphoinositides on the inner part of the plasma membrane, to form death-inducing pores. This 

causes cell swelling, rupture of the plasma membrane and the release of IL-1β and IL-18 to the 

extracellular space, inducing the pro-inflammatory type of regulated cell death known as pyroptosis. 

It is thought that cleaved GSDMD, which functions as the effector of pyroptosis, might target and 

perforate multiple organelles, in addition to the plasma membrane (120,128). Extracellular IL-18 and 

IL-1β can also recruit and activate other immune cells, expanding the local inflammatory response. In 

the CNS, microglia, astrocytes and neurons can all undergo pyroptosis and express its related 

downstream molecules and receptors, taking part in the local inflammatory reaction (121). 
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The NLRP3 inflammasome has been implicated in several neurodegenerative disorders, as it was 

shown that the inflammasome could be activated by abnormal protein aggregation, including for 

example amyloid-β in Alzheimer’s disease (133) and α-synuclein in Parkinson’s disease (134). For ALS, 

most research related to the inflammasome and pyroptotic cell death has been conducted in mutant 

superoxide dismutase-1 (SOD1) animal models. Multiple studies showed an upregulation of the 

expression of several NLRP3 inflammasome components, as well as the cytokines IL-18 and IL-1β, in 

the CNS of SOD1 mice and rats compared to controls (135–138). Moreover, it was demonstrated that 

mutant SOD1 could activate microglia, leading to caspase-1 activation and consequent cleavage of IL-

1β. This was not the case when microglia were deficient for NLRP3, suggesting that NLRP3 is the key 

inflammasome in mediating SOD1-induced microglial pyroptosis activation (97,139). For TDP-43, there 

is evidence that mutant and aggregated forms of TDP-43 can trigger NLRP3 inflammasome-dependent 

IL-1β and IL-18 secretion in vitro in microglia, which was toxic to motor neurons (140,141). In the 

absence of microglia, TDP-43 was not toxic to motor neurons (141). Whether this NLRP3 

inflammasome-related microglia activation as observed in mouse models and in vitro aggregation 

models plays a role in sporadic ALS patients, and whether this is related to TDP-43 pathology and 

neuronal degeneration, remains unclear.  

 

3. Materials and methods 

Human autopsy cases 

Brain and spinal cord tissue was collected in accordance with the applicable laws in Belgium (UZ 

Leuven) and Germany (Ulm). The recruitment protocols for collecting the brains were approved by the 

ethical committees of the University of Ulm (Germany) and UZ Leuven (Belgium). This study was 

approved by the UZ Leuven ethical committee (Belgium). Tissues were collected with an average post-

mortem interval of 44 h. After autopsy, the right hemisphere was dissected in coronal planes and 

frozen at -80°C. The left hemisphere was fixed in 4% phosphate-buffered formaldehyde. 25 ALS cases 

(15 sporadic and 10 C9orf72) and 19 non-neurodegenerative controls were included in this study 

(Suppl. Table 1). The diagnosis of ALS or FTD was based on clinical assessment according to the 

consensus criteria for ALS (7,8,229) and FTD (45,46). The post-mortem diagnosis of ALS and FTLD-TDP 

was pathologically confirmed by assessment of the pTDP-43 pathology. Braak NFT stage (230), AβMTL 

phase (231), and the Consortium to Establish a Registry for Alzheimer’s disease (CERAD) score (232) 

were determined based on immunohistochemical stainings with antibodies against Aβ and abnormally 

phosphorylated tau  protein (p-tau) (Suppl. Table 2).  
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C9orf72 repeat expansion determination 

DNA was extracted from peripheral blood and/or cerebellum according to standard protocols. Analysis 

of the hexanucleotide repeat length in intron 1 of C9orf72 was performed by fragment length analysis 

by PCR and repeat-primed PCR (RP-PCR) as previously described (233). In addition, the presence of 

poly(GA) pathology was immunohistochemically assessed in the frontal cortex. The C9orf72 mutation 

status is shown in Suppl. Table 1. 

Transgenic mice 

Heterozygous mice overexpressing a TDP-43 construct containing the A315T mutation driven by the 

mouse prion protein (Prp) promotor (Prp-hTDP-43A315T) were used in this study (65). Transgenic mice 

were bred by continuous backcrossing of heterozygous males with wild-type females on a C57BL/6 

background. Due to intestinal obstruction problems in this model, the animals were given gel food 

from the age of two months onwards (DietGel®31M, ClearH2O, Portland, ME, US), which is known to 

overcome this problem (253). Five groups of mice (total n = 28) were used: (1) wild-type non-transgenic 

mice at six months of age (n = 3), (2) Prp-hTDP-43A315T mice at six months of age (n = 4), (3) non-

transgenic mice at 16 months of age (n = 4), (4) Prp-hTDP-43A315T mice at 16 months of age (n = 7), and 

(5) symptomatic Prp-hTDP-43A315T mice (n = 5; 6-14 months of age, mean age of 9 months). In group 5, 

mice were sacrificed 1-3 days following symptom onset, i.e., detection of impaired and reduced 

movement in the cage. Mouse brains and spinal cords were harvested after death and fixed in 4% 

paraformaldehyde for three to five days. After paraffin embedding, sections of 5 µm were cut with a 

microtome and used for immunohistochemistry. All animal care and experiments were approved by 

the KU Leuven Ethical Committee and were carried out according to the Belgian law. 

Immunohistochemistry 

Human samples 

Five μm thick sections were cut from formalin-fixed, paraffin-embedded tissue of motor cortex and 

spinal cord. Sections were stained with antibodies against pTDP-43, Aβ, p-tau, cleaved GSDMD, 

caspase-1, IL-18, ASC and NLRP3 (Suppl. Table 2). Stainings were performed with the BOND-MAX 

automated IHC/ISH Stainer (Leica Biosystems, Wetzlar, Germany) using the Bond Polymer Refine 

Detection kit (DS9800, Leica Biosystems). Briefly, slides were deparaffinized and epitopes were 

retrieved with low or high pH buffer. After incubation with Envision Flex Peroxidase-Blocking Reagent 

(Dako, Glostrup, Denmark), slides were incubated with primary antibodies for 30 min, followed by 

secondary antibody incubation. DAB was used for visualization. Counterstaining with hematoxylin was 

carried out, followed by dehydration and mounting in an automated cover-slipper (Leica Biosystems). 



64 
 

Images were acquired using the Leica DM2000 LED microscope coupled to a Leica DFC 7000 T camera. 

Images were processed using ImageJ and combined into figures using Inkscape.  

For immunofluorescence double labeling using primary antibodies from different species (Suppl. Table 

2), an antibody cocktail of the respective primary antibodies was applied, followed by a cocktail of 

species-specific Cy2/3-conjugated secondary antibodies (Jackson ImmunoResearch, Ltd, West Grove, 

PA, USA). For double labeling with primary antibodies raised in the same species (Suppl. Table 2), a 

sequential staining was performed using a rabbit-on-rabbit staining protocol as previously described 

(254). Briefly, a coupling method was used to avoid cross-reactivity of secondary antibodies. The first 

rabbit primary antibody was used as described above, followed by a Cy2-labelled donkey anti-rabbit 

secondary antibody. The second rabbit primary antibody was coupled to a donkey anti-rabbit Fab 

fragment conjugated to a Cy3 dye for 20 min (2 µg Fab fragment per 1 µg primary antibody) prior to 

its incubation with the sample. Next, normal rabbit serum (Jackson ImmunoResearch) was added for 

another 10 min to capture the unbound Fab fragments (10 µl serum per 1 µg Fab fragment). Then, the 

mix was applied to the slides to visualize the second primary antibody. TrueBlack Lipofuscin 

Autofluorescence Quencher (Biotum, CA, USA) was applied for 30s to reduce autofluorescence. 

Fluorescent-labelled slides were mounted using ProLong Gold Antifade Mountant containing DAPI 

(Thermo Fisher Scientific, Rockford, IL, USA) for counterstaining of the nuclei. Images were acquired 

with a Leica SP8x confocal microscope (Leica Microsystems, Wetzlar, Germany) at a magnification of 

63x using type F immersion oil (Leica Microsystems). Images were processed using ImageJ and 

combined into figures using Inkscape. 

Mouse samples 

Mouse brain sections were stained with antibodies against TDP-43, ubiquitin, GSDMD, caspase-1, p62 

and Iba1 (Suppl. Table 2). Stainings were performed manually, similar to immunohistochemistry and 

immunofluorescence of the human slides. An extra mouse IgG blocking step was performed to prevent 

unspecific signal. For GSDMD, proteinase K treatment was additionally applied for 1 min. 

pTDP-43 pathology and TDP-43 nuclear clearance quantification in human samples 

pTDP-43 pathology was assessed in the motor cortex and the anterior horn of the lumbosacral spinal 

cord of human cases. The amount of pathological inclusions in a 20x microscopic field with most 

abundant pathology, considered as the “hotspot area”, was quantified. The abundance of pathology 

was expressed as a percentage of neurons affected by pTDP-43 pathology. For quantification of the 

percentage of neurons with TDP-43 cleared form the nucleus in layer V of the motor cortex, two images 

(0.632 x 0.474 mm) of anti-TDP-43 (C-terminal) stained sections were taken using a 20x objective. 



65 
 

Image J was used for quantifications. The percentage of neurons without TDP-43 in the nucleus was 

calculated in relation to all neurons present in the respective region of interest.  

TDP-43 nuclear clearance quantification in mouse samples 

For quantification of the percentage of neurons with TDP-43 cleared from the nucleus in the motor 

cortex and anterior horn of the spinal cord of all mice, two images (0.632 x 0.474 mm) of anti-TDP-43 

(C-terminal) stained sections were taken with the Leica DM2000 LED microscope using a 20x objective. 

Image analysis was performed using ImageJ. The percentage of neurons without TDP-43 in the nucleus 

was calculated in relation to all neurons present in the respective region of interest. 

Quantification of number of cleaved GSDMD- and caspase-1-positive glia / neurons 

Human samples 

For quantification of the number of cleaved GSDMD- and caspase-1-positive microglial cells and 

neurons in the precentral white matter and in layer V of the motor cortex, three consecutive images 

(0.632 x 0.474 mm) of anti-cleaved GSDMD- and anti-caspase-1-stained sections were taken with the 

Leica DM2000 LED microscope using a 20x objective. For the lumbar spinal cord ventral pyramidal 

tracts, one 20x image was acquired, while for the lateral pyramidal tracts two 20x images were used. 

For the lumbar spinal cord anterior horn, two 10x images (1.264 x 0.948 mm) were used. Microglial 

cells were identified by their shape and nuclear morphology. Image analysis was performed using 

ImageJ.  

Mouse samples 

For quantification of the number of microglial cells positive for GSDMD and caspase-1 per mm² in the 

motor cortex (gray and white matter) and spinal cord (anterior horn and pyramidal tracts) of all mice, 

four images (0.632 x 0.474 mm) of anti-GSDMD- and anti-caspase-1-stained sections were taken with 

the Leica DM2000 LED microscope using a 20x objective. Microglial cells were identified by their shape 

and nuclear morphology. Image analysis was performed using ImageJ. 

Quantification of neuronal density in the motor cortex and spinal cord 

Human samples 

For quantification of neuronal density in layer V of the motor cortex, three consecutive images (0.632 

x 0.474 mm) of a representative area of anti-cleaved GSDMD-stained sections were taken with the 

Leica DM2000 LED microscope using a 20x objective (221). For quantification of neuronal density in 

the anterior horn of the lumbosacral spinal cord, two images (1.264 x 0.948 mm) of a representative 

area of anti-cleaved GSDMD-stained sections were taken using a 10x objective. Criteria regarding 
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morphological conditions of neurons to be included were determined before quantification. Neurons 

were identified based on their nuclear pattern in the hematoxylin staining. Image analysis was 

performed using ImageJ.  

Mouse samples 

For quantification of neuronal density in layer V of the motor cortex and in the anterior horn of the 

spinal cord, two images (0.632 x 0.474 mm) of anti-TDP-43-stained sections were taken with the Leica 

DM2000 LED microscope using a 20x objective. Criteria regarding morphological conditions of neurons 

to be included were determined before quantification, similar as for the human samples. Image 

analysis was performed using ImageJ. 

Protein extraction 

For biochemistry, the spinal cord was taken and the right brain hemisphere was cut in approx. 1 cm 

thick slabs and frozen at -80°C. Fifty mg of brain or spinal cord tissue was weighed and mechanically 

homogenized in 0.5 ml 2% SDS in TBS (Tris-buffered saline) with Nuclease (PierceTM Universal 

Nuclease, Thermo Fisher Scientific) and a cocktail of protease/phosphatase inhibitors (Halt, Thermo 

Fisher Scientific) using a micropestle. Samples were sonicated, followed by a centrifugation at 14 000 

g for 30 min. The resulting supernatant was used. Protein concentrations were determined using the 

Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).  

Western blotting 

For western blotting, 10 μg of protein was loaded on a Bis-Tris 4-12% gradient SDS-PAGE (Invitrogen, 

Thermo Fisher Scientific) in MOPS/MES-SDS running buffer (Alfa Aesar, Haverhill, MA, USA), 

electrophoresed at 150V for 60 min, and transferred to a nitrocellulose membrane (Semidry transfer, 

Biorad, Hercules, CA, USA). Membranes were blocked with 5% non-fat dried milk (AppliChem, 

Darmstadt, Germany) in PBS 0.1% Tween-20 (PBST). Primary antibodies and the corresponding 

dilutions are listed in Suppl. Table 2. Secondary antibodies were goat anti-rabbit IgG-HRP or goat anti-

mouse IgG-HRP (1:10 000, polyclonal, Dako). Blots were developed with SuperSignal West Pico or Dura 

plus ECL reagent (Thermo Fisher Scientific). Digital images were acquired using the Amersham Imager 

600 (GE Healthcare, Chicago, IL, USA). All blots were stripped (Restore Western Blot Stripping Buffer, 

Thermo Fisher Scientific) of bound antibodies and reprobed with GAPDH to control for equal protein 

loading. Band intensities were measured using ImageJ and were normalized to GAPDH.  
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Statistical analysis 

Statistical analyses were performed in IBM SPSS and Graphpad Prism software. Binary logistic 

regression controlled for age and sex, or a t-test or Mann-Whitney test were used to determine the 

difference between two groups. To examine the different mouse groups, a one-way ANOVA or Kruskal-

Wallis test was used followed by a post-hoc test to correct for multiple testing. To examine correlations 

between motor cortex layer V or anterior horn spinal cord neuronal density and other parameters, 

partial Pearson’s correlation (controlled for age and sex in the human cohort) was done. To estimate 

the effect of explanatory variables on human motor cortex layer V neuronal density, we conducted 

linear regression analyses. Data: mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 

 

4. Results 

The canonical NLRP3 inflammasome as well as pyroptosis effector-related proteins are expressed in 

microglial cells in the ALS motor cortex 

To investigate the expression of NLRP3 inflammasome components in the ALS brain, we performed a 

pathological analysis on human post-mortem brain tissue from ALS (n = 24) and control (n = 12) cases 

(Suppl. Table 1). For this, we used motor cortex, as this is the main affected brain region in ALS. 

Immunohistochemical staining showed positive immunoreactivity for NLRP3 (Fig. 1a), ASC (Fig. 1f) and 

caspase-1 (Fig. 1k) in microglial cells in the ALS motor cortex and its adjacent white matter. This was 

also observed in some control cases for ASC and caspase-1, and to a lesser extent for NLRP3 (Suppl. 

Fig. 1a-c). To further confirm that the inflammasome was expressed in microglia, we performed 

immunofluorescence co-staining with an antibody against Iba1 for microglia. This ensured the 

expression of NLRP3 (Fig. 1b-e), ASC (Fig. 1g-j) and caspase-1 (Fig. 1l-o) in microglial cells in the ALS 

motor cortex white and gray matter.  

Next, we assessed the expression of pyroptosis effector-related proteins in the ALS motor cortex. Both 

cleaved GSDMD (Fig. 1p) and IL-18 (Fig. 1u) were present in ALS microglial cells, as shown by DAB 

immunohistochemistry. Control cases showed a few microglial cells positive for cleaved GSDMD and 

IL-18, but these seemed scarcer compared to ALS cases (Suppl. Fig. 1d-e). Immunofluorescence co-

staining confirmed that these effector proteins were present in Iba1-positive microglial cells (Fig. 1 q-

t and v-y), but not in astrocytes and oligodendrocytes, as shown by GFAP and Olig2 antibody staining 

respectively (Suppl. Fig. 2). Of note, antibodies against cleaved GSDMD, NLRP3 and IL-18 also faintly 

stained few neurons. No positive neurons were observed for ASC and caspase-1 (Table 1). Astrocytes 

were rarely positive for NLRP3, caspase-1 and cleaved GSDMD, and negative for ASC and IL-18. 

Oligodendrocytes were negative for all inflammasome and pyroptosis effector proteins (Table 1). 
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Ch. II - Figure 1. Expression of inflammasome components and pyroptosis effector-related proteins in ALS 
precentral white matter microglia. Immunohistochemical and immunofluorescence detection of inflammasome 
components NLRP3 (a-e), ASC (f-j) and caspase-1 (k-o), as well as pyroptosis effector-related proteins cleaved 
GSDMD (p-t) and IL-18 (u-y) in representative ALS precentral white matter. Arrowheads indicate microglial cells 
positive for the respective markers. Scale bars represent 50 μm. 

 

Ch. II - Table 1. The expression of inflammasome components and pyroptosis effector-related proteins in 
different cell types. +++ abundant strongly positive cells; (+++) abundant faintly positive cells; ++ some strongly 
positive cells; (++) some faintly positive cells; + few strongly positive cells; (+) few faintly positive cells. 

  Neurons Astrocytes Microglia Oligodendrocytes 

NLRP3 (+) + +++ - 

ASC - - +++ - 

Caspase-1 - (+) +++ - 

Cleaved GSDMD (++) + +++ - 

IL-18 (+) - +++ - 
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Increased presence of cleaved GSDMD-positive microglial cells in ALS precentral white matter 

correlates with neuronal loss 

To determine whether the expression of pyroptosis-related proteins is relevant for ALS, we quantified 

the amount of microglia in the motor cortex positive for caspase-1 (inflammasome component) and 

cleaved GSDMD (pyroptosis effector). Caspase-1 was selected as inflammasome marker as this 

protease is responsible for the cleavage and consequent activation of downstream pyroptosis targets 

(i.e. GSDMD, IL-18 and IL-1β), while cleaved GSDMD was used as a marker for pyroptosis activation, as 

it is considered the final executor of pyroptotic cell death. In layer V of the motor cortex, we detected 

a decrease in the number of caspase-1-positive microglia in ALS cases compared to controls (Fig. 2a; 

Suppl. Table 3; p = 0.031; OR = 0.975; 95% CI = 0.954-0.998; binary logistic regression corrected for age 

and sex). We did not observe any differences between ALS and control cases regarding cleaved 

GSDMD-positive microglia (Fig. 2b; Suppl. Table 3; p = 0.345; OR = 1.138; 95% CI = 0.870-1.488; binary 

logistic regression corrected for age and sex). There was also no difference between ALS and control 

cases in the number of neurons in layer V of the motor cortex positive for cleaved GSDMD (Suppl. Fig 

3; Suppl. Table 3; p = 0.527; OR = 0.988; 95% CI = 0.952-1.025; binary logistic regression corrected for 

age and sex) and in the precentral white matter in the number of caspase-1-positive microglia (Fig. 2c; 

Suppl. Table 3; p = 0.4; OR = 1.006; 95% CI = 0.992-1.020; binary logistic regression corrected for age 

and sex). Interestingly, ALS cases showed a higher abundance of microglia positive for cleaved GSDMD 

compared to control cases in the precentral white matter (Fig. 2d; Suppl. Table 3; p = 0.034; OR = 1.155; 

95% CI = 1.011-1.319; binary logistic regression corrected for age and sex).  

 

Ch. II - Figure 2. Increased 

expression of cleaved GSDMD 

in ALS microglial cells in the 

precentral white matter. (a, b) 

Graphs representing the 

number of microglia per mm² 

positive for caspase-1 (a) and 

cleaved GSDMD (b) in layer V of 

the motor cortex of control and 

ALS cases. (c, d) Graphs 

representing the number of 

microglia per mm² positive for 

caspase-1 (c) and cleaved 

GSDMD (d) in the precentral 

white matter of control and ALS 

cases. Binary logistic regression 

corrected for age and sex was 

used for statistical analysis. * p 

< 0.05. 
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To examine whether the expression of pyroptosis-related proteins correlates with neuronal loss in ALS, 

we quantified neuronal densities in layer V of the motor cortex of ALS and control cases. Binary logistic 

regression corrected for age and sex showed a decrease in motor cortex layer V neuronal density in 

ALS compared to control cases (Fig. 3a; Suppl. Table 3; p = 0.023; OR = 0.880; 95% CI = 0.788-0.982). 

Additionally, we detected a significantly higher percentage of neurons affected by pTDP-43 pathology 

in ALS compared to control motor cortex (Fig. 3b; p = 0.007; Mann-Whitney test), and a significantly 

higher percentage of neurons with TDP-43 cleared from the nucleus in layer V of the motor cortex (Fig. 

3c; Suppl. Table 3; p = 0.022; OR = 1.179; 95% CI = 1.023-1.358; binary logistic regression corrected for 

age and sex). A Pearson’s partial correlation analysis corrected for age and sex revealed a significant 

correlation between the percentage of pTDP-43 affected neurons and a decreased motor cortex layer 

V neuronal density (Table 2; r = -0.504; p = 0.007). Interestingly, a decreased motor cortex layer V 

neuronal density correlated with a higher abundance of white matter microglia positive for cleaved 

GSDMD (Table 2; r = -0.431; p = 0.025). In contrast, layer V neuronal density did not significantly 

correlate with the number of white matter microglia positive for caspase-1 (Table 2; r = -0.343; p = 

0.080). There was also no correlation between cleaved GSDMD- and caspase-1-positive white matter 

microglia (Table 2; r = 0.020; p = 0.921). The amount of cleaved GSDMD-positive white matter microglia 

did not correlate with the percentage of pTDP-43 affected neurons (Table 2; r = -0.010; p = 0.960), nor 

with the percentage of neurons with TDP-43 nuclear clearance (Table 2; r = 0.116; p = 0.572). In 

separate linear regression models with motor cortex layer V neuronal density as dependent variable, 

and including age and sex as additional independent variables, the percentage of neurons affected by 

pTDP-43 pathology (β = -0.435; p = 0.01) and the number of cleaved GSDMD-positive white matter 

microglia (β = -0.455; p = 0.021) were good predictors of neuronal density, whereas the number of 

caspase-1-positive white matter microglia was not (β = -0.244; p = 0.179) (Suppl. Table 4, part 1). When 

combining the percentage of pTDP-43 affected neurons and cleaved GSDMD-positive white matter 

microglia in the same model, both showed to be equally potent predictors of motor cortex layer V 

neuronal density (Suppl. Table 4, part 2; percentage of pTDP-43 affected neurons: β = -0.486; p = 0.004; 

cleaved GSDMD-positive white matter microglia: β = -0.464; p = 0.007), indicating that they 

independently contribute to neuronal loss.  
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Ch. II - Figure 3. Motor cortex layer V neuronal density and pTDP-43 pathology. (a) Graph representing the 
neuronal density per mm² in layer V of the motor cortex of control and ALS cases. (b) Graph representing the 
percentage of pTDP-43 affected neurons in the motor cortex of control and ALS cases. (c) Graph representing 
the percentage of neurons with TDP-43 cleared from the nucleus in layer V of the motor cortex. Binary logistic 
regression corrected for age and sex or a Mann-Whitney test was used for statistical analysis. * p < 0.05; *** p < 
0.001. 

 

Ch. II - Table 2. Correlation matrix for motor cortex layer V neuronal density and other parameters, corrected 
for age and sex. Matrix showing Pearson's correlation values and p-values for the association between motor 
cortex layer V neuronal density and other variables, including the number of caspase-1-positive microglia in the 
precentral white matter, the number of cleaved GSDMD-positive microglia in the precentral white matter, the 
percentage of pTDP-43 affected neurons in the motor cortex, and the percentage of neurons with TDP-43 nuclear 
clearance in layer V of the motor cortex. * p < 0.05; ** p < 0.01.  

  

Caspase-1 
positive 

microglia 

Cl GSDMD-
positive 

microglia 
% pTDP-43 

affected neurons 

Neuronal 
density 

% TDP-43 
clearance 

n 

Caspase-1 positive 
microglia -         

25 

Cl GSDMD-postive 
microglia 

r = 0.020  
p = 0.921  -     

25 

% pTDP-43 affected 
neurons 

r = 0.083  
p = 0.682  

r = -0.010 
p = 0.960   -     

25 

Neuronal density  
motor cortex layer V 

 r = -0.343 
p = 0.080 

r = -0.431 
  p = 0.025* 

r = -0.504  
   p = 0.007** 

-   25 

% TDP-43 clearance 
r = 0.282  
p = 0.163   

r = 0.116  
p = 0.572     

        r = 0.035  
p = 0.865 

r = -0.313  
p = 0.119 - 

24 

 

Elevated expression of pyroptosis-related proteins in ALS motor cortex  

To further investigate the expression of pyroptosis-related proteins in ALS versus control motor cortex, 

we performed western blots on SDS-soluble motor cortex extracts. ALS cases showed an increased 

expression of the inflammasome component full-length caspase-1 (Fig. 4a,b; Suppl. Fig. 4a; p < 0.0001; 

unpaired t-test) as well as the active cleaved p20 fragment (Fig. 4a,c; Suppl. Fig. 4a; p = 0.0001; 

unpaired t-test). Expression of cleaved GSDMD, which represents the active cleaved fragment of 

GSDMD, was numerically increased in ALS cases, however not significant (Fig. 4a,d; Suppl. Fig. 4b; p = 

0.2568; unpaired t-test). Finally, the expression of the cleaved and active form of IL-18 was significantly 

increased in the motor cortex of ALS compared to control cases (Fig. 4a,e; Suppl. Fig. 4c; p < 0.0001; 

unpaired t-test).  
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Ch. II - Figure 4. Biochemical 
characterization of 
pyroptosis proteins in the 
ALS motor cortex. (a) Motor 
cortex tissue lysates from 
control (n = 7) and ALS (n = 8) 
on western blots probed 
with antibodies for caspase-
1, cleaved GSDMD and IL-18, 
with GAPDH as loading 
control. (b-e) 
Quantifications of 
pyroptosis-related proteins 
relative to GAPDH. Statistical 
analyses were preformed 
using unpaired t-test. *** p < 
0.001; **** p < 0.0001. 

 

 

 

 

 

Presence of NLRP3 inflammasome and pyroptosis-related proteins in the ALS spinal cord does not 

associate with neuronal loss 

Next, we assessed the presence of the inflammasome component caspase-1 and the pyroptosis 

effector cleaved GSDMD in the ALS spinal cord. We analyzed the amount of microglia positive for 

caspase-1 and cleaved GSDMD in the ventral and lateral white matter pyramidal tracts. There was no 

obvious difference between ALS and control cases in the number of caspase-1-positive microglia in the 

ventral pyramidal tracts (Fig. 5a; Suppl. Table 3; p = 0.270; OR = 0.947; 95% CI = 0.860-1.043; binary 

logistic regression corrected for age and sex) and in the lateral pyramidal tracts (Fig. 5c; Suppl. Table 

3; p = 0.606; OR = 1.002; 95% CI = 0.994-1.010; binary logistic regression corrected for age and sex). 

The number of cleaved GSDMD-positive microglia was slightly higher in ALS compared to control cases 

for the ventral pyramidal tracts (Fig. 5b; Suppl. Table 3; p = 0.216; OR = 1.285; 95% CI = 0.864-1.912; 

binary logistic regression corrected for age and sex), and for the lateral pyramidal tracts (Fig. 5d; Suppl. 

Table 3; p = 0.172; OR = 1.086; 95% CI = 0.965-1.224; binary logistic regression corrected for age and 

sex).  
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Ch. II - Figure 5. Expression of 
caspase-1 and cleaved GSDMD in 
ALS and control spinal cord 
pyramidal tract microglia. (a, b) 
Graphs representing the number 
of microglia per mm² positive for 
caspase-1 (a) and cleaved GSDMD 
(b) in the ventral pyramidal tracts 
of control and ALS spinal cord. (c, 
d) Graphs representing the 
number of microglia per mm² 
positive for caspase-1 (c) and 
cleaved GSDMD (d) in the lateral 
pyramidal tracts of control and ALS 
spinal cord. Binary logistic 
regression corrected for age and 
sex. 

 

 

 

We also quantified the anterior horn neuronal density and the percentage of neurons affected by 

pTDP-43 pathology in the spinal cord of ALS and control cases. As expected, the anterior horn neuronal 

density was significantly lower in ALS compared to control cases (Suppl. Fig. 5a; Suppl. Table 3; p = 

0.017; OR = 0.912; 95% CI = 0.846-0.984; binary logistic regression corrected for age and sex), while 

the percentage of pTDP-43 affected neurons was increased (Suppl. Fig. 5b; p < 0.0001; Mann-Whitney 

test). A Pearson’s partial correlation corrected for age and sex did not indicate any correlation between 

the number of cleaved GSDMD-positive microglia in the lateral pyramidal tracts and the anterior horn 

neuronal density (Suppl. Table 5; r = 0.045; p = 0.832), nor with the percentage of pTDP-43 affected 

neurons (Suppl. Table 4; r = 0.208; p = 0.318). However, the anterior horn neuronal density correlated 

with the percentage of neurons affected by pTDP-43 pathology, similar to our observations in the 

motor cortex (Suppl. Table 5; r = -0.544; p = 0.004).  

Finally, we biochemically assessed the expression of pyroptosis-related proteins in the spinal cord of 

ALS and control cases. ALS SDS-soluble spinal cord extracts displayed an increased expression of full-

length caspase-1 (Fig. 6a,b; Suppl. Fig. 6a; p = 0.0134; unpaired t-test), as well as the cleaved and active 

p20 fragment (Fig. 6a,c; Suppl. Fig. 6a; p = 0.0002; unpaired t-test). Additionally, we detected an 

increased expression of pyroptosis effector proteins cleaved GSDMD (Fig. 6a,d; Suppl. Fig. 6b; p = 

0.0003; unpaired t-test) and IL-18 (Fig. 6a,e; Suppl. Fig. 6c; p = 0.0022; Mann-Whitney test).  
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Ch. II - Figure 6. Biochemical 
characterization of pyroptosis 
proteins in the ALS spinal 
cord. (a) Spinal cord tissue 
lysates from control (n = 8) and 
ALS (n = 7) on western blots 
probed with antibodies for 
caspase-1, cleaved GSDMD 
and IL-18, with GAPDH as 
loading control. For IL-18, the 
lower band is the correct 
molecular weight, as the upper 
band represents pro-IL-18. (b-
e) Quantifications of 
pyroptosis-related proteins 
relative to GAPDH. Statistical 
analyses were performed 
using unpaired t-test or Mann-
Whitney test. * p < 0.05; ** p < 
0.01; *** p < 0.001. 

 

 

 

 

 

Increased GSDMD reactivity in symptomatic TDP-43A315T transgenic mice is associated with a 

decreased neuronal density in the brain 

To explore whether the pyroptosis pathway was also activated in animal models of ALS, we 

investigated the presence of the inflammasome component caspase-1 and the pyroptosis effector 

protein GSDMD in the brain and spinal cord of TDP-43A315T transgenic mice. We detected microglia 

positive for caspase-1 (Fig. 7a; Suppl. Fig. 7a-d) and GSDMD (Fig. 7b; Suppl. Fig. 7e-h) in the gray and 

white matter of the motor cortex and spinal cord of symptomatic TDP-43A315T transgenic mice. We 

quantified the number of caspase-1- and GSDMD-positive microglia per mm² in the motor cortex and 

in the spinal cord (gray + white matter) in five different mouse groups: (1) 6 months old wild-type mice, 

(2) 16 months old wild-type mice, (3) 6 months old TDP-43A315T transgenic mice, (4) 16 months old TDP-

43A315T transgenic mice, and (5) symptomatic TDP-43A315T transgenic mice (6-14 months old, mean age 

of 9 months old). In the motor cortex, the number of caspase-1-positive microglia was significantly 

increased in 16 months old wild-type and 16 months old TDP-43A315T transgenic mice compared to their 

6 months old counterparts (Fig. 7c; wild-type: p = 0.0289; TDP-43A315T transgenic: p = 0.0149; one-way 

ANOVA followed by Tukey’s multiple comparisons). The number of caspase-1-positive microglia was 
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not increased in the brain of symptomatic TDP-43A315T transgenic mice. In contrast, the amount of 

GSDMD-positive microglia was significantly increased in symptomatic TDP-43A315T transgenic 

compared to 6 months old wild-type mice (Fig. 7d; p = 0.0014; one-way ANOVA followed by Tukey’s 

multiple comparisons), 16 months old wild-type mice (p = 0.0039); 6 months old TDP-43A315T transgenic 

mice (p = 0.0006) and 16 months old TDP-43A315T transgenic mice (p = 0.0041). In the spinal cord, a 

similar increase in caspase-1-positive microglia was detected as in the brain in 16 months old wild-type 

and TDP-43A315T transgenic mice, although not significant (Fig. 7e). Symptomatic TDP-43A315T transgenic 

mice showed similar levels of caspase-1-positive microglia in the spinal cord compared to the 16 

months old groups. Finally, we analyzed the amount of GSDMD-positive microglia in the spinal cord. 

Similar to as was observed in the brain, this was significantly increased in symptomatic TDP-43A315T 

transgenic mice compared to 6 months old wild-type mice (Fig. 7f; p = 0.0267; Kruskal-Wallis test 

followed by Dunn’s multiple comparisons), 16 months old wild-type mice (p = 0.0133), and 16 months 

old TDP-43A315T transgenic mice (p = 0.0038).  

Ch. II - Figure 7. Increased 
expression of GSDMD in motor 
cortex and spinal cord of 
symptomatic TDP-43A315T 
transgenic mice. (a) IHC 
representative image of caspase-1-
positive microglia (arrowheads) in 
the motor cortex of TDP-43A315T 
transgenic mice. (b) IHC 
representative image of GSDMD-
positive microglia (arrowheads) in 
the motor cortex of TDP-43A315T 
transgenic mice. Scale bars 
represent 50 µm. (c,d) Graphs 
representing the number of 
caspase-1 (c) and GSDMD (d) 
positive microglia per mm² in the 
motor cortex of the different 
mouse groups. (e,f) Graphs 
representing the number of 
caspase-1 (e) and GSDMD (f) 
positive microglia per mm² in the 
spinal cord of the different mouse 
groups. WT 6m = 6 months old wild-
type mice; WT 16m = 16 months old 
wild-type mice; TDP Tg 6m = 6 
months old TDP-43A315T transgenic 
mice; TDP Tg 16m = 16 months old 
TDP-43A315T transgenic mice; TDP 
symp = symptomatic TDPA315T 
transgenic mice. * p < 0.05; ** p < 
0.01; *** p < 0.001. 
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Next, we focused on TDP-43, as this protein is mutated in the mouse model. No typical cytoplasmic 

TDP-43-positive inclusions were observed, although symptomatic TDP-43A315T transgenic mice 

occasionally displayed dense aggregated material around the nucleus positive for TDP-43 (Suppl. Fig. 

8a; arrow), while the nucleus was not stained. Nuclear clearance of physiological TDP-43 was a 

prominent phenotype, which we quantified for the different mouse groups. In the motor cortex, TDP-

43 nuclear clearance was significantly increased in symptomatic TDP-43A315T transgenic mice compared 

to 16 months old wild-type mice (Suppl. Fig. 8a,c; p = 0.006; Kruskal-Wallis test followed by Dunn’s 

multiple comparisons). We also noticed a numerical but non-significant increase in the 16 months old 

TDP-43A315T transgenic group. In the spinal cord anterior horn, no differences in TDP-43 nuclear 

clearance could be detected among the groups (Suppl. Fig. 8b,d).  

We further analyzed the different mouse groups immunohistochemically using an antibody against 

ubiquitin, as it was previously shown that ubiquitin-positive but TDP-43-negative material could be 

detected in this model (65). We observed diffuse cytoplasmic ubiquitin-positive staining in neurons 

both in the motor cortex (Suppl. Fig. 9a) and in the spinal cord (Suppl. Fig. 9b) of the majority of 

symptomatic TDP-43A315T transgenic mice. This ubiquitin-positive neuronal staining was also observed 

in one 6-months-old and two 16-months-old TDP-43A315T transgenic asymptomatic mice. An antibody 

against SQSTM1/p62 displayed a similar neuronal staining pattern, for the first time indicating that 

affected neurons in symptomatic TDP-43A315T transgenic mice are positive for SQSTM1/p62 (Suppl. Fig. 

9c,d). Finally, we assessed the neuronal density in layer V of the motor cortex and the anterior horn of 

the spinal cord of the different mouse groups to evaluate whether neuronal loss was present in the 

model. Neuronal density was significantly decreased in the motor cortex of symptomatic TDP-43A315T 

transgenic mice compared to 6 months old wild-type mice (Suppl. Fig. 10a; p = 0.0307; Kruskal-Wallis 

test followed by Dunn’s multiple comparisons). In the spinal cord, a slight but non-significant decrease 

was observed in the symptomatic TDP-43A315T transgenic mice (Suppl. Fig. 10b).  

Using Pearson’s partial correlation analysis, we found that the number of GSDMD-positive microglia in 

the brain significantly correlated with a decrease in motor cortex layer V neuronal density (Table 3; r = 

-0.478; p = 0.021). This was not the case for caspase-1-positive microglia (Table 3; r = -0.378; p = 0.075). 

The percentage of TDP-43 nuclear clearance correlated with layer V neuronal density (Table 3; r = -

0.414; p = 0.049). There was also a trend towards a correlation between the amount of GSDMD-

positive microglia and the percentage of TDP-43 nuclear clearance, although not significant (Table 3; r 

= 0.408; p = 0.053). A similar analysis for the spinal cord did not show any significant correlations for 

the abovementioned parameters (Suppl. Table 6). 
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Ch. II - Table 3. Correlation matrix for mouse motor cortex neuronal density and other parameters. Matrix 
showing Pearson's correlation values and p-values for the association between mouse motor cortex layer V 
neuronal density and other variables, including the number of caspase-1-positive microglia , the number of 
GSDMD-positive microglia, and the percentage of TDP-43 nuclear clearance. * p < 0.05; ** p < 0.01. 

  Caspase-1-positive 
microglia 

GSDMD-positive 
microglia 

% TDP-43 
clearance 

Layer V neuronal 
density 

n 

Caspase-1-positive 
microglia -       

23 

GSDMD-positive 
microglia 

r = -0.075  
p = 0.733 -    

23 

% TDP-43 clearance 
r = -0.168  
p = 0.442 

r = 0.408  
p = 0.053     -   

23 

Layer V neuronal 
density 

r = -0.378  
p = 0.075 

r = -0.478  
p = 0.021* 

r = -0.414  
p = 0.049* - 

23 

 

 

5. Discussion 

Here, we described the expression of the NLRP3 inflammasome complex comprising of NLPR3, ASC 

and caspase-1, as well as pyroptosis effector-related proteins cleaved GSDMD and IL-18 in microglial 

cells in the ALS motor cortex and spinal cord. The microglial expression of cleaved GSDMD in the 

precentral white matter correlated with neuronal loss in layer V of the motor cortex, but not with the 

amount of pTDP-43 pathology. In the spinal cord, no increase in microglial cleaved GSDMD was 

detected, although elevated expression of pyroptosis-related proteins was detected biochemically 

both in the motor cortex and in the spinal cord (Table 4). Importantly, we observed increased GSDMD 

expression in microglia in the brain and spinal cord of symptomatic TDP-43A315T transgenic mice, which 

also correlated with neuronal loss in layer V of the motor cortex, similar to our observations in human 

tissue. To our knowledge, this is the first time that expression of the full NLRP3 inflammasome and, 

importantly, the pyroptosis effector-related proteins cleaved GSDMD and IL-18 was observed in ALS 

microglial cells and was linked to neuronal degeneration, both in human post-mortem tissue and TDP-

43 transgenic mice.  
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Ch. II - Table 4. Overview for the comparison of IHC versus WB results for caspase-1 and cleaved GSDMD in the 
human and mouse motor cortex and spinal cord. In immunohistochemical stainings the number of cells 
expressing a given protein was assessed, whereas by western blot the general expression levels were 
determined. GM = gray matter; WM = white matter; IHC = immunohistochemistry; WB = western blot; ↑ = 
significant increase; ↗ = numerical trend towards increase; “=” = no noticeable difference; ↓ = significant 
decrease.  

 

   
CASPASE-1 

  

    IHC WB   

Human ALS 

Motor cortex 
WM =              
GM ↓ 

Pro-caspase-1 ↑ 
Caspase-1 p20 ↑  

  

  

Spinal cord WM =        
Pro-caspase-1 ↑ 
Caspase-1 p20 ↑  

  

  

Mouse TDP-43 A315T 
Motor cortex =     

Spinal cord =     

     

   CLEAVED GSDMD   

    IHC WB   

Human ALS 

Motor cortex 
WM ↑       
GM   = 

cl GSDMD ↗ 
  

  

Spinal cord WM ↗      cl GSDMD ↑ 
  

  

Mouse TDP-43 A315T 
Motor cortex ↑     

Spinal cord ↑     

 

In human ALS brain, we observed a correlation of the abundance of pTDP-43 pathology with neuronal 

loss, but not with cleaved GSDMD-positive white matter microglia although the latter lesions are also 

associated with motor cortex neuron loss. This suggests that the presence of pTDP-43 aggregates does 

not directly influence the activation of pyroptosis in white matter microglia. However, this is an end-

point observation, and it is possible that during the course of the disease, pathological pTDP-43, 

soluble or aggregated, does serve as a trigger for inflammasome and pyroptosis activation. Evidence 

supports the activation of the NLRP3 inflammasome by abnormal protein aggregates in 

neurodegenerative diseases (133,255). This activation requires a two-step process. First, the NFκB 

pathway is activated through stimulation of toll-like receptors (TLRs), leading to upregulation of the 

expression of NLRP3, pro-caspase-1 and pro-interleukins. Secondly, the NLRP3 inflammasome can be 

assembled and activated by a variety of stimuli, such as reactive oxygen species (ROS), extracellular 

ATP, lysosomal rupture, low intracellular K+, and aggregated or misfolded proteins (120,123,126). 

Regarding ALS, in vitro studies showed that pathological TDP-43 could induce an NLRP3-dependent 

secretion of active IL-1β and IL-18 in microglia (97,140,141). This pro-inflammatory cascade was shown 

to be toxic to motor neurons, while in the absence of microglia, pathological TDP-43 was not 

detrimental to motor neurons (141). Similar results were obtained with mutant SOD1, which was 

shown to trigger the NLRP3-dependent cleavage of caspase-1 and IL-1β in primary mouse microglia 
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(97). These results support the hypothesis that pathological ALS proteins can induce pyroptosis 

activation in microglia. In recent years, several groups also demonstrated an upregulation of NLRP3, 

ASC, caspase-1, IL-1β and IL-18 in SOD1G93A mice and rats (97,135–139), which are the most commonly 

used animal models for ALS, although SOD1 mutations only explain 2% of ALS cases (256). Deora and 

colleagues also showed increased expression of the NLRP3 inflammasome in TDPQ331K mutant mice 

(97). Furthermore, TDP-43 was shown to interact with NFκB and to function as a suppressor of the 

NFκB pathway, with a loss of TDP-43 leading to increased activation of the NFκB pathway (257). This 

suggests that a loss of nuclear TDP-43, as observed in ALS, could make cells more susceptible for 

pyroptosis activation through a reduced inhibition of the NFκB pathway. Although the above data 

indicate the importance of pathological TDP-43 and SOD1 in eliciting pyroptosis activation, it is likely 

that other pathological conditions often observed in ALS (e.g. ROS, extracellular ATP), which could be 

downstream of SOD1 and TDP-43 mutations, are responsible for NLRP3 inflammasome activation. 

In human ALS cases, the abundance of cleaved GSDMD-positive microglia in the precentral white 

matter correlated with a decreased neuronal density in layer V of the motor cortex. Following 

pyroptosis activation, GSDMD-NT oligomerizes and associates with the plasma membrane to form 

micropores, resulting in potassium efflux, intracellular and extracellular ion imbalance, cell swelling 

and rupture of the plasma membrane (126). This causes massive leakage of pro-inflammatory 

cytokines, such as IL-1β and IL-18, as well as other cytosolic components (120,121). In turn, IL-1β and 

IL-18 bind their respective receptors on glial cells and neurons, initiating a complex spectrum of 

signaling pathways, further enhancing inflammatory responses and resulting in neuronal injury and 

death (126). Therefore, it is likely that the observed activation of the pyroptosis pathway in ALS white 

matter microglia contributes to neuronal degeneration in the motor cortex, possibly by affecting 

axonal health. However, it remains unclear whether this is the primary insult in neurodegeneration, or 

just one contributing factor enhancing neuronal toxicity among others. Importantly, the number of 

microglia in the human white matter is significantly higher compared to gray matter (258). 

Furthermore, a clear difference in the immune regulatory profile was identified between white and 

gray matter microglia, with white matter microglia displaying an increased expression of genes 

involved in the NFκB pathway (259). This could make white matter microglia more susceptible for 

pyroptosis activation as activation of the NFκB pathway induces elevated expression of pyroptosis-

related genes, possibly explaining the increased abundance of cleaved GSDMD-positive microglia 

specifically in the ALS precentral white matter.  
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We did not observe obvious TDP-43 pathological aggregates in the brain and spinal cord of 

symptomatic TDP-43A315T mice, although a few ubiquitin-positive neurons were detected in 

symptomatic TDP-43A315T mice, and to a lesser extent in 6 and 16 months old TDP-43A315T mice. This is 

in line with previous reports (65,253,260). In the motor cortex of symptomatic TDP-43A315T mice, we 

detected an increased TDP-43 nuclear clearance. This did not significantly correlate with the amount 

of GSDMD-positive microglia, similar to our observations in the human brain. Importantly, a decrease 

in neuronal density in layer V of the motor cortex correlated with an increased presence of GSDMD-

positive microglia, mirroring our human data. Others also detected a decreased number of neurons in 

layer V of the motor cortex (65,261). In the spinal cord, results are more contradictory with some 

groups reporting up to 20% loss of spinal motor neurons (65,262), while we and others could not 

confirm this (253). This could be due to the small number of mice from which we could obtain spinal 

cord tissue, which is one of the limitations of this study.  

In human cases, we detected an average of 32.8% neurons cleared of nuclear TDP-43 in ALS cases using 

an antibody directed against the C-terminal part of TDP-43, with control cases showing an average of 

13.18% neurons negative for nuclear TDP-43. Our human control cohort showed relatively high basal 

levels of TDP-43 nuclear depletion, especially when compared to 6 and 16 months old wild-type mice. 

Since previous studies (25,27) described this phenomenon but, to our knowledge, did not provide 

quantitative data, it is unclear whether the detection of TDP-43 nuclear clearance in control cases is a 

physiological finding, or whether it is due to technical reasons (antibody sensitivity in formalin-fixed 

tissue) or autolysis during the post-mortem interval. Importantly, it was shown that cellular stress can 

induce the depletion of TDP-43 from the nucleus (263), which also occurs in normal aging and during 

the agonal phase before death, possibly explaining the relatively high baseline levels of TDP-43 nuclear 

clearance in the human control cohort. In contrast, mice were euthanized under anesthesia and brains 

were immediately harvested, resulting in less cellular stress and therefore possibly lower levels of 

baseline TDP-43 nuclear clearance. More studies on TDP-43 nuclear clearance including other TDP-43 

antibodies will be needed to clarify its biology. 

Contrary to cleaved GSDMD, we did not observe an increase of caspase-1-positive microglia in ALS 

versus control precentral gray and white matter using immunohistochemical methods (Table 4). It is 

likely that mainly physiological inactive pro-caspase-1 is detected by immunohistochemistry, which 

might mask the detection of increased levels of the active p20 fragment as observed by western blot 

(Table 4). It seems that full-length pro-caspase-1 is endogenously present in microglia, as control cases 

also show basal caspase-1 levels. Furthermore, the abundance of caspase-1-positive microglia is five-

fold higher compared to cleaved GSDMD-positive microglia in human cases, indicating a physiological 

expression of pro-caspase-1 in microglia. Using biochemical methods, we however observed an 
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increased expression of both pro-caspase-1 as well as the p20 active fragment in human ALS brain and 

spinal cord (Table 4), probably reflecting a higher cellular expression without an increase in the number 

of caspase-1 expressing microglial cells. Therefore, it is likely that in ALS microglia upscale their 

expression of pro-caspase-1, and that following NLRP3 inflammasome activation the p20 fragment is 

produced, as reflected by our western blot data (Table 4). We detected similar results in mice, as 

symptomatic TDP-43A315T did not show an increase in caspase-1-positive microglia. However, an age-

dependent effect was noted as 16 months old wild-type and TDP-43A315T transgenic mice presented 

with a higher abundance of caspase-1-positive glia compared to their 6 months old counterparts. This 

age-dependent increase of caspase-1 expression was recently described in mice and humans and 

referred to as ‘inflammaging’, reflecting the increased expression of inflammatory proteins during the 

aging process (264). Additionally, the post-mortem interval and other comorbid neurological and 

agonal conditions may influence the inflammatory status in the human brain and spinal cord, likely 

explaining the higher baseline levels of caspase-1 and cleaved GSDMD-positive microglia in human 

post-mortem tissue compared to wild-type and TDP-43A315T transgenic mice, where these parameters 

are better controlled. A limitation of this study is that we could not assess caspase-1 full-length and 

p20 fragment levels biochemically by western blot in mouse brain and spinal cord due to unavailability 

of frozen tissue.   

Our biochemical analysis in CNS lysates showed an increased expression of active IL-18 in ALS motor 

cortex and spinal cord compared to control cases, indicative of an activated pyroptosis pathway. 

Elevated serum IL-18 levels have previously also been demonstrated in sporadic ALS patients (142). 

Other groups reported elevated caspase-1, NLRP3 and IL-18 levels in ALS brain tissue (137,265), which 

is in line with our results for caspase-1, p20 and IL-18 in the motor cortex and spinal cord. Increased 

NLRP3 mRNA levels were also detected in blood and in post-mortem tissue of ALS patients (143,144). 

Unfortunately, antibodies against NLRP3 and IL-1β could not detect the respective proteins in post-

mortem brain and spinal cord lysates by western blot in our hands, which is a limitation of this study. 

Regarding the active fragment of GSDMD, we showed for the first time an increased expression of 

cleaved GSDMD in ALS versus control cases, which was significant in the spinal cord. It is possible that 

in the motor cortex, baseline expression of cleaved GSDMD in neurons in both control and ALS cases, 

as observed by IHC, masks the increased cleaved GSDMD expression in microglial cells on western blot.  

In the CNS, PRRs are thought to mainly be expressed by microglial cells and astrocytes (121). Both cell 

types also are assumed to be able to express NLRP3, however, for neurons this is still debated (126). 

In this study, we observed expression of the full NLRP3 inflammasome (i.e. NLRP3, ASC and caspase-1) 

as well as the pyroptosis effector-related proteins cleaved GSDMD and IL-18 in microglia. NLRP3 and 

cleaved GSDMD expression were additionally detected in neurons and astrocytes, although to a lesser 
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extent. ASC was exclusively detected in microglia, while caspase-1 was also occasionally faintly stained 

in astrocytes. IL-18 was absent in astrocytes, with some neurons faintly positive. Oligodendrocytes 

were negative for all abovementioned markers. Our results underline the importance of microglia in 

inflammasome-mediated pyroptosis in ALS, and are in line with several in vitro studies, showing that 

microglia express the full NLRP3 inflammasome and produce active IL-1β and IL-18 (97,140,141). 

Bellezza and colleagues also demonstrated expression of the NLRP3 inflammasome in SOD1G93A mouse 

microglial cells (135), although others found increased microglial caspase-1 and ASC expression in the 

same mouse model, but not NLRP3 (139). In contrast, another group postulated mainly astrocytes, but 

also neurons to express ASC and NLRP3, with microglia only positive for ASC in SOD1G93A mice 

(136,137). A recent study, however, detected NLRP3 expression both in microglia and astrocytes of 

SOD1G93A mice (97), similar to our results in the human ALS brain. Overall, evidence points towards 

microglia as the main cell type responsible for pyroptosis activation in ALS, although we cannot fully 

exclude that astrocytes and possibly neurons also contribute to NLRP3 inflammasome-mediated 

cytotoxicity. 

In conclusion, our findings point towards microglial NLRP3 inflammasome-mediated pyroptosis as an 

important player in ALS pathophysiology and neurodegeneration, with cleaved GSDMD as a useful 

marker for pyroptosis activation in the ALS precentral white matter. Investigation of the pathological 

triggers and the effects of inhibition of this pathway in vitro and in vivo will aid in the development of 

novel therapeutic strategies counteracting motor neuron degeneration in ALS. 
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6. Supplementary information 

 

Ch. II - Suppl. Figure 1. Expression of inflammasome components and pyroptosis effector proteins in control 
precentral white matter microglia. Immunohistochemical detection of inflammasome components NLRP3 (a), 
ASC (b) and caspase-1 (c), as well as pyroptosis effector-related proteins cleaved GSDMD (d) and IL-18 (e) in 
control precentral white matter. Arrowheads indicate microglial cells positive for respective markers. Control 
cases positive for the respective markers were selected. Scale bars represent 25 µm. 

 

 

 

Ch. II - Suppl. Figure 2. Expression of cleaved GSDMD in ALS motor cortex in relation to astrocytes and 
oligodendrocytes. (a-h) Immunofluorescence detection of pyroptosis effector protein cleaved GSDMD in relation 
to GFAP-positive astrocytes (a-d) and Olig2-positive oligodendrocytes (e-h). Arrowheads indicate glial cells 
positive for cleaved GSDMD not overlapping with GFAP-positive astrocytes and Olig2-positive oligodendrocytes. 
Scale bars represent 50 µm. 
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Ch. II - Suppl. Figure 3. Cleaved GSDMD expression in 
neurons in the ALS and control motor cortex. Graph 
representing the number of neurons in layer V of the 
motor cortex positive for cleaved GSDMD for control and 
ALS cases. Binary logistic regression corrected for age and 
sex was used for statistical analysis.  

 

 

 

 

 

Ch. II - Suppl. Figure 4. 
Full western blots for 
the expression of 
pyroptosis proteins in 
the ALS motor cortex. 
(a-c) Full western blots 
for motor cortex tissue 
lysates from control (n 
= 7) and ALS (n = 8) 
probed with antibodies 
for caspase-1 (a), 
cleaved GSDMD (b) and 
IL-18 (c). Arrows 
indicate the bands at 
the correct molecular 
weight of the proteins. 
The case n° for each 
lane is indicated in a. 
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Ch. II - Suppl. Figure 5. Spinal cord anterior horn neuronal density and pTDP-43 pathology. (a) Graph 
representing the neuronal density per mm² in the anterior horn of the spinal cord of control and ALS cases. (b) 
Graph representing the percentage of pTDP-43 affected neurons in the spinal cord of control and ALS cases. 
Binary logistic regression corrected for age and sex (a) and Mann-Whitney U test (b) were used for statistical 
analysis. * p < 0.05; **** p < 0.0001. 

 

 

 

Ch. II - Suppl. Figure 6. 
Full western blots for the 
expression of pyroptosis 
proteins in the ALS spinal 
cord. (a-c) Full western 
blots for spinal cord 
tissue lysates from 
control (n = 8) and ALS (n 
= 7) probed with 
antibodies for caspase-1 
(a), cleaved GSDMD (b) 
and IL-18 (c). Arrows 
indicate the bands at the 
correct molecular weight 
of the proteins. The extra 
lane for IL-18 (c) is a 
positive control (+). The 
case n° for each lane is 
indicated in a. 
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Ch. II - Suppl. Figure 7. Caspase-1 and GSDMD are expressed in microglia in TDP-43A315T transgenic mice. 
Immunofluorescence detection of caspase-1 (a-d) and GSDMD (e-h) in Iba-1-positive microglia in the CNS of 
symptomatic TDP-43A315T transgenic mice. Merge of all three channels is shown. Arrowheads indicate microglia 
positive for caspase-1 (a-d) and GSDMD (e-h). Scale bars represent 25 µm. 

 

 

Ch. II - Suppl. Figure 8. Increased TDP-43 nuclear clearance in the motor cortex and spinal cord of symptomatic 
TDP-43A315T transgenic mice. (a, b) Immunohistochemical representative images of an antibody staining against 
TDP-43 in the brain (a) and spinal cord (b) of symptomatic TDP-43A315T transgenic mice. Arrowheads indicate 
neuronal nuclei cleared of TDP-43. Arrow indicates perinuclear dens aggregated TDP-43-positive material with 
the nucleus devoid of TDP-43. Scale bars represent 50 µm. (c, d) Graphs representing the percentage of neurons 
cleared of nuclear TDP-43 in the brain (c) and spinal cord (d) for the different groups of mice. WT 6m = 6 months 
old wild-type mice; WT 16m = 16 months old wild-type mice; TDP Tg 6m = 6 months old TDP-43A315T transgenic 
mice; TDP Tg 16m = 16 months old TDP-43A315T transgenic mice; TDP symp = symptomatic TDPA315T transgenic 
mice. ** p < 0.01. 
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Ch. II - Suppl. Figure 9. Ubiquitin and SQSTM1/p62 pathology in the motor cortex and spinal cord of TDP-43A315T 
transgenic mice. (a, b) Immunohistochemical representative images of ubiquitin-positive cytoplasmic staining in 
motor neurons in the motor cortex (a) and in the anterior horn of the spinal cord (b) of symptomatic TDP-43A315T 
transgenic mice. Arrowheads indicate neurons positive for ubiquitin. (c, d) Immunohistochemical representative 
images of SQSTM1/p62-positive cytoplasmic staining in motor neurons in the motor cortex (c) and in the anterior 
horn of the spinal cord (d) of symptomatic TDP-43A315T transgenic mice. Arrowheads indicate neurons positive 
for SQSTM1/p62. Scale bars represent 25 µm (a,b) and 50 µm (c,d).  

 

Ch. II - Suppl. Figure 10. Neuronal density in the motor cortex and spinal cord of TDP-43A315 transgenic mice. 
Graphs representing the neuronal density per mm² for layer V of the motor cortex in the brain (a) and for the 
anterior horn of the spinal cord (b) for the different groups of mice. WT 6m = 6 months old wild-type mice; WT 
16m = 16 months old wild-type mice; TDP Tg 6m = 6 months old TDP-43A315T transgenic mice; TDP Tg 16m = 16 
months old TDP-43A315T transgenic mice; TDP symp = symptomatic TDPA315T transgenic mice. * p < 0.05. 
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Ch. II - Suppl. Table 1. List of human cases. The table provides information regarding age (= age at death), sex, 
diagnosis, the presence of the C9orf72 mutation, AβMTL phase, Braak NFT stage, CERAD score, disease duration 
(months), PMI (hours) and application (western blot / immunohistochemistry). Abbreviations: f = female; m = 
male; ALS = amyotrophic lateral sclerosis; FTLD = frontotemporal lobar degeneration; control = non 
neurodegenerative disease control; A = aneurysm; AGD = argyrophilic grain disease; ARTAG = aging-related tau 
astrogliopathy; CM = carcinoma metastasis; GB = Guillian-Barre syndrome; I = infarction; MI = microinfarction; 
n.a. = not applicable; n.d. = not determined; PART = primary age-related tauopathy; p-preAD = preclinical preAD; 
SVD = small vessel disease; SVE = subcortical vascular encephalopathy; PMI = post-mortem interval; WB = western 
blot; IHC = immunohistochemistry. 

 

 

  

Case n° Age Sex Diagnosis C9 mutation AβMTL phase Braak NFT stage CERAD Disease duration PMI (hours) Application

1 58 f ALS, PART 0 0 2 0 18 months 24 WB, IHC

2 62 f ALS 0 0 1 0 12 months 24 IHC

3 51 m ALS 0 0 1 0 8 months 24 IHC

4 49 m ALS, PART 0 0 1 0 45 months 24 WB, IHC

5 46 m ALS 0 0 1 0 40 months 24 IHC

6 62 m ALS, MI, I, ARTAG, PART, AGD 0 0 1 0 154 months 12 IHC

7 53 m ALS 0 0 1 0 92 months 24 WB, IHC

8 74 m ALS 0 1 1 0 47 months 24 WB, IHC

9 68 f ALS 0 0 1 0 n.d. 192 IHC

10 56 f ALS 0 1 1 0 48 months 72 IHC

11 57 f ALS, FTLD-TDP Type B 0 1 1 0 22 months 24 WB, IHC

12 61 m ALS, FTLD-TDP Type B 0 0 1 0 32 months 2 IHC

13 50 f ALS 0 0 1 0 18 months 24 WB, IHC

14 54 m ALS 0 0 1 0 88 months 6 WB, IHC

15 69 f ALS 0 1 1 0 6 months 24 WB

16 68 m ALS, SVD 1 2 1 0 n.d. 144 IHC

17 52 m ALS 1 0 0 0 15 months 6 WB, IHC

18 57 m ALS, p-preAD 1 1 1 0 17 months n.d. WB, IHC

19 49 m ALS, PART 1 0 1 0 46 months 24 WB, IHC

20 48 m ALS 1 0 1 0 18 months 24 IHC

21 57 m ALS 1 0 1 0 19 months 20 IHC

22 75 m ALS 1 0 2 0 n.d. 24 IHC

23 50 m ALS, Wernicke encephalopathy 1 0 1 0 n.d. 24 IHC

24 46 f ALS 1 0 1 0 20 months 120 IHC

25 55 m ALS, FTLD-TDP Type B 1 0 3 0 30 months 12 IHC

26 45 m Control, I n.d. 0 0 0 n.a. 24 WB, IHC

27 46 m Control n.d. 0 1 0 n.a. 29 WB, IHC

28 74 m Control, CM, I, MI n.d. 0 0 0 n.a. 72 IHC

29 61 m Control, SVD n.d. 0 0 0 n.a. 48 WB, IHC

30 73 m Control, SVD, CM n.d. 0 2 0 n.a. 48 IHC

31 55 m Control, A, I n.d. 0 0 0 n.a. 96 WB, IHC

32 74 f Control, AGD, SVE n.d. 0 1 0 n.a. 24 WB, IHC

33 35 m Control, Limbic encephalatis n.d. 0 0 0 n.a. 72 IHC

34 54 m Control, GB n.d. 0 1 0 n.a. 24 IHC

35 63 f Control, MI n.d. 0 1 0 n.a. 96 WB, IHC

36 64 m Control n.d. 0 0 0 n.a. 96 WB, IHC

37 35 m Control n.d. 0 1 0 n.a. 48 WB, IHC

38 64 f Control, MI n.d. 1 1 0 n.a. 48 WB

39 66 m Control n.d. 2 2 0 n.a. 6 WB

40 68 f Control, I, MI, SVD n.d. 3 1 0 n.a. 24 WB

41 68 m Control n.d. 3 1 0 n.a. 48 WB

42 64 f Control, I n.d. 0 1 0 n.a. n.d. WB

43 67 f Control, ARTAG n.d. 3 2 0 n.a. n.d. WB

44 59 m Control, I n.d. 2 1 0 n.a. 72 WB
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Ch. II - Suppl. Table 2. List of antibodies used in the study. The table summarizes information about host, 
clonality, supplier and catalog number of the primary antibodies used for immunohistochemistry (IHC), 
immunofluorescence (IF) and western blot (WB). Dilutions for IHC (human and mouse tissue), IF (human and 
mouse tissue) and WB (human tissue) are given.  

 

 

Ch. II - Suppl. Table 3. Detailed information on binary logistic regression analyses. 

(1) Binary logistic regression addressing the differences between control and ALS cases regarding caspase-1-
positive microglia in layer V of the motor cortex, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI OR: 
lower 

95% CI OR: 
upper 

Caspase-1-pos. microglia motor cortex layer V  p = 0.031* 0.975 0.954 0.998 

Age at death p = 0.727   0.986 0.912 1.066 

Sex p = 0.504   0.511 0.072 3.656 

     
(2) Binary logistic regression addressing the differences between control and ALS cases regarding cleaved 
GSDMD-positive microglia in layer V of the motor cortex, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI OR: 
lower 

95% CI OR: 
upper 

Cl. GSDMD-pos. microglia motor cortex layer V p = 0.345 1.138 0.870 1.488 

Age at death p = 0.343 0.961 0.886 1.043 

Sex p = 0.235 0.286 0.036 2.251 

     
(3) Binary logistic regression addressing the differences between control and ALS cases regarding cleaved 
GSDMD-positive neurons in layer V of the motor cortex, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI OR: 
lower 

95% CI OR: 
upper 

Cl. GSDMD-pos. neurons motor cortex layer V p = 0.527 0.988 0.952 1.025 

Age at death p = 0.805 0.991 0.921 1.066 

Sex p = 0.491 0.533 0.089 3.193 

     

Primary antibody Host Clonality Supplier Catalog number Human IHC Mouse IHC Mouse IF Human IF Human WB

Cleaved GSDMD (Asp275) Rabbit Monoclonal Cell Signaling 36425 1:400 - - 1:200 -

GSDMD-NT Rabbit Polyclonal Protein Tech 20770-1-AP - - - - 1:5000

Gasdermin D Rabbit Monoclonal Abcam ab219800 - 1:100 1:50 - -

Caspase-1 Mouse Monoclonal Adipogen AG-20B-0048-C100 1:100 - - 1:50 1:1000

Caspase-1 Rabbit Polyclonal Abcam ab138483 - 1:400 1:300 - -

IL-18 Rabbit Polyclonal Protein Tech 10663-1-AP 1:50 - - 1:50 1:1000

ASC Mouse Monoclonal Santa Cruz sc-514414 1:250 - - 1:50 -

NLRP3 Rabbit Polyclonal ABIN ABIN1386361 1:200 - - 1:50 -

pTDP43 (S409/410-2) Rabbit Polyclonal Cosmo Bio TIP-PTD-P02 1:5000 - - - -

pTDP43 (S409/410-1) Mouse Monoclonal Cosmo Bio TIP-PTD-M01 1:5000 - - - -

TDP-43 Rabbit Polyclonal Protein Tech 12892-1-AP 1:1000 1:1000 - - -

Ubiquitin Rabbit Polyclonal Protein Tech 10201-2-AP - 1:10 000 - - -

Iba1 Goat Polyclonal Abcam ab5076 - - 1:200 1:200 -

GFAP Guinea Pig Polyclonal Synaptic Systems 173 004 - - - 1:300 -

Olig2 Rabbit Monoclonal Abcam ab109186 - - - 1:100 -

β-Amyloid (clone 4G8) Mouse Monoclonal BioLegend SIG-39220 1:5000 - - - -

pTau (S202/T205) (clone AT8) Mouse Monoclonal ThermoFisher MN1020 1:1000 - - - -

GAPDH (clone 6C5) Mouse Monoclonal ThermoFisher AM4300 - - - - 1:10 000

SQSTM1/p62 Mouse Monoclonal BD Transduction 610832 - 1:250 - - -
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(4) Binary logistic regression addressing the differences between control and ALS cases regarding caspase-1-
positive microglia in the precentral white matter, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI OR: 
lower 

95% CI OR: 
upper 

Caspase-1-pos. microglia precentral white matter p = 0.400 1.006 0.992 1.020 

Age at death p = 0.711 0.987 0.919 1.060 

Sex p = 0.476 0.506 0.078 3.300 
 
(5) Binary logistic regression addressing the differences between control and ALS cases regarding cleaved 
GSDMD-positive microglia in the precentral white matter, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI OR: 
lower 

95% CI OR: 
upper 

Cl. GSDMD-pos. microglia precentral white matter   p = 0.034* 1.155 1.011 1.319 

Age at death p = 0.596   0.976 0.890 1.069 

Sex p = 0.089   0.143 0.015 1.349 

     
 
(6) Binary logistic regression addressing the differences between control and ALS cases regarding motor 
cortex layer V neuronal density, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI OR: 
lower 

95% CI OR: 
upper 

Motor cortex layer V neuronal density  p = 0.023* 0.880 0.788 0.982 

Age at death p = 0.486  0.953 0.832 1.091 

Sex p = 0.710  2.002 0.052 77.547 

 
(7) Binary logistic regression addressing the differences between control and ALS cases regarding the 
percentage of neurons with TDP-43 cleared from the nucleus in layer V of the motor cortex, when 
controlled for age and sex. 

  

Sign. 
Odds 
ratio 

95% CI OR: 
lower 

95% CI 
OR: upper 

% of neurons with TDP-43 nuclear clearance  p = 0.022* 1.179 1.023 1.358 

Age at death p = 0.587 1.027 0.932 1.133 

Sex p = 0.517 2.488 0.158 39.212 

 
(8) Binary logistic regression addressing the differences between control and ALS cases regarding caspase-1-
positive microglia in the ventral pyramidal tracts, when controlled for age and sex. 

 

  
Sign. 

Odds 
ratio 

95% CI OR: 
lower 

95% CI OR: 
upper 

Caspase-1-pos. microglia ventral pyr. tracts p = 0.270 0.947 0.860 1.043 

Age at death p = 0.960 0.998 0.924 1.078 

Sex p = 0.450 0.467 0.065 3.370 
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(9) Binary logistic regression addressing the differences between control and ALS cases regarding caspase-
1-positive microglia in the lateral pyramidal tracts, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI 
OR: lower 

95% CI OR: 
upper 

Caspase-1-pos. microglia lateral pyr. tracts p = 0.606 1.002 0.994 1.010 

Age at death p = 0.865 1.007 0.932 1.087 

Sex p = 0.680 0.668 0.098 4.538 

     
(10) Binary logistic regression addressing the differences between control and ALS cases regarding cleaved 
GSDMD-positive microglia in the ventral pyramidal tracts, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI 
OR: lower 

95% CI OR: 
upper 

Cl. GSDMD-pos. microglia ventral pyr. tracts p = 0.216 1.285 0.864 1.912 

Age at death p = 0.875 1.006 0.934 1.084 

Sex p = 0.522 0.541 0.083 3.542 

     
(11) Binary logistic regression addressing the differences between control and ALS cases regarding cleaved 
GSDMD-positive microglia in the lateral pyramidal tracts, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI 
OR: lower 

95% CI OR: 
upper 

Cl. GSDMD-pos. microglia lateral pyr. tracts p = 0.172 1.086 0.965 1.224 

Age at death p = 0.862 1.007 0.934 1.085 

Sex p = 0.500 0.508 0.071 3.624 

     
(12) Binary logistic regression addressing the differences between control and ALS cases regarding the 
anterior horn neuronal density, when controlled for age and sex. 

  
Sign. 

Odds 
ratio 

95% CI 
OR: lower 

95% CI OR: 
upper 

Anterior horn neuronal density p = 0.017* 0.912 0.846 0.984 

Age at death p = 0.627   0.982 0.911 1.058 

Sex p = 0.725   0.703 0.099 4.991 
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Ch. II - Suppl. Table 4. Linear regression model for motor cortex neuronal density. Influence of predictor 
variables, i.e. the number of cleaved GSDMD-positive microglia in the precentral white matter, the number of 
caspase-1-positive microglia in the precentral white matter, and the percentage of pTDP-43 affected neurons in 
the motor cortex on motor cortex layer V neuronal density in different linear regression model terms as defined 
in parts 1 and 2. Age and sex were included in the model as potential confounders but were not statistically 
significant. * p < 0.05; ** p < 0.01. 

 

Part 1   

Predictor variable Coefficient β  p value 

% pTDP-43 affected neurons -0.435  p = 0.010* 

Age -0.252 p = 0.124    

Gender -0.003 p = 0.983  

Dependent variable: Motor cortex layer V neuronal density 

   

Predictor variable Coefficient β  p value 

Cl GSDMD-positive microglia -0.455  p = 0.021* 

Age -0.190 p = 0.315 

Sex 0.195 p = 0.308 

Dependent variable: Motor cortex layer V neuronal density 

   

Predictor variable Coefficient β  p value 

Caspase-1-positive microglia -0.244 p = 0.179 

Age -0.220 p = 0.217 

Sex 0.035 p = 0.846 

Dependent variable: Motor cortex layer V neuronal density 

   

Part 2   

Predictor variable Coefficient β  p value 

Cl GSDMD-positive microglia -0.464   p = 0.007** 

% pTDP-43 affected neurons -0.486   p = 0.004** 

Age -0.248    p = 0.134   

Sex 0.157 p = 0.340   

Dependent variable: Motor cortex layer V neuronal density 
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Ch. II - Suppl. Table 5. Correlation matrix for spinal cord neuronal density and other parameters, corrected for 
age and sex. Matrix showing Pearson's correlation values and p-values for the association between spinal cord 
anterior horn neuronal density and other variables, including the number of caspase-1-positive microglia in the 
spinal cord lateral white matter tracts, the number of cleaved GSDMD-positive microglia in the spinal cord lateral 
white matter tracts, and the percentage of pTDP-43 affected neurons in the spinal cord. ** p < 0.01.  

 

 

 

 

Ch. II - Suppl. Table 6. Correlation matrix for mouse spinal cord neuronal density and other parameters. Matrix 
showing Pearson's correlation values and p-values for the association between mouse spinal cord neuronal 
density and other variables, including the number of caspase-1-positive microglia, the number of GSDMD-
positive microglia, and the percentage of TDP-43 nuclear clearance. 

 

  

Caspase-1-positive microglia Cleaved GSDMD-positive microglia % pTDP-43 affected neurons Neuronal density n

Caspase-1 positive microglia - 23

Cleaved GSDMD-positive microglia r = -0.119; p = 0.571 - 23

% pTDP-43 affected neurons r = -0.162; p = 0.439 r = 0.208; p = 0.318 - 23

Neuronal density anterior horn r = -0.200; p = 0.337 r = 0.045; p = 0.832 r = -0.554; p = 0.004** - 23

Caspase-1-positive microglia GSDMD-positive microglia % TDP clearance Neuronal density n

Caspase-1-positive microglia - 19

GSDMD-positive microglia r = 0.201; p = 0.410 - 19

% TDP clearance r = -0.144; p = 0.556 r = 0.058; p = 0.815 - 19

Neuronal density r = -0.146; p = 0.556 r = -0.392; p = 0.097 r = -0.174; p = 0.476 - 19
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1. Abstract 

Recently, disease-associated variants of the TUBA4A gene were identified in patients with amyotrophic 

lateral sclerosis (ALS) and frontotemporal dementia (FTD). Here, we present the neuropathological 

report of a patient with the semantic variant of primary progressive aphasia with a family history of 

Parkinsonism, harboring a novel frameshift mutation c.187del (p.Arg64Glyfs*90) in TUBA4A. 

Immunohistochemistry showed abundant TAR DNA-binding protein 43 kDa (TDP-43) dystrophic 

neurite pathology in the frontal and temporal cortex and the dentate gyrus of the hippocampus, 

consistent with frontotemporal lobar degeneration (FTLD). The observed pathology pattern fitted best 

with that of FTLD-TDP Type C. qPCR showed the presence of mutant TUBA4A mRNA. However, no 

truncated TUBA4A was detected at the protein level. A decrease in total TUBA4A mRNA and protein 

levels suggests loss-of-function as a potential pathogenic mechanism. This report strengthens the idea 

that N-terminal TUBA4A mutations are associated with FTLD-TDP. These N-terminal mutations possibly 

exert their pathogenic effects through haploinsufficiency, contrary to C-terminal TUBA4A mutations 

which are thought to disturb the microtubule network via a dominant-negative mechanism. 

 

2. Introduction 

Frontotemporal dementia (FTD) is a type of early-onset dementia characterized by atrophy of the 

frontal and temporal lobes. Clinical symptoms can present as behavioral changes, cognitive deficits 

and language dysfunction (47). Based on these clinical criteria, different phenotypes can be 

distinguished, including the behavioral variant (bvFTD), the nonfluent variant of primary progressive 

aphasia (nfPPA) and the semantic variant of primary progressive aphasia (svPPA) [2,3]. FTD can also 

co-exist with atypical parkinsonian disorders, such as progressive supranuclear palsy (PSP) and 

corticobasal syndrome (CBS), and with amyotrophic lateral sclerosis (ALS) (47). The pathology 

underlying FTD is referred to as frontotemporal lobar degeneration (FTLD), which can present as FTLD-

TDP, FTLD-FUS or FTLD-tau, reflecting the protein that aggregates in affected brain regions (266). Up 

to 40% of FTD cases present with a family history of dementia or psychiatric illness, although only 10% 

can be explained by known gene mutations. The most frequently affected genes are C9orf72, MAPT 

and GRN (267). The C9orf72 repeat expansion is the most common cause of FTD as well as ALS, 

stressing the overlap between both diseases. More recently, variants in other genes were identified in 

ALS/FTD patients, including variants in TUBA4A [6–8]. The TUBA4A gene encodes the alpha tubulin 4A 

protein, one of nine human α-tubulins, which polymerize with β-tubulin to form the structural subunits 

of microtubules. One of the major functions of microtubules in the central nervous system is the 

regulation of transport along the axon (185). TUBA4A is ubiquitously expressed in all cell types, but has 

its highest levels of expression in the brain. The expression of TUBA4A also increases over time, 



97 
 

possibly explaining why mutations in this gene cause advanced age disease phenotypes (186). Disease-

associated variants of the TUBA4A gene were mainly identified in patients with familial ALS, some of 

whom had signs of cognitive impairment (183). Most of these mutations occur in the C-terminal end 

of the protein, which is important for its interaction with other tubulin subunits and associated 

proteins, such as kinesin (189). More recently, however, mutations in the N-terminal region of TUBA4A 

were observed in patients with FTD without motor neuron disease [7,12]. In this report, we present 

the neuropathological post-mortem analysis of an FTD patient presenting with the semantic variant 

(svPPA) and an R64Gfs*90 TUBA4A mutation, and suggest reduction of TUBA4A protein levels as a 

potential pathogenic mechanism. 

 

3. Materials and methods 

Human autopsy cases 

Central nervous system (CNS) tissue was collected in the UZ Leuven brain biobank in accordance with 

the ethics review board upon written informed consent. Only autopsy of the brain with adjacent upper 

cervical spinal cord was granted. In addition to the FTLD-TDP case with the R64Gfs*90 TUBA4A 

mutation (case n° 1), four FTLD-TDP cases and six non-neurodegenerative controls were included in 

this study (Table S1, Supplementary Materials). For these four FTLD-TDP cases, genetic testing was 

performed for TUBA4A, GRN, MAPT, VCP, TARDBP, FUS, SOD1, TBK1, PSEN1, PSEN2, APP, and C9orf72, 

which was negative for cases 2, 3, and 4. One FTLD-TDP patient carried a GRN mutation (IVS1+5G>C; 

case n° 5) (Table S1, Supplementary Materials). The diagnosis of FTD was based on clinical assessment 

(45,46) and confirmed by 18F-FDG-PET and MRI (Figure 1). The diagnosis of FTLD-TDP was pathologically 

confirmed by assessment of the pTDP-43 pathology. The R64Gfs*90 TUBA4A mutation was identified 

by exonic sequencing as described in detail in Perrone et al. (194). Mutations in other ALS/FTD-related 

genes were excluded for this patient (case n° 1) (i.e., C9orf72, MAPT, VCP, TARDBP, FUS, SOD1, TBK1, 

ATXN2, UBQLN2, SQSTM1, and TREM2). For the control cases used in this study, genetic data were not 

available. 

RT-qPCR 

RNA was extracted from frontal cortex and temporal cortex of the R64Gfs*90 TUBA4A mutation case, 

and from frontal cortex of control cases (n = 3) using the RNeasy Mini Kit (Qiagen, Hilden, Germany). 

RNA integrity numbers (RIN) were determined using the Agilent 6000 Bioanalyzer Nano or Pico chip 

(Agilent Technologies, Santa Clara, CA, US). RIN values are shown in Table S1, Supplementary 

Materials. cDNA was generated using the GoScriptTM Reverse Transcriptase kit (Promega, Madison, WI, 

US). cDNA was then used as template for qPCR using GoTaq Probe qPCR reagents (Promega, Madison, 
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WI, US). The qPCR was performed on the CFX96 RT system (Biorad, Hercules, CA, US) using a 96-well 

plate in technical triplicates. All signals were normalized to GAPDH (Integrated DNA Technologies, 

Leuven, Belgium). The 2−ΔΔCt method was used to calculate the fold change of RNA level compared to 

control samples. The following primers were used for TUBA4A: 

Forward TUBA4A primer: 5′ GAC TCC TTC ACC ACC TTC TTC 3′ 

Reverse TUBA4A primer: 5′ CGG ATC TCA TCA ATG ACC GTA G 3′ 

Two different locked nucleic acid (LNA) probes were used in combination and worked through 

competitive binding to distinguish the mutant from the wild-type TUBA4A: 

Mutant LNA probe: 5′ FAM/A+CG+T+A+C CC+G G/3IABkFQ 3′ 

Wild-type LNA probe: 5′ HEX/CGT+A+C+C CC+G G/3IABkFQ 3′ 

Immunohistochemistry 

Histological examination of the TUBA4A mutation case was performed on 5μm-thick sections cut from 

formalin-fixed, paraffin-embedded tissue of frontal cortex, cingulate gyrus, parietal cortex, temporal 

cortex, occipital cortex, hippocampus, entorhinal cortex, hypothalamus, basal ganglia, amygdala, 

thalamus, midbrain, pons, medulla oblongata, cerebellum, cervical spinal cord, and pre/postcentral 

cortex. Frontal and temporal cortex from sporadic FTLD-TDP type C cases and non-neurodegenerative 

controls were stained in parallel. pTDP-43 (1:5000, TIP-PTD-P02, Cosmo Bio, Tokyo, Japan) stainings 

were performed automatically by means of the BOND-MAX automated IHC/ISH Stainer (Leica 

Biosystems, Wetzlar, Germany) using the Bond Polymer Refine Detection kit (DS9800, Leica 

Biosystems, Wetzlar, Germany). Immunohistochemistry for C-t TDP-43 (1:1000, 12892-1-AP, Protein 

Tech, Manchester, UK), N-t TDP-43 (1:400, ARP38941_T100, Aviva Systems Biology, San Diego, CA, US), 

TUBA4A (1:100, AP13535b, Abgent, San Diego, CA, US) and CD68 (1:100, M0814, Dako, Agilent 

Technologies, Santa Clara, CA, US) was performed manually. Afterwards, hematoxylin counterstaining 

was performed in the Leica ST5010 Autostainer XL (Leica Biosystems, Wetzlar, Germany). To exclude 

Alzheimer’s disease (AD), other tauopathies and Lewy Body Dementia (LBD) (230,231,268), the 

hippocampus, entorhinal cortex, and occipital cortex were immunostained with antibodies against Aβ 

(1:5000, 39220 clone 4G8, BioLegend, San Diego, CA, US) and phospho-tau (1:1000, clone AT8, Pierce-

Endogen, Woburn, MA, US), and the medulla oblongata was immunostained using an antibody 

targeting α-synuclein (1:4000, clone 5G4, Millipore, Burlington, MA, US). 

Immunofluorescence 

Immunofluorescence double-labeling of 5μm sections of the frontal cortex of the R64Gfs*90 TUBA4A 

mutation case was performed for TUBA4A (1:100, AP13535b, Abgent, San Diego, CA, US) and TDP-43 
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(1:1000, 60019-2-Ig, Protein Tech, Manchester, UK), labeled with goat anti-rabbit Cy3 (1:100, 111-165-

144, Jackson ImmunoResearch, West Grove, PA, US) and goat anti-mouse Cy2 (1:50, 115-225-146, 

Jackson ImmunoResearch, West Grove, PA, US). Slides were mounted using ProLong Gold Antifade 

Mountant (Thermo Fisher Scientific, Rockford, IL, US). 

Protein Extraction 

Human autopsy brains from the R64Gfs*90 TUBA4A mutation case, four FTLD-TDP cases, and five 

controls were used in this study. The right hemispheres were cut in approx. 1 cm slabs and frozen at 

−80 °C. 50 mg of the brain tissue was weighed and mechanically homogenized in 0,5 mL 2% SDS in TBS 

(Tris-buffered saline) + Nuclease (PierceTM Universal Nuclease, Thermo Fisher Scientific, Rockford, IL, 

US) + a cocktail of protease/phosphatase inhibitors (Halt, Thermo Fisher Scientific, Rockford, IL, US) 

using a micropestle. Samples were sonicated, followed by a centrifugation at 13,000× g for 30 min. The 

resulting supernatant was used as the total fraction. Protein concentrations of the different fractions 

were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford, IL, US). 

Western Blotting 

Samples (10μg) were loaded on a Bis-Tris 4–12% gradient SDS-PAGE (Invitrogen, Waltham, MA, US) 

and transferred to a nitrocellulose membrane (Semidry transfer, Biorad, Hercules, CA, US). Membranes 

were blocked with 5% milk. Primary antibodies were TUBA4A (1:10 000, ab228701, Abcam, Cambridge, 

UK and 1:8000, AP13535b, Abgent, San Diego, CA, US), N-t TUBA4A (1:1000, ab96743, Abcam, 

Cambridge, UK), and anti-HA-tag (1:1000, 3724, Cell Signaling, Danvers, MA, US). Secondary antibodies 

were goat anti-rabbit IgG-HRP and goat anti-mouse IgG-HRP (polyclonal, Dako, Agilent Technologies, 

Santa Clara, CA, US). The blots were developed with PICO plus ECL reagent (Thermo Fisher Scientific, 

Rockford, IL, US). Digital images were acquired using the Amersham Imager 600 (GE Healthcare, 

Chicago, IL, US). GAPDH (1:10,000, AM4300, Thermo Fisher Scientific, Rockford, IL, US) was used as a 

loading control. Band intensities were measured using ImageJ. 

TUBA4A Constructs 

Human wild-type and W407* TUBA4A FLAG-tagged encoding plasmids were received from J. Landers 

(183). The W407* construct was used as a positive control, as this frameshift mutation is also predicted 

to lead to a truncated TUBA4A protein fragment. We introduced the R64Gfs*90 mutation in the wild-

type TUBA4A plasmid by Gibson cloning using overlapping primers containing the c.187del to amplify 

the whole plasmid (forward primer: 5′- ACGTACCCGGGCAGTTTTTGTGGATCTGGAG-3′; reverse primer: 

5′-ACTGCCCGGGTACGTGTTTTCCAGCACCAG-3′). A single clone was selected and correct insertion of 

the mutation (c.187del) was confirmed by sequencing. To produce mRNA, the plasmids were linearized 
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by restriction digestion, transcribed with mMESSAGE mMACHINE T7 kit (Ambion, Huntingdon, UK) and 

the resulting mRNA was purified with the MEGAclear Kit (Ambion, Huntingdon, UK). The mRNA 

concentration was measured by spectrophotometry (Nanodrop, Thermo Fisher Scientific, Rockford, IL, 

US). mRNA quality and length were verified by RNA gel electrophoresis. 

Zebrafish Injections 

One- to two-cell-stage zebrafish embryos from the AB strain were injected in the yolk sac with 300 

ng/µL of mRNA. Injected embryos were raised in embryo medium and kept in a 28.5 °C incubator. For 

western blotting, fish were manually dechorionated with forceps at 6 h post fertilization. Only 

morphologically normal embryos were retained and homogenized in RIPA buffer supplemented with 

protease and phosphatase inhibitors (Sigma-Aldrich, St. Louis, MO, US) using a micropestle on a hand-

held rotor. After centrifugation (3 min, 10,000× g rpm), supernatant was collected and analyzed by 

western blotting. 

 

4. Results 

We present the autopsy case of a 60-year old man diagnosed at the age of 51 with the semantic variant 

of primary progressive aphasia. This was confirmed by MRI and 18F-FDG-PET, showing bilateral anterior 

temporal atrophy, which was more right-sided, as well as hypometabolism (Figure 1). The patient 

showed prosopagnosia and problems with word retrieval and word comprehension. Later on, the 

patient also developed behavioral changes, such as obsessive-compulsive behavior, increased appetite 

with loss of table manners, discrete disinhibition, loss of decorum, and emotional indifference. 

Additionally, the patient displayed an inexhaustible glabellar reflex and extrapyramidal symptoms such 

as a discrete stooped posture and a decreased arm swing. The patient did not show any signs of motor 

neuron disease. There was a family history of Parkinsonism on the paternal side (Figure 2). The father 

of the patient (Figure 2, II:1) was diagnosed with multi system atrophy (Parkinsonian type). The 

paternal grandmother (Figure 2, I:2) suffered from Parkinson’s disease since the age of 50. Additionally, 

a younger sibling of the patient was diagnosed with Parkinson’s disease (Figure 2, III:4). Exonic 

sequencing of the semantic dementia patient (Figure 2, III:2, red arrow) revealed a novel frameshift 

mutation c.187del (p.Arg64Glyfs*90) in exon 2 of the TUBA4A gene, which was absent in control 

individuals and public databases as previously published. Mutations in other genes causative for 

ALS/FTD were excluded (i.e., C9orf72, MAPT, VCP, TARDBP, FUS, SOD1, TBK1, ATXN2, UBQLN2, 

SQSTM1 and TREM2) (194). Genetic testing was not performed for any of the family members of the 

patient. 
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Ch. III - Figure 1. Imaging of the FTD patient with an R64Gfs*90 TUBA4A mutation. (a,b) Stereotactic surface 
projections showing lateral views of the left (a) and right (b) hemisphere of an 18F-FDG-PET of the patient, with 
areas of significant decrease of glucose metabolism superimposed. The scan shows a regional decrease in glucose 
metabolism in the anterior temporal lobes, more pronounced to the right compared to the left. Color-coding 
refers to Z-scores with respect to a dataset of normal control subjects. (c,d) MRI (T2-weighted) at the level of the 
temporal lobe (coronal in (c); horizontal in (d)) shows temporal lobar degeneration typical for FTLD. L = left; R = 
right. 

 

Ch. III - Figure 2. Pedigree of the family of the FTD patient with an R64Gfs*90 TUBA4A mutation. Diamond-
shaped symbols were used for anonymity. Filled black symbols represent clinically affected patients. A diagonal 
line marks deceased patients. The individual ID and relevant clinical neurological diagnosis are mentioned for 
each patient. The FTD patient with an R64Gfs*90 TUBA4A mutation is indicated with a red arrow. PD = 
Parkinson’s disease; MSA = multi system atrophy; SD = semantic dementia; EPS = extrapyramidal symptoms. 
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Autopsy was carried out in accordance with the UZ Leuven Ethics Committee with written informed 

consent. Frozen and formalin fixed tissue was stored in the UZ Leuven biobank. Macroscopically, the 

brain weighed 955 g and exhibited severe atrophy of the medial temporal lobe including the amygdala, 

enlarged ventricles and mild atherosclerosis of the circle of Willis. Microscopically, the presence of 

phosphorylated transactive response DNA-binding protein 43 kDa (pTDP-43)-positive dystrophic 

neurites and cytoplasmic inclusions in the frontal and temporal cortex confirmed the pathological 

diagnosis of frontotemporal lobar degeneration (FTLD), more specifically FTLD-TDP (25). Additionally, 

neurofibrillary tangle (NFT) pathology (Braak-NFT stage I) (269) and amyloid plaques (Aβ phase I) (270) 

were present, indicative for an early stage of preclinical Alzheimer’s disease (AD) pathology. Precentral 

cortex pTDP-43 pathology was scarce, while the cervical spinal cord did not show any pTDP-43-positive 

lesions. Moderate microglia activation was present in pyramidal tracts in the medulla oblongata and 

precentral cortex as observed in CD68-stained sections. In the medulla oblongata, the degree of 

microglia activation was similar in all subregions and not accentuated in motor areas. No obvious 

pyramidal tract degeneration was detected in H&E stained sections. These observations suggest that 

the patient did not have apparent preclinical motor neuron disease. α-synuclein lesions were not 

detected. Extracellular melanine was observed in the substantia nigra. Mild cerebral amyloid 

angiopathy without capillary involvement was present, but no brain infarct or bleedings were 

observed. 

In detail, immunohistochemistry (IHC) showed abundant pTDP-43 pathology primarily in the frontal 

and temporal cortex and the dentate gyrus of the hippocampus, consistent with FTLD-TDP. pTDP-43 

pathology was widespread and reached the occipital cortex. The cerebellum and cervical spinal cord 

were devoid of pTDP-43 pathology (Table S2, Supplementary Materials). The observed pTDP-43 

pathology consisted of abundant long thin, but also long and short thick dystrophic neurites and few 

cytoplasmic inclusions in all layers of the frontal and temporal cortex, with more prominent pathology 

in layers II and V (Figure 3a–h and Figure S1a, Supplementary Materials). This was also observed in the 

parietal and occipital cortex (Figure S1a, Supplementary Materials). The R64Gfs*90 TUBA4A mutation 

case showed more dystrophic neurites in the deeper layers of the frontal and temporal cortex and in 

the dentate gyrus, compared to typical FTLD-TDP Type C cases (Figure 3a–h; Figure S2, Supplementary 

Materials) [19,20]. No intranuclear inclusions were observed. The white matter was virtually free of 

pTDP-43 pathology. Antibodies against the C- and N-terminus of TDP-43 confirmed the pattern of 

pTDP-43 pathology, indicating that the majority of the lesions consisted of phosphorylated and non-

phosphorylated full-length TDP-43 (Figure S1b, Supplementary Materials). Accordingly, this R64Gfs*90 

TUBA4A mutation case fits best with the FTLD-TDP Type C pattern (Figure S2, Supplementary 

Materials) [6,7], because of the presence of abundant dystrophic neurites of various length and 
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thickness and few neuronal cytoplasmic inclusions both in the superficial and deep layers of the cortex, 

and the clinical diagnosis of semantic dementia. Of notice, the substantial layer V pathology as seen in 

this case is not characteristic of FTLD-TDP Type C. 

 

Ch. III - Figure 3. Histopathological characterization of the FTLD-TDP case with an R64Gfs*90 TUBA4A mutation. 
(a–h) pTDP-43 pathology is spread over all layers of the frontal cortex in the R64Gfs*90 TUBA4A mutation case, 
whereas in a typical FTLD-TDP type C case predominantly the second layer is affected (a,b). pTDP-43 pathology 
in the R64Gfs*90 TUBA4A mutation case mainly consists of dystrophic neurites of various length and thickness, 
and few neuronal cytoplasmic inclusions in the frontal cortex (layers II and V depicted; (c–f)). The dentate gyrus 
shows typical pTDP-43-positive cytoplasmic inclusions (g,h). Scale bars represent 100 μm (a,b) and 50 μm (c–h). 

 

Next, we evaluated whether the R64Gfs*90 TUBA4A mutation was associated with changes in TUBA4A 

protein expression and distribution in the brain of the patient. TUBA4A IHC of the frontal and temporal 

cortex showed an altered neurite architecture (Figure S3a–c, Supplementary Materials). These thick 

neurites positive for TUBA4A did not co-localize with pTDP-43 dystrophic neurites (Figure S3d–f, 

Supplementary Materials). No TUBA4A aggregates were identified. 

qPCR analysis using competitive probes against the WT (wild-type) and R64Gfs*90 mutant TUBA4A 

showed the presence of mutant TUBA4A RNA in the R64Gfs*90 TUBA4A mutation case (Table 1). As 

the R64Gfs*90 TUBA4A mutation leads to a premature termination codon in exon 4, 90 amino acids 

from the frameshift, a fragmented protein product could be expected around 17 kDa (Figure 4a; 

arrow). However, western blot analysis on R64Gfs*90 TUBA4A mutation case brain lysates using an 
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antibody directed against the N-terminal part of the TUBA4A protein did not reveal any TUBA4A 

fragment produced by the frameshift mutation (Figure 4b). This suggests that the mutant R64Gfs*90 

TUBA4A is degraded at the RNA or protein level. This was confirmed by the injection of the R64Gfs*90 

mutant TUBA4A mRNA in zebrafish embryos, showing absence of a TUBA4A fragment on western blot, 

in contrast to wild-type and W407* mutant TUBA4A (Figure 4c). Furthermore, qPCR analysis showed a 

reduction in WT TUBA4A mRNA compared to control cases, which can be expected from a frameshift 

mutation (Table 1). This was reflected at the protein level, as the total level of TUBA4A was decreased 

in affected brain regions of the R64Gfs*90 TUBA4A mutation case compared to control and other FTLD-

TDP cases (Figure 5a,b). 

Ch. III - Table 1. TUBA4A RNA levels. Fold change of R64Gfs*90 mutant TUBA4A and WT (wild-type) TUBA4A 
RNA levels compared to control samples (n = 3) and relative to GAPDH for the frontal and temporal cortex of the 
R64Gfs*90 TUBA4A mutation case. Probes were used in combination and worked through competitive inhibition. 
Fc = frontal cortex, Tc = temporal cortex. 

 R64Gfs*90 Case Fc R64Gfs*90 Case Tc 

Mutant TUBA4A 2.29 4.78 

WT TUBA4A 0.24 0.51 

 

 

Ch. III - Figure 4. R64Gfs*90 TUBA4A mutation does not give rise to a mutant protein fragment. (a) Schematic 
overview of the TUBA4A protein structure indicating the location of the R64Gfs*90 and W407* mutations. The 
asterisk indicates the location of the early stop codon after amino acid 154 due to the R64Gfs*90 frameshift. The 
predicted molecular weight of the protein fragment is 16.8 kDa. (b) Western blot on the total fraction of the 
frontal cortex of the R64Gfs*90 TUBA4A mutation case using an antibody directed against the N-terminal part of 
TUBA4A, indicating that there was no truncated TUBA4A protein product present. (c) Western blot using an anti-
HA-tag antibody on zebrafish lysates at 6 h post fertilization after the injection of wild-type, R64Gfs*90 or W407* 

mutant TUBA4A mRNA. No R64Gfs*90 TUBA4A protein fragment could be detected around 16.8 kD (asterisk), 
while the W407* shortened protein product was present. N = N-terminus; C = C-terminus. 
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Ch. III - Figure 5. R64Gfs*90 TUBA4A mutation causes reduction in levels of wild-type TUBA4A protein. (a) 
Biochemical analysis of the total TUBA4A expression levels in control cases (F = frontal, P = precentral cortex), 
FTLD-TDP patients (F = frontal cortex) and different brain regions of the R64Gfs*90 TUBA4A mutation case 
(frontal cortex, temporal cortex, precentral cortex and cerebellum). (b) Quantification relative to GAPDH shows 
decreased TUBA4A protein expression in affected brain regions in the R64Gfs*90 TUBA4A mutation case. Each 
data point represents a single patient. 

 

5. Discussion 

In this study, we performed a neuropathological post-mortem analysis on a patient with an R64Gfs*90 

TUBA4A mutation presenting with svPPA and underlying FTLD-TDP, without a motor neuron 

phenotype. Histopathological and biochemical analysis of frontal and temporal cortex fitted best with 

FTLD-TDP Type C, with prominent pTDP-43 lesions even in the deeper cortical layers. Western blot 

analysis did not show a TUBA4A protein fragment, which was confirmed by the injection of R64Gfs*90 

TUBA4A mRNA in zebrafish. In contrast, injection of another ALS-related frameshift TUBA4A mutation 

(W407*) led to the production of a shortened protein product. On the other hand, we observed a 

reduction in wild-type TUBA4A mRNA as well as full-length TUBA4A protein levels in the R64Gfs*90 

TUBA4A patient, pointing towards haploinsufficiency as a possible underlying pathogenic mechanism. 

However, we cannot fully exclude the possibility that a shortened TUBA4A protein product was not 

picked up by the TUBA4A N-terminal antibody used in the study, although in theory it should detect 

the conserved epitope upstream of the mutation located at amino acid 64. 

Axonal transport defects have recently been reported to be involved in several neurodegenerative 

disorders [21–25]. Apart from microtubules consisting of α- and β-tubulin, motor proteins such as 

kinesin and dynein are also important players as they move cargoes along the microtubule scaffold 

and contribute to cytoskeleton stability and maintenance. In addition to TUBA4A, genetic mutations 

in motor proteins (e.g., KIF5A, DCTN1) have also been associated with ALS, further strengthening the 

hypothesis that alterations in proteins with an important function in cytoskeleton structure and 

dynamics are of major importance in ALS pathobiology [21,26]. Importantly, TUBA4A, unlike most 
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other α-tubulin isoforms, does not contain a C-terminal tyrosine residue. In α-tubulin, this final tyrosine 

can be added or removed through the detyrosination-tyrosination cycle [27,28]. Detyrosination was 

shown to increase microtubule stability and is highly abundant in the axonal compartment. This 

suggests that sufficient expression of TUBA4A in the brain might be important for the formation of 

stable microtubules, such as in axons in neurons (185). 

In 2014, several variants were identified in the C-terminal part of the TUBA4A gene in a cohort of ALS 

patients. These variants were reported to lead to classical spinal onset ALS, with, in some cases, FTD-

like symptoms (183). The C-terminal region of α-tubulin is important in its interaction with β-tubulin 

and microtubule-associated proteins (MAPs), such as dynein and kinesin (190). Smith and colleagues 

showed that these ALS-related variants ineffectively formed tubulin dimers in vitro, and that they 

exhibited a decreased incorporation into protofilaments, possibly interfering with the microtubule 

network through a dominant-negative mechanism (183). 

More recently, Mol et al., described another TUBA4A variant (R105C) in a family with different forms 

of dementia, among which bvFTD with prominent disinhibited behavior and parkinsonian-like gait 

disturbances (195). One family member displayed unspecified dementia and comorbid Parkinsonism, 

and another relative was clinically diagnosed with Parkinson’s disease. None of the patients displayed 

ALS-like symptoms. Post-mortem analysis of two bvFTD cases showed decreased TUBA4A protein 

levels in the brain (195), which is in line with what we observed in the R64Gfs*90 TUBA4A patient 

presented in this paper. Another group reported a nonsense R79X TUBA4A mutation in a patient with 

Parkinson syndrome and nigropathy. Both siblings were also affected. They did not detect any R79X 

TUBA4A protein fragment and therefore suggested haploinsufficiency as a potential mechanism, 

although a decrease in full-length TUBA4A protein levels was not investigated in this patient (196). 

Of notice, both the R105C (195) and R79X (196) TUBA4A mutations, as well as the R64Gfs*90 TUBA4A 

frameshift mutation reported here, localize in the N-terminal part of the TUBA4A gene (Figure 4a). The 

N-terminus is mainly important in protein folding and conformation (195). However, mutations 

described in the N-terminal region of TUBA4A most likely act through a loss-of-function mechanism, 

as we and others showed that patients with these N-terminal TUBA4A mutations display a reduction 

in TUBA4A protein expression. Interestingly, the father and grandmother of the patient described here 

presented with multiple system atrophy (MSA) and Parkinson’s disease, and the R64Gfs*90 TUBA4A 

patient exhibited an inexhaustible glabellar reflex and stooped posture with decreased arm swing. 

TDP-43 pathology was observed in the caudate nucleus, putamen and globus pallidus of the R64Gfs*90 

TUBA4A patient, indicating an involvement of the nigro-striatal system without a direct impact on the 

substantia nigra. Given the lack of α-synuclein pathology in our patient, extrapyramidal Parkinson 
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symptoms such as stooped posture and decreased arm swing may mainly be related to the affection 

of the nigro-striatal system by TDP-43 pathology. This further supports the notion that variants in the 

N-terminal region of TUBA4A are more likely to be associated with FTD with extrapyramidal Parkinson-

like symptoms, possibly exerting its pathogenic effects through a reduction in TUBA4A, whereas 

variants in the C-terminal region have mainly been associated with ALS, likely disrupting the 

microtubule network through a dominant-negative mechanism (183). However, it remains unknown if 

these TUBA4A mutations are sufficient to develop ALS and/or FTD. Therefore, further studies assessing 

the impact of these mutations in different cell types in vitro and in vivo will help shed light on the 

pathogenicity and downstream effects, as well as on the selective vulnerability of neuronal 

populations. 

Remarkably, some reports also showed downregulation of TUBA4A protein levels in familial as well as 

sporadic ALS patients in the absence of TUBA4A mutations, suggesting that alterations in the 

expression of TUBA4A could be of importance in sporadic ALS disease pathogenesis as well [31–33]. 

Helferich and colleagues described an miR-1825/TBCB/TUBA4A pathway, demonstrating that the 

reduced expression of an upstream miRNA can lead to a reduction in TUBA4A protein expression in 

ALS patients (197). Future models for mutant and downregulated TUBA4A are needed to better 

understand its mechanistic role in ALS and FTLD. 

 

6. Conclusions 

In conclusion, this report supports the importance of N-terminal TUBA4A mutations in FTLD-TDP 

without ALS-like symptoms. We and other groups observed reduced TUBA4A protein levels in affected 

FTLD-TDP patients, pointing towards TUBA4A haploinsufficiency as a potential pathogenic mechanism. 

Functional studies will be essential in the further elucidation of the pathogenic mechanism of both C- 

and N-terminal TUBA4A mutations. Overall, these results further emphasize the important role of 

cytoskeletal defects in FTLD and ALS pathobiology. 
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7. Supplementary information 
 

 

Ch. III - Suppl. Figure 1. TDP-43 pathology in the FTLD-TDP case with an R64Gfs*90 TUBA4A mutation. (a) pTDP-
43 pathology is spread throughout all layers of the occipital and parietal cortex and the temporal cortex of the 
R64Gfs*90 TUBA4A mutation case. (b) pTDP-43 lesions in the dentate gyrus and frontal cortex (layer II) of the 
R64Gfs*90 TUBA4A mutation case are immunopositive for N-t TDP-43 and C-t TDP-43 antibodies (arrowheads). 
Scale bars represent 200 μm (a) and 15 μm (b).  
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Ch. III - Suppl. Figure 2. Schematic overview of the FTLD-TDP pathology pattern. This scheme provides an 
overview of the FTLD-TDP types that have been described previously. The pattern of the R64Gfs*90 TUBA4A 
mutation case fits best with FTLD-TDP Type C. Pathological lesions mainly consisting of dystrophic neurites were 
observed throughout all layers of the cortex and were absent in the white matter. 

 

 

Ch. III - Suppl. Figure 3. TUBA4A immunohistochemical analysis. (a-c) Antibodies against alpha-tubulin (a) and 
TUBA4A (b) show a divergent staining in the R64Gfs*90 TUBA4A mutation case with abnormal kinking of apical 
dendrites (arrows in a, b) compared to control cases (arrows in c) in the frontal cortex (layer V). (d-f) TUBA4A 
thickened neurites (arrow) and TDP-43 dystrophic neurites (arrowhead) do not co-localize in the frontal cortex 
(layer V) of the R64Gfs*90 TUBA4A mutation case. Scale bars represent 50μm.  
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Ch. III - Suppl. Table 1. Overview of the autopsy cases used for indicated experiments. The table provides 
information regarding age (= age at death), sex, diagnosis, the presence of a genetic mutation, Braak NFT stage, 
AβMTL phase, Braak LBD stage, PMI (hours) and RIN values. Case 1 is the R64Gfs*90 TUBA4A mutation case. 
Control = non-neurodegenerative control, PMI = post-mortem interval, RIN = RNA integrity number, IHC = 
immunohistochemistry, WB = western blot, n.a. = not applicable. 

 

Case 
n° 

Age Sex Diagnosis 
Genetic 

mutation 

Braak 
NFT 

stage 

Aβ 
MTL 

phase 

Braak 
LBD 

stage 
PMI RIN IHC/WB/qPCR 

1 60 m 
FTLD-TDP 

Type C-like 
TUBA4A 

R64Gfs*90 
1 1 0 12h 4,5 IHC, WB, qPCR 

2 69 f 
FTLD-TDP 

Type C 
no 1 0 0 24h - IHC, WB 

3 62 f 
FTLD-TDP 

Type C 
no 0,5 0 0 12h - IHC, WB 

4 79 m 
FTLD-TDP 

Type B 
no 1 0 0 24h - WB 

5 64 f 
FTLD-TDP 

Type A 
GRN 

IVS1+5G>C 
1 0 0 24h - WB 

6 35 m Control n.a. 0 0 0 72h - WB 

7 74 m Control n.a. 0 0 0 72h - WB 

8 55 m Control n.a. 0 0 0 96h - WB 

9 61 m Control n.a. 0 0 0 48h 6,6 WB, qPCR 

10 54 m Control n.a. 1 0 0 24h 6,2 WB, qPCR 

11 74 f Control n.a. 1 0 0 24h 6,5 IHC, qPCR 

 

Ch. III - Suppl. Table 2. Overview of the central nervous system regions of the R64Gfs*90 TUBA4A mutation 
case positive (+) or negative (-) for pTDP-43 pathological lesions.  

 

Frontal cortex + Thalamus + 

Precentral cortex + Basal nucleus of Meynert - 

Postcentral cortex + Amygdala + 

Parietal cortex + Midbrain - substantia nigra - 

Temporal cortex + Midbrain - red nucleus - 

Occipital cortex + Midbrain - formatio reticularis + 

Cingulate cortex + Midbrain - central gray matter - 

Entorhinal cortex + Midbrain - colliculi inferior + 

Hippocampus – CA region + Midbrain - raphe nuclei - 

Dentate gyrus + Pons - nuclei pontis + 

Subiculum + Pons - locus coeruleus - 

Insular cortex + Pons - parabrachial nucleus - 

Basal ganglia - caudate nucleus + Medulla - vagal nerve nucleus - 

Basal ganglia - claustrum + Medulla - inferior olivary nucleus - 

Basal ganglia - globus pallidus + Medulla - hypoglossal nucleus - 

Basal ganglia - putamen + Cerebellum - 

Hypothalamus + Cervical spinal cord - 
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CHAPTER IV: TUBA4A downregulation as observed in ALS post-mortem 

motor cortex causes ALS-related abnormalities in zebrafish 
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1. Abstract 

Disease-associated variants of TUBA4A (alpha-tubulin 4A) have recently been identified in familial ALS. 

Interestingly, a downregulation of TUBA4A protein expression was observed in familial as well as 

sporadic ALS brain tissue. To investigate whether a decreased TUBA4A expression could be a driving 

factor in ALS pathogenesis, we assessed whether TUBA4A knockdown in zebrafish could recapitulate 

an ALS-like phenotype. For this, we injected an antisense oligonucleotide morpholino in zebrafish 

embryos targeting the zebrafish TUBA4A orthologue. An antibody against synaptic vesicle 2 was used 

to visualize motor axons in the spinal cord, allowing the analysis of embryonic ventral root projections. 

Motor behavior was assessed using the touch-evoked escape response. In post-mortem ALS motor 

cortex, we observed reduced TUBA4A levels. The knockdown of the zebrafish TUBA4A orthologue 

induced a motor axonopathy and a significantly disturbed motor behavior. Both phenotypes were 

dose-dependent and could be rescued by the addition of human wild-type TUBA4A mRNA. Thus, 

TUBA4A downregulation as observed in ALS post-mortem motor cortex could be modeled in zebrafish 

and induced a motor axonopathy and motor behavior defects reflecting a motor neuron disease 

phenotype, as previously described in embryonic zebrafish models of ALS. The rescue with human wild-

type TUBA4A mRNA suggests functional conservation and strengthens the causal relation between 

TUBA4A protein levels and phenotype severity. Our data unveil an important role for TUBA4A in ALS 

pathogenesis, and extend the relevance of TUBA4A to the majority of ALS patients, in addition to cases 

bearing TUBA4A mutations. 

 

2. Introduction 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder characterized by progressive 

paralysis resulting from the selective loss of upper and lower motor neurons. Patients usually die 2-5 

years after disease onset due to respiratory failure. ALS has an incidence of 1-2 individuals per 100.000 

each year. About 90% of patients display sporadic ALS, with no family history of the disease. In the 

remaining 10% the disease is transmitted within families, referred to as familial ALS (3). The most 

common disease-causing mutations are found in fused in sarcoma (FUS), superoxide dismutase 1 

(SOD1), chromosome 9 open reading frame 72 (C9orf72) and transactive response DNA-binding 

protein (TARDBP) (3,6).  

In addition, several genes with a role in cytoskeletal dynamics and axonal transport are linked to ALS, 

amongst which dynactin subunit 1 (DCTN1), kinesin family member 5A (KIF5A) and spastin (SPAST) 

(23). This suggests that there might be a direct causative relationship between defects in cytoskeletal 

integrity and neurodegeneration. More recently, Smith et al. found mutated variants in the alpha-

tubulin 4A (TUBA4A) gene in ALS patients, based on exome sequencing data from a large cohort of ALS 
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patients and controls. These mutated variants are associated with classical spinal onset ALS, and in 

some cases also frontotemporal dementia (FTD)-like symptoms (183). We confirmed the importance 

of TUBA4A variants in ALS in an independent Belgian cohort (194).  

TUBA4A encodes one of nine known α-tubulin isoforms, with all variants expressed from different 

genes. The structures of α- and β-tubulin are highly conserved throughout eukaryotes. Nevertheless, 

the range of human diseases associated with mutations in different tubulin isoforms indicates that 

specific isoforms have different functional specifications (185). In addition, the expression of different 

isoforms differs depending on cell type and tissue. For example, TUBA8A is predominantly expressed 

in testes and skeletal muscle, while TUBA4A is highly expressed in the nervous system (185,186). 

Functionally, α-tubulin assembles with β-tubulin to form stable tubulin heterodimers, which 

dynamically polymerize into sheets of longitudinal polarized protofilaments, building the cylindrical, 

hollow microtubules (189,193). Stable microtubules are important for a wide range of functions in long 

extending axons, and serve as the tracks along which motor proteins (such as dynein and kinesin), with 

the help of adaptor proteins, move cargoes (186).  

Motor neurons are the most asymmetric cells in nature with axons reaching a meter in length in 

humans. Therefore, they have a crucial requirement for proper cytoskeletal functioning. A disruption 

of cytoskeleton integrity could affect cell morphology, axonal branching, the establishment of 

neuromuscular junctions, and many other critical cell functions. In addition, it could prevent molecular 

motors from transporting the necessary cargoes, with a potentially deleterious effect on neuronal 

function (3,23,186). Interestingly, it was proposed that sporadic ALS patients display a downregulation 

of α-tubulin subunits in affected brain regions (197,198,271). However, whether these alterations in 

α-tubulin expression in the majority of ALS patients can also drive ALS disease pathogenesis is still 

unknown.  

In this study, we confirmed a decrease in TUBA4A protein expression in post-mortem tissue from ALS 

patients compared to controls. Mimicking this decrease in zebrafish using antisense oligonucleotide 

morpholinos (AMO) directed against tuba8l2 (ENSDARG00000031164) (272), the single zebrafish 

orthologue for TUBA4A, which is 94% conserved at the protein level. This led to abnormalities in the 

axons of spinal cord motor neurons, as well as motor behavior deficits. Both phenotypes were dose-

dependent and could be rescued by the addition of human wild-type TUBA4A mRNA. Our data point 

towards a central role of TUBA4A in ALS pathogenesis, aside from cases bearing TUBA4A mutations. 
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3. Materials and methods 

Human autopsy cases 

Brain and spinal cord tissues were collected in accordance with the applicable laws in Belgium (UZ 

Leuven) and Germany (Ulm). The recruitment protocols for collecting the brains were approved by the 

ethical committees of the University of Ulm (Germany) and UZ Leuven (Belgium). This study was 

approved by the UZ Leuven ethical committee (Belgium) (S60803, S55312). Tissues were collected with 

an average post-mortem interval of 45 h. After autopsy, the right hemisphere was dissected in coronal 

planes and frozen at -80°C. The left hemisphere was fixed in 4% phosphate-buffered formaldehyde 

(PFA) (F8775, Sigma-Aldrich, St Louis, MO, US). Ten sporadic ALS cases and twelve non-

neurodegenerative controls were included in this study (Suppl. Table 1). The diagnosis of ALS was 

based on clinical assessment according to the consensus criteria for ALS (7,8,229). Autopsy cases were 

not all evaluated for possible TUBA4A mutations due to the very low prevalence in ALS (194). The post-

mortem diagnosis of ALS was pathologically confirmed by assessment of the pTDP-43 pathology. Braak 

NFT stage (230) and AβMTL phase (231) were determined based on immunohistochemical stainings 

with antibodies against Aβ and p-tau (Suppl. Table 2). 

Human tissue immunohistochemistry 

Histological examination was performed on 5 μm thick sections cut from formalin-fixed, paraffin-

embedded tissue of frontal, pre- and postcentral and temporal cortex, hippocampus and spinal cord. 

Sections were stained with antibodies against pTDP-43, TUBA4A, pTau(S202/T205) and Aβ17-24 (Suppl. Table 

2). Stainings were performed with the BOND-MAX automated IHC/ISH Stainer (Leica Biosystems, 

Wetzlar, Germany) using the Bond Polymer Refine Detection kit (DS9800, Leica Biosystems). Briefly, 

slides were deparaffinized and epitopes were retrieved with low or high pH buffer. After incubation 

with Peroxidase-Blocking Reagent (DS9800, Leica Biosystems), slides were incubated with primary 

antibodies for 30 min, followed by secondary antibody incubation. DAB was used for visualization, 

followed by counterstaining with hematoxylin. Dehydration was carried out in an autostainer, followed 

by mounting in an automated cover-slipper (Leica Biosystems). Images were acquired using the Leica 

DM2000 LED microscope coupled to a Leica DFC 7000 T camera. Images were processed using ImageJ 

and combined into figures using Inkscape.  

Human tissue protein extraction 

For biochemistry of human tissues, the right hemispheres were cut in approx. 1 cm thick slabs and 

frozen at -80°C. Fifty mg of motor cortex and spinal cord was weighed and mechanically homogenized 

in 0.5 ml 2% SDS in TBS (Tris-buffered saline) with Nuclease (88701, PierceTM Universal Nuclease, 

Thermo Fisher Scientific) and a cocktail of protease/phosphatase inhibitors (78440, Halt, Thermo 
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Fisher Scientific) using a micropestle (CXH7.1, Carl Roth, Karlsruhe, Germany). Samples were sonicated, 

followed by a centrifugation at 13 000 g for 30 min. The resulting supernatant was used. Protein 

concentrations were determined using the Pierce BCA Protein Assay Kit (23225, Thermo Fisher 

Scientific).  

Human tissue and zebrafish western blotting 

For western blotting, 10 μg (human central nervous system lysates) or 20 μg (zebrafish lysates) of 

protein was loaded on a Bis-Tris 4-12% gradient SDS-PAGE (WG1402BOX, Invitrogen, Thermo Fisher 

Scientific) in MOPS-SDS running buffer (J62847.K2, Alfa Aesar, Haverhill, MA, USA), electrophoresed at 

150 V for 60 min, and transferred to a nitrocellulose membrane (GE10600001, Semidry transfer, 

Biorad, Hercules, CA, USA). Membranes were blocked with 5% non-fat dried milk (A0830.1000, 

AppliChem, Darmstadt, Germany) in phosphate-buffered saline (PBS) 0.1% Tween-20 (PBST). Primary 

antibodies and the corresponding dilutions are listed in Suppl. Table 2. Secondary antibodies were goat 

anti-rabbit IgG-HRP or goat anti-mouse IgG-HRP (1:10 000, P044801-2 and P044701-2, polyclonal, 

Dako). Blots were developed with SuperSignal West Pico or Dura plus ECL reagent (34580 and 34075, 

Thermo Fisher Scientific). Digital images were acquired using the Amersham Imager 600 (GE 

Healthcare, Chicago, IL, USA). All blots were stripped (21063, Restore Western Blot Stripping Buffer, 

Thermo Fisher Scientific) of bound antibodies and reprobed with GAPDH to control for equal protein 

loading. Band intensities were measured using ImageJ and were normalized to GAPDH.  

Antisense oligonucleotide morpholino design and TUBA4A mRNA transcription 

An ATG blocking morpholino (AMO) against tuba8l2, the single human TUBA4A orthologue in Danio 

rerio (morpholino sequence 5’-TTGGAGTTGGATTTGTTTTTTGCCG-3’) was designed and generated by 

Gene Tools (Philomath, USA). The standard control AMO provided by Gene Tools was used as negative 

control (morpholino sequence 5’- CCTCTTACCTCAGTTACAATTTATA-3’). A human wild-type TUBA4A 

HA-tagged encoding plasmid was kindly provided by Dr. J. Landers (183). To produce mRNA, plasmids 

were linearized by restriction digestion, transcribed with mMESSAGE mMACHINE T7 kit (AM1344, 

Ambion, Huntingdon, UK) and the resulting mRNA purified with the MEGAclear Kit (AM1908, Ambion). 

The mRNA concentration was measured by spectrophotometry (Nanodrop, Thermo Fisher Scientific). 

mRNA quality and length were verified by RNA gel electrophoresis.  
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Zebrafish injections 

All zebrafish breeding was approved by the Ethical Committee for Animal Experimentation of the KU 

Leuven (P125/2014). All experiments were performed on embryos younger than five days post 

fertilization, implying these experiments are in line with the principle of 3Rs as these are not regulated 

as animal studies. One- to two-cell stage zebrafish embryos from the AB strain were injected in the 

yolk sac with the indicated amounts of morpholino and/or mRNA diluted in aqua ad iniectabilia 

(3521664, B. Braun, Melsungen, Germany) and supplemented with phenol red for verification of 

injection. Embryos were randomly assigned to different injection condition groups. Injected embryos 

were kept in a 28.5°C incubator. For western blotting, fish were manually dechorionated using forceps 

and the yolk was removed. Only morphologically normal-looking embryos, as determined by visual 

inspection, were collected at 48 hours post fertilization (hpf) and homogenized in RIPA buffer (R0278, 

Sigma-Aldrich) supplemented with protease and phosphatase inhibitors (78440, Halt, Thermo Fisher 

Scientific) using a micropestle on a rotor. After centrifugation (3 min, 13 000 g), the supernatant was 

collected and protein concentrations were determined using the Pierce BCA Protein Assay Kit (23225, 

Thermo Fisher Scientific).  

Zebrafish SV2 immunohistochemistry and analysis 

At 30 hpf, morphologically normal-looking zebrafish embryos, as determined by visual inspection, were 

manually dechorionated and deyolked, and fixed overnight at 4°C in 4% PFA in PBS. Fish were 

permeabilized with acetone for 1 h at -20°C, followed by blocking with 1% bovine serum albumin (BSA) 

(A7030, Sigma-Aldrich)/1% dimethyl sulfoxide (DMSO) (D2650, Sigma-Aldrich)/PBS for 1h at RT and 

immunostained with mouse anti-synaptic vesicle 2 (SV2) (1:200; Suppl. Table 2) and secondary Alexa 

Fluor 555 anti-mouse antibody (1:500, A-31570, Thermo Fisher Scientific) as previously described 

(273). For axonal length analysis, 10-15 embryos per condition per experiment were analyzed using a 

Leica DM 3000 LED microscope and the tracking tool in Lucia software (version 4.60, Laboratory 

Imaging, resolution 2448 x 2048 pixels). Five predefined and consecutive ventral root projections (i.e. 

the 8th up to the 12th axon) were measured by a blinded observer. Each axon was measured starting 

from the beginning of the ventral root projection until the end of any observable staining. The number 

of biological replicates equals three, which has previously been shown to be adequate to measure an 

effect (273). Data were normalized to the control condition.  

Zebrafish touch-evoked escape response (TEER) 

Morphologically normal-looking embryos, as determined by visual inspection, were manually 

dechorionated at 30 hpf. 10-15 embryos were used per condition per experiment with three biological 

replicates, which has previously been shown to be adequate to measure an effect (179). At 48 hpf, 
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zebrafish were individually placed in a 150 mm petri dish filled with 28.5°C embryo medium. After 30 

s of habituation, an escape response was elicited by a light brush on the tail and recorded at 30 Hz with 

a Sony HDR-AS30V camera (resolution 1920 x 1080 pixels) until the end of the escape response (274). 

The videos were analyzed in ImageJ using the Manual Tracking plugin and the total distance, the 

maximal instant velocity and the average velocity were calculated by a blinded observer. Data were 

normalized to the control condition. 

Statistical analysis 

Statistical analyses were performed using Graphpad Prism 9.0 software. Normality was assessed using 

the Shapiro-Wilk test. Variance homogeneity was assessed using the F-test (for two groups) or the 

Bartlett’s test (for more than two groups). A Mann-Whitney test or unpaired t-test was used to 

compare two groups. A one-way ANOVA or Kruskal-Wallis test followed by Dunn’s or Dunnett’s 

multiple comparisons was used to determine the significant difference between multiple groups. Data 

are presented as mean ± SD or median ± IQR. Significance levels are indicated as follows: * p < 0.05, 

** p < 0.01, *** p < 0.001, **** p < 00001. 

 

4. Results 

ALS post-mortem motor cortex shows decreased TUBA4A expression  

To investigate possible alterations in the expression of the TUBA4A protein in ALS, we performed 

western blot on SDS-soluble extracts from motor cortex from ALS and control cases using a TUBA4A-

specific antibody. A significant decrease in the total protein expression of TUBA4A in ALS compared to 

control motor cortex was observed (p = 0.0066; unpaired t-test; Fig 1a,b; Suppl. Fig 1a and Suppl. Table 

3). In the spinal cord, there was a trend towards decreased TUBA4A levels in ALS cases compared to 

controls, although significance was not reached (p = 0.1349; unpaired t-test; Suppl. Fig 1b,c and Suppl. 

Table 4). In addition, we evaluated the TUBA4A expression pattern by immunohistochemistry in ALS 

and control cases. This showed a dense staining of the cell body and neurites in the motor cortex (Fig 

1c) and in the spinal cord (Suppl. Fig 2), both in ALS cases and controls. No TUBA4A inclusions were 

observed microscopically in the motor cortex or the spinal cord (Fig 1c, Suppl. Fig 2). In conclusion, 

these results from post-mortem human tissue showed that TUBA4A protein levels were reduced in 

sporadic ALS patient tissue. 
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Ch. IV - Figure 1. ALS post-mortem motor cortex exhibits TUBA4A downregulation. (a) Western blot on SDS-
soluble lysates derived from the motor cortex of control (n = 5) and ALS (n = 5) cases using an antibody against 
TUBA4A. GAPDH was used as a loading control. (b) Quantification of the expression of TUBA4A as a ratio to 
GAPDH in the motor cortex. p = 0.0066; unpaired t-test. (c) Immunohistochemical staining of the motor cortex 
of a representative ALS and control case with an antibody against TUBA4A. Scale bar represents 50 µm.  

 

Knockdown of zebrafish TUBA4A orthologue induces dose-dependent axonal abnormalities and 

motor behavior deficits in zebrafish 

To find out the potential significance of TUBA4A downregulation, we investigated whether the 

knockdown of tuba8l2 is deleterious to motor axons of zebrafish embryos. This is the single zebrafish 

TUBA4A orthologue (ENSDARG00000031164), which is 94% conserved to human TUBA4A at the 

protein level and proven to be expressed throughout all anatomical structures in embryonic stages (at 

least until pec-fin stage at 72 hpf) (272). Therefore, we designed a morpholino directed against the 

ATG start codon of tuba8l2 (Fig 2a). We injected different doses of the tuba8l2 morpholino in one- to 

two-cell stage zebrafish oocytes and assessed tuba8l2 protein levels by western blot at 48 hours post 

fertilization (hpf). The highest dose of 0.160 mM did not lead to any gross developmental phenotype 

(Fig. 4a). A standard morpholino was injected as control condition at a dose equaling the highest dose 

of the tuba8l2 morpholino (0.160 mM). We detected a dose-dependent knockdown of tuba8l2 levels, 

with the highest knockdown of 54% at 0.160 mM of morpholino (mean ratio to control: 0.46), a 

knockdown of 41% at a dose of 0.125 mM (mean ratio to control: 0.59) and a 12% knockdown when 

we injected 0.050 mM morpholino (mean ratio to control: 0.88) (Fig 2b,c; Suppl. Fig. 3). The 

morpholino injection did not affect the expression levels of other α-tubulin isoforms, as shown by 

western blot with an antibody against α-tubulin (Fig 2d,e; Suppl. Fig. 3).  
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To assess the effect of the specific knockdown of tuba8l2 on motor neuron axonal morphology, we 

performed SV2 immunohistochemistry to visualize the projections of the spinal cord ventral roots at 

30 hpf (Fig 2f) (273). We observed a significant reduction in axonal length in the 0.160 mM TUBA4A 

morpholino condition compared to the control morpholino condition (p < 0.0001; one-way ANOVA 

with Dunnett’s multiple comparisons; Fig 2g and Suppl. Table 5). This effect was dose dependent, as 

shown by the 0.125 mM and 0.050 mM morpholino conditions (p < 0.0001 and p = 0.045 respectively, 

Fig 2g and Suppl. Table 5).  

Ch. IV - Figure 2. Specific 
tuba8l2 knockdown in 
zebrafish induces axonal 
abnormalities. (a) An ATG 
morpholino was designed 
against the Danio rerio 
TUBA4A orthologue tuba8l2. 
(b-e) Western blot was 
performed at 48 hpf after 
injection of different doses of 
ATG morpholino against 
tuba8l2 (0.160 mM, 0.125 
mM and 0.050 mM) as well as 
the injection of a control 
morpholino (0.160 mM). N = 3 
experiments; n = 10-15 
zebrafish per group per 
experiment. Quantification of 
tuba8l2 (c) and α-tubulin (e) 
protein levels relative to 
GAPDH for the different 
injection conditions. (f,g) 
Visualization of motor axons 
by SV2 
immunohistochemistry at 30 
hpf after injection of different 
doses of ATG morpholino 
against tuba8l2 (0.160 mM, 
0.125 mM and 0.050 mM) or a 
control morpholino (0.160 
mM). A non-injected 
condition was also included. p 
< 0.0001 (0.160 mM versus 
AMO control), p < 0.0001 
(0.125 mM versus AMO 
control) and p = 0.0450 (0.050 
mM versus AMO control); 
one-way ANOVA with 
Dunnett’s multiple 
comparisons. Axonal length 

was measured for N = 3 experiments; n = 10-15 zebrafish per group per experiment. * p < 0.05; **** p < 0.0001. 
AMO = morpholino; hpf = hours post fertilization. 



120 
 

To assess whether tuba8l2 knockdown in zebrafish also had an effect on motor function, we performed 

a touch-evoked escape response (TEER) assay at 48 hpf as described before (274), with an example 

escape trace of the AMO control condition depicted in Fig 3d. We compared non-injected, control 

morpholino injected and tuba8l2 morpholino injected conditions. This showed a significantly 

decreased total distance travelled (0.160 mM: p < 0.0001; 0.125 mM: p = 0.0001; Kruskal-Wallis test 

with Dunn’s multiple comparisons; Fig 3a; Suppl. Table 6). Furthermore, we observed a significant 

reduction in the average (Fig 3b; Suppl. Table 7) and instant maximal (Fig 3c; Suppl. Table 8) swimming 

velocity in the 0.160 mM (p < 0.0001; one-way ANOVA with Dunnett’s multiple comparisons) and 0.125 

mM (p < 0.0001; one-way ANOVA with Dunnett’s multiple comparisons) tuba8l2 morpholino-injected 

compared to control morpholino injected embryos. In conclusion, we observed that the specific 

knockdown of the zebrafish orthologue of TUBA4A led to a dose-dependent axonal and motor 

behavior phenotype. 

 
Ch. IV - Figure 3. Zebrafish motor behavior deficits are induced by tuba8l2 knockdown. Zebrafish were 
subjected to a touch-evoked escape response (TEER) assay at 48 hpf after injection of different doses of ATG 
morpholino against tuba8l2 (0.160 mM, 0.125 mM, 0.050 mM), or a control morpholino (0.160 mM). In addition, 
non-injected embryos were included in the analysis. (a) Total distance for 0.160 mM (p < 0.0001), 0.125 mM (p 
= 0.0001) and 0.050 mM (p = 0.1936) compared to AMO control condition. (b) Average velocity for 0.160 mM (p 
< 0.0001), 0.125 mM (p < 0.0001) and 0.050 mM (p = 0.9814) compared to AMO control condition. (c) Maximal 
instant velocity 0.160 mM (p < 0.0001), 0.125 mM (p < 0.0001) and 0.050 mM (p = 0.9983) compared to AMO 
control condition. Kruskal-Wallis test with Dunn’s multiple comparisons (a) or one-way ANOVA with Dunnett’s 
multiple comparisons (b,c); N = 3 experiments; n = 10-15 zebrafish per group per experiment, with each data 
point representing an individual zebrafish embryo. (d) Visual example of the tracking of an escape response in 
the AMO control condition using the TEER assay in zebrafish embyros at 48 hpf. *** p < 0.001; **** p < 0.0001. 
AMO = morpholino; hpf = hours post fertilization. 
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Axonal phenotype and motor behavior defects are rescued by human TUBA4A mRNA  

To confirm that the observed phenotypes are indeed a direct consequence of the specific knockdown 

of tuba8l2, and to confirm functional conservation between zebrafish and human orthologues, we 

assessed whether we could rescue these phenotypes by the expression of human wild-type TUBA4A. 

In order to achieve this, we injected zebrafish eggs with human HA-tagged TUBA4A mRNA at the 

highest non-toxic dose of 300 ng/µl, and collected the fish for western blot at 48 hpf. An anti-HA 

antibody confirmed the expression of the HA-TUBA4A protein at 48 hpf in the TUBA4A mRNA-injected 

condition, which was absent in the control condition (Suppl. Fig 4). Next, we co-injected TUBA4A mRNA 

with the highest tuba8l2 morpholino dose (0.160 mM), which did not lead to gross developmental 

defects (Fig. 4a). We analyzed the effect on spinal cord motor neurons, as previously, by measuring 

axonal length using SV2 immunohistochemistry at 30 hpf. This showed a rescue of the phenotype by 

the co-injection of human wild-type TUBA4A mRNA (Fig 4; p = 0.0033; one-way ANOVA with Dunnett’s 

multiple comparisons; Suppl. Table 9).  

When we performed the TEER assay at 48 hpf, we also observed a complete rescue of the previously 

observed changes in total distance travelled (Fig 5a; p < 0.0001; Kruskal-Wallis test with Dunn’s 

multiple comparisons; Suppl. Table 10), and a partial rescue of the changes in average swimming 

velocity (Fig 5b; p < 0.0001; Kruskal-Wallis test with Dunn’s multiple comparisons; Suppl. Table 11) and 

instant maximal swimming velocity (Fig 5c; p < 0.0001; Kruskal-Wallis test with Dunn’s multiple 

comparisons; Suppl. Table 12). Representative escape traces from 10 zebrafish embryos per group are 

depicted in Fig 5d. In conclusion, we showed that the observed axonal and motor behavior phenotype 

induced by the knockdown of the zebrafish orthologue for TUBA4A could be rescued by co-expression 

of human TUBA4A mRNA. 

Ch. IV - Figure 4. Rescue of axonal 
length defects by the addition of 
human wild-type TUBA4A mRNA. 
Zebrafish embryos were injected 
with an ATG morpholino against 
zebrafish tuba8l2 (0.160 mM) with 
or without the injection of human 
wild-type TUBA4A mRNA (300 
ng/µl). Non-injected embryos 
were also included in the analysis. 
(a) Representative whole body 
images of zebrafish embryos for 
the different conditions at 48 hpf 
(scale bars represent 500 µm). (b) 

At 30 hpf, axonal length was measured for all conditions, with p = 0.0033 (AMO 0.160 mM versus AMO 0.160 
mM + TUBA4A mRNA) and p < 0.0001 (AMO 0.160 mM versus non-injected); one-way ANOVA with Dunnett’s 
multiple comparisons. Axonal length was measured for N = 3 experiments; n = 10-15 zebrafish per group per 
experiment; with every data point representing the average length of five measured axons for each zebrafish 
embryo. ** p < 0.01; **** p < 0.0001. AMO = morpholino; hpf = hours post fertilization. 
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Ch. IV - Figure 5. Rescue of 
motor behavior deficits by the 
addition of human wild-type 
TUBA4A mRNA. Zebrafish 
embryos were subjected to a 
touch-evoked escape response 
(TEER) assay at 48 hpf after 
injection with an ATG 
morpholino against zebrafish 
tuba8l2 (0.160 mM) with or 
without the injection of wild-
type human TUBA4A mRNA 
(300 ng/µl). Non-injected 
embryos were also included in 
the analysis. (a) Total distance 
for AMO 0.160 mM + TUBA4A 
mRNA (p < 0.0001) and non-
injected (p < 0.0001) compared 
to AMO 0.160 mM condition. (b) 
Average velocity for AMO 0.160 
mM + TUBA4A mRNA (p < 
0.0001) and non-injected (p < 
0.0001) compared to AMO 
0.160 mM condition. (c) 
Maximal instant velocity for 
AMO 0.160 mM + TUBA4A 
mRNA (p < 0.0001) and non-

injected (p < 0.0001) compared to AMO 0.160 mM condition. Kruskal-Wallis test with Dunn’s multiple 
comparisons; N = 3 experiments; n = 10-15 zebrafish embryos per group per experiment; with each data point 
representing an individual zebrafish embryo. (d) Representative escape traces from 10 zebrafish embryos per 
group shown as a visual example. **** p < 0.0001. AMO = morpholino; hpf = hours post fertilization. 

 

5. Discussion 

In this study, we showed that a reduction of TUBA4A protein expression, as observed in post-mortem 

ALS tissue, leads to a decreased axonal length and a motor behavior phenotype in zebrafish upon 

knockdown of the zebrafish orthologue of TUBA4A (tuba8l2). Moreover, we demonstrated that these 

phenotypes are dose-dependent and can be rescued by the addition of wild-type human TUBA4A 

mRNA. This extends the importance of the familial ALS disease gene TUBA4A to sporadic ALS cases, 

implying that alterations in TUBA4A expression may be a contributing factor in ALS pathophysiology. 

C-terminal mutations in TUBA4A were shown to be associated with classical spinal onset ALS, with in 

some cases FTD-like symptoms (183,194). The C-terminal part of TUBA4A is important for its 

interaction with β-tubulin and microtubule-associated proteins (MAPs) (190). Smith and colleagues 

demonstrated that C-terminally mutated TUBA4A proteins ineffectively formed tubulin dimers in vitro, 

and displayed a decreased incorporation into protofibrils, inhibiting microtubule network stability 

(183). On the other hand, N-terminal TUBA4A mutations were identified in patients presenting with 

FTD, possibly with extrapyramidal symptoms (194,195). We and others showed that these patients 
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displayed reduced TUBA4A levels in central nervous system tissues, suggesting a loss-of-function 

mechanism, contrary to C-terminal TUBA4A mutations, which could represent toxic gain-of-function 

(195,196,275).  

Interestingly, a downregulation of TUBA4A protein expression was also suggested in the brain of 

sporadic ALS patients (197), which we could confirm in this study by western blotting. In addition, we 

detected a trend towards a decreased TUBA4A expression in the spinal cord of sporadic ALS patients. 

This was not significant, likely due to high variability between samples. Furthermore, IHC analysis 

indicated no differences in the cellular localization of TUBA4A between ALS and control cases, and no 

TUBA4A aggregates were detected, in line with a precious study (183). In this context, it is important 

to note that IHC is a qualitative rather than a quantitative method. Altogether, these data suggest that 

alterations in TUBA4A are also of importance in sporadic ALS pathogenesis.  

Helferich et al. showed that downregulation of TUBA4A can occur through the miR-

1825/TBCB/TUBA4A pathway, which was shown to be dysregulated in sporadic and familial ALS (197). 

They demonstrated miR-1825 downregulation in ALS patient tissue, which led to increased tubulin-

folding cofactor B (TBCB) levels, causing a decrease in TUBA4A expression through the specific 

sequestration of this α-tubulin isoform by TBCB. This gives an indication of the possible upstream 

events leading to decreased TUBA4A levels in ALS, apart from TUBA4A mutations. Importantly, we 

demonstrated the causality of TUBA4A downregulation by showing axonal abnormalities and motor 

behavior deficits in zebrafish following knockdown of the TUBA4A orthologue tuba8l2. The induction 

of a motor axonopathy was previously also shown to be triggered by pathological protein products 

such as mutant SOD1 (276) and mutant TDP-43 (277), as well as by the pathological hallmarks of 

patients with C9orf72 mutations, i.e. dipeptide repeat proteins (DPRs) and sense and anti-sense repeat 

RNA (273). Our results imply that decreased TUBA4A levels lead to an ALS-related phenotype, and 

therefore can be a contributing factor in ALS pathobiology.  

The variety of diseases associated with mutations in various tubulin isoforms suggests functional 

specification of these different isoforms (185). Interestingly, expression of TUBA4A in the brain 

dramatically increases with age, which could explain why TUBA4A mutations or dysregulation may 

contribute to the development of adult-onset neurodegenerative disease, contrary to mutations in 

other tubulin isoforms which are involved in neurodevelopmental disorders (23,189,193). 

Furthermore, TUBA4A is the isoform with the highest expression in the human motor cortex after birth 

(188). Microtubule specification also occurs through tubulin post-translational modifications (PTMs), 

where neuronal microtubules mainly undergo detyrosination of the C-terminal tyrosine, acetylation at 

K40 and polyglutamylation (278). These PTMs accumulate as neurons differentiate and mature (188). 
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Importantly, out of nine α-tubulins, only TUBA8 and TUBA4A lack the C-terminal tyrosine residue 

(187,279). As detyrosinated tubulin is enriched in stable microtubules in the axon of neurons 

(188,191,278,279), the lack of TUBA4A might affect cytoskeletal integrity in neurons.  

The dying-back hypothesis implies that abnormalities in axon connectivity and synaptic function long 

precede somatic cell death in ALS (162,280). Defects in cytoskeleton integrity and microtubule-

dependent transport mechanisms can result in axonal trafficking disruption and dysfunctional 

neuromuscular junctions (23,210,279). Due to the physical length of motor neuron axons, cortical and 

spinal motor neurons are thought to be particularly vulnerable to this dying-back mechanism (186). 

Apart from TUBA4A, other ALS-related genes involved in cytoskeleton integrity are DCTN1, KIF5A, 

PRPH, NF-H, PFN1 and SPAST (189,213). This stresses the causative relation between cytoskeletal 

defects and neurodegeneration. Therefore, it is likely that a downregulation of TUBA4A expression 

leads to aberrant cytoskeletal functioning, explaining the observed axonal and motor behavior 

phenotype in zebrafish.  

In this study, we assessed axonal and behavioral phenotypes in embryonic zebrafish stages (until 48 

hpf). A limitation of the use of zebrafish to model a motor neuron disorders as ALS is the absence of 

corticospinal upper motor neurons projecting to the spinal cord. Additionally, the observed axonal and 

motor behavior phenotype could potentially be influenced by other effects induced by TUBA4A 

downregulation in other cell types. The use of embryonic zebrafish has its limitations to model an adult 

onset neurodegenerative disease. However, zebrafish experiments offer an advantage over standard 

cell culture models as it gives the possibility to study effects on motor behavior in addition to axonal 

pathology, which is not possible in vitro. Moreover, the zebrafish orthologue tuba8l2 shows 94% 

conservation compared to human TUBA4A at the protein level, and we showed that TUBA4A can 

compensate for the loss of tuba8l2 in our rescue experiments, suggesting functional conservation 

between these orthologues, with both genes able to regulate motor axon morphology and motor 

behavior. Although the use of morpholino-based knockdown in zebrafish can be an important avenue 

to explore emerging pathogenic pathways in neurodegenerative disorders, like any model, it has its 

limitation. Thus, research including other in vivo and patient-relevant in vitro models is needed to 

further unravel the downstream consequences of TUBA4A downregulation, and how this contributes 

to ALS-related neurodegeneration. 

In conclusion, we showed an ALS-related axonal and motor behavior phenotype in zebrafish embryos 

following downregulation of the zebrafish orthologue for TUBA4A. These data support that, apart from 

ALS cases bearing a TUBA4A mutation, dysregulated TUBA4A expression plays an important role in 

sporadic ALS disease pathogenesis, and stresses the importance of microtubule dysfunction in ALS. 
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6. Supplementary information 
 

 

Ch. IV - Suppl. Figure 1. ALS post-mortem motor cortex and spinal cord full western blots for TUBA4A. (a,b) Full 
western blots using antibodies against TUBA4A and GAPDH on SDS-soluble lysates extracted from the motor 
cortex (a) and spinal cord (b) of control (n = 5 and n = 8 resp.) and ALS (n = 5 and n = 7 resp.) cases. (c) 
Quantification of the expression of TUBA4A as a ratio to GAPDH in the spinal cord. p = 0.1349; unpaired t-test. 

 

Ch. IV - Suppl. Figure 2. Immunohistochemical analysis of TUBA4A in ALS and control post-mortem spinal cord. 
Immunohistochemical stainings of spinal cord of a representative ALS and control case with an antibody against 
TUBA4A. Scale bar represents 50 µm. 
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Ch. IV - Suppl. Figure 3. Full 
western blots showing the 
specific tuba8l2 
knockdown in zebrafish. 
Western blot was 
performed at 48 hpf after 
injection of different doses 
of ATG morpholino against 
tuba8l2 (0.160 mM, 0.125 
mM and 0.050 mM) as well 
as the injection of a control 
morpholino (0.160 mM). 
Arrow indicates the correct 
band at 51 kDa for α-
tubulin and tuba8l2, and at 
39 kDa for the 
corresponding GAPDH 
loading control. 

 

 

 

 

 

 

 

 

 

 

 

Ch. IV - Suppl. Figure 4. Confirmation of expression of HA-tagged 
wild-type TUBA4A protein after micro-injection of mRNA in 
zebrafish. Western blot performed at 48 hpf after injection of HA-
tagged wild-type TUBA4A mRNA shows the expression of an HA-
TUBA4A protein product using an antibody against HA. This was 
absent in the non-injected control condition. GAPDH was used as a 
loading control. 
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Ch. IV - Suppl. Table 1. List of human cases used in the study. The table provides information regarding age (= 
age at death), sex, diagnosis, AβMTL phase, Braak NFT stage, disease duration (months), PMI (hours) and 
application (1 = western blot motor cortex; 2 = western blot spinal cord; 3 = immunohistochemistry). 
Abbreviations: f = female; m = male; ALS = amyotrophic lateral sclerosis; control = non-neurodegenerative 
disease control; A = aneurysm; AGD = argyrophilic grain disease; ARTAG = aging-related tau astrogliopathy; CM 
= carcinoma metastasis; GB = Guillian-Barre syndrome; I = infarction; MI = microinfarction; n.a. = not applicable; 
PART = primary age-related tauopathy; SVD = small vessel disease; SVE = subcortical vascular encephalopathy; 
PMI = post-mortem interval. 

 

 

 

Ch. IV - Suppl. Table 2. List of antibodies used in the study. The table summarizes information about host, 
clonality, supplier and catalog number of the primary antibodies used for immunohistochemistry (IHC), 
immunofluorescence (IF) and western blot (WB). Dilutions are given. 

 
 

 

 

Case n° Age Sex Diagnosis Aβ MTL phase Braak NFT stage Disease duration PMI (hours) Application

1 58 f ALS, PART 0 2 18 months 24 (1,2,3)

2 51 m ALS 0 1 8 months 24 (1)

3 49 m ALS, PART 0 1 45 months 24 (2)

4 46 m ALS 0 1 40 months 24 (1)

5 62 m ALS, MI, I, ARTAG, PART, AGD 0 1 154 months 12 (1)

6 53 m ALS 0 1 92 months 24 (1,2,3)

7 74 m ALS 1 1 47 months 24 (2)

8 50 f ALS 0 1 18 months 24 (2)

9 54 m ALS 0 1 88 months 6 (2)

10 68 m ALS, SVD 2 2 36 months 144 (2)

11 46 m Control 0 1 n.a. 29 (2)

12 74 m Control, CM, I, MI 0 0 n.a. 72 (1,3)

13 45 m Control 0 0 n.a. 24 (2)

14 61 m Control, SVD 0 0 n.a. 48 (1,2,3)

15 55 m Control, A, I 0 0 n.a. 96 (2)

16 74 f Control, AGD, SVE 0 1 n.a. 24 (2)

17 35 m Control, Limbic encefalopathy 0 0 n.a. 72 (1)

18 54 m Control, GB 0 1 n.a. 24 (1)

19 63 f Control, MI 0 1 n.a. 96 (2)

20 64 m Control 0 0 n.a. 96 (2)

21 35 m Control 0 1 n.a. 48 (2)

22 64 m Control 0 1 n.a. 24 (1)

Primary antibody Host Clonality Supplier Catalogue number Dilution IHC Dilution IF Dilution WB

TUBA4A Rabbit Polyclonal Abgent AP13535b 1:100 - 1:8000

TUBA4A Rabbit Polyclonal Abcam ab228701 - - 1:10 000

alpha-tubulin Mouse Monoclonal Sigma T6199 - - 1:2000

anti-GAPDH (clone 6C5) Mouse Monoclonal ThermoFisher AM4300 - - 1:10 000

anti-β-Amyloid (clone 4G8) Mouse Monoclonal BioLegend SIG-39220 1:5000 - -

anti-pTDP43 (S409/410-2) Rabbit Polyclonal Cosmo Bio TIP-PTD-P02 1:5000 - -

anti-pTau (S202/T205) (clone AT8) Mouse Monoclonal ThermoFisher MN1020 1:1000 - -

SV2 Mouse Monoclonal DSHB AB2315387 - 1:200 -
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Ch. IV - Suppl. Table 3. Detailed statistical data on the comparison of control and ALS cases for TUBA4A protein expression evaluated by western blot in post-mortem motor 
cortex lysates.  

 

 

 

 

 

Ch. IV - Suppl. Table 4. Detailed statistical data on the comparison of control and ALS cases for TUBA4A protein expression evaluated by western blot in post-mortem spinal 
cord lysates. 

 

 

 

 

Ch. IV - Suppl. Table 5. Detailed statistical data on the comparison of AMO control versus different doses of AMO tuba8l2 injection conditions for axonal length at 30 hours 
post fertilization. 

 

 Mean (SD) SEM Shapiro-Wilk 

test 

F test for equality of 

variances 

Unpaired t-test 

 p F p t df p 

Western blot motor cortex         

Control 1.19 (0.10) 0.047 0.3683      

ALS 0.69 (0.29) 0.130 0.3308      

Within groups    7.793 0.0717 3.639 8 0.0066 

 Mean (SD) SEM Shapiro-Wilk 

test 

F test for equality of 

variances 

Unpaired t-test 

 p F p t df p 

Western blot spinal cord         

Control 1.16 (0.42) 0.148 0.6628      

ALS 0.82 (0.41) 0.155 0.5128      

Within groups    1.047 0.9720 1.594 13 0.1349 

 Mean (SD) not 

normalized (µm) 

Mean (SD) 

normalized 

SEM Shapiro-Wilk 

test 

Bartlett’s test for equality 

of variances 

One-Way ANOVA 

(multiple comparisons) 

  p F p df1 df2 F(df1,df2) p 

Axonal length           

AMO control 0.160 mM 78.93 (7.251) 100 (8.82) 1.315 0.8211       

AMO  tuba8l2 0.050 mM 74.62 (8.665) 94.61 (11.53) 1.719 0.8559       

AMO  tuba8l2 0.125 mM 67.14 (8.189) 84.99 (10.97) 1.693 0.6616       

AMO  tuba8l2 0.160 mM 65.77 (7.415) 83.32 (9.28) 1.432 0.3764       

Within groups     4.240 0.3745 4 214 37.4 <0.0001 
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Ch. IV – Suppl. Table 6. Detailed statistical data on the comparison of AMO control versus different doses of AMO tuba8l2 injection conditions for the total distance measured 
by the touch-evoked escape response (TEER) at 48 hours post fertilization. 

 

 

 

 

 
Ch. IV - Suppl. Table 7. Detailed statistical data on the comparison of AMO control versus different doses of AMO tuba8l2 injection conditions for the average velocity 
measured by the touch-evoked escape response (TEER) at 48 hours post fertilization. 

 

Ch. IV - Suppl. Table 8. Detailed statistical data on the comparison of AMO control versus different doses of AMO tuba8l2 injection conditions for the instant maximal velocity 
measured by the touch-evoked escape response (TEER) at 48 hours post fertilization. 

 

 Median (IQR) not 

normalized (mm) 

Median (IQR) 

normalized 

Shapiro-Wilk 

test 

Kruskal-Wallis test (multiple comparisons) 

  p F p 

TEER total distance      

AMO control 0.160 mM 89.38 (238.6) 91.58 (288.1) 0.0026   

AMO  tuba8l2 0.050 mM 43.48 (254.3) 46.75 (269.0) <0.0001   

AMO  tuba8l2 0.125 mM 28.30 (185.6) 33.02 (196.8) <0.0001   

AMO  tuba8l2 0.160 mM 21.07 (257.6) 23.44 (309.3) <0.0001   

Within groups    38.72 <0.0001 

 Mean (SD) not 

normalized (mm/s) 

Mean (SD) 

normalized 

SEM Shapiro-Wilk 

test 

Bartlett’s test for equality 

of variances 

One-Way ANOVA 

(multiple comparisons) 

  p F p df1 df2 F(df1,df2) p 

TEER average velocity           

AMO control 0.160 mM 46.42 (9.383) 100 (19.87) 2.962 0.2332       

AMO  tuba8l2 0.050 mM 45.47 (9.578) 98.39 (20.29) 3.059 0.5979       

AMO  tuba8l2 0.125 mM 39.14 (9.076) 82.65 (17.54) 2.615 0.6924       

AMO  tuba8l2 0.160 mM 33.66 (6.828) 74.80 (15.96) 2.738 0.5337       

Within groups     5.202 0.2672 4 208 24.07 <0.0001 

 Mean (SD) not 

normalized (mm/s) 

Mean (SD) 

normalized 

SEM Shapiro-Wilk 

test 

Bartlett’s test for equality of 

variances 

One-Way ANOVA 

(multiple comparisons) 

     

  p F p df1 df2 F(df1,df2) p 

TEER maximal velocity           

AMO control 0.160 mM 84.90 (11.35) 100 (12.82) 1.911 0.6508       

AMO tuba8l2 0.050 mM 84.49 (12.64) 99.60 (14.19) 2.139 0.3244       

AMO  tuba8l2 0.125 mM 71.13 (11.96) 83.90 (14.43) 2.151 0.7904       

AMO  tuba8l2 A 0.160 mM 63.66 (12.17) 75.38 (14.30) 2.452 0.1851       

Within groups     0.7548 0.8603 3 164 29.98 <0.0001 
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Ch. IV - Suppl. Table 9. Detailed statistical data on the comparison of AMO tuba8l2 0.160 mM injected versus non-injected and AMO tuba8l2 0.160 mM + TUBA4A mRNA 300 
ng/µl conditions for axonal length at 30 hours post fertilization. 

 

Ch. IV - Suppl. Table 10. Detailed statistical data on the comparison of AMO tuba8l2 0.160 mM injected versus non-injected and AMO tuba8l2 0.160 mM + TUBA4A mRNA 
300 ng/µl conditions for the total distance measured by the touch-evoked escape response (TEER) at 48 hours post fertilization. 

 

 

 

 

Ch. IV - Suppl. Table 11. Detailed statistical data on the comparison of AMO tuba8l2 0.160 mM injected versus non-injected and AMO tuba8l2 0.160 mM + TUBA4A mRNA 
300 ng/µl conditions for the average velocity measured by the touch-evoked escape response (TEER) at 48 hours post fertilization. 

 

 

 

 

 Median (IQR) not 

normalized (µm) 

Mean (SD) 

normalized 

SEM Shapiro-Wilk 

test 

Bartlett’s test for equality 

of variances 

One-Way ANOVA 

(multiple comparisons) 

  p F p df1 df2 F(df1,df2) p 

Axonal length           

Non-injected 85.51 (30.24) 100.00 (9.44) 1.422 0.4003       

AMO tuba8l2 0.160 mM 68.57 (36.28) 82.27 (11.54) 1.872 0.7516       

AMO + TUBA4A mRNA 74.26 (23.86) 89.86 (9.89) 1.604 0.7759       

Within groups     1.755 0.4159 2 117 30.75 <0.0001 

 Median (IQR) not 

normalized (mm) 

Median (IQR) 

normalized 

Shapiro-Wilk 

test 

Kruskal-Wallis test (multiple comparisons) 

  p F p 

TEER total distance      

Non-injected 37.42 (146.4) 92.82 (270.0) 0.0004   

AMO tuba8l2 0.160 mM 19.82 (90.89) 43.65 (258.5) <0.0001   

AMO + TUBA4A mRNA 40.15 (164.6) 94.60 (278.9) 0.0003   

Within groups    31.18 <0.0001 

 Median (IQR) not 

normalized (mm/s) 

Median (IQR) 

normalized 

Shapiro-Wilk 

test 

Kruskal-Wallis test (multiple comparisons) 

  p F p 

TEER average velocity      

Non-injected 58.11 (40.15) 101.70 (70.0) 0.7264   

AMO tuba8l2 0.160 mM 26.38 (43.79) 47.13 (75.2) 0.0024   

AMO + TUBA4A mRNA 45.22 (41.00) 78.89 (74.9) 0.0528   

Within groups    68.56 <0.0001 
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Ch. IV - Suppl. Table 12. Detailed statistical data on the comparison of AMO tuba8l2 0.160 mM injected versus non-injected and AMO tuba8l2 0.160 mM + TUBA4A mRNA 
300 ng/µl conditions for the instant maximal velocity measured by the touch-evoked escape response (TEER) at 48 hours post fertilization. 

 

 

  

 Median (IQR) not 

normalized (mm/s) 

Median (IQR) 

normalized 

Shapiro-Wilk 

test 

Kruskal-Wallis test (multiple comparisons) 

  p F p 

TEER maximal velocity      

Non-injected 97.24 (52.72) 102.10 (55.9) 0.1656   

AMO tuba8l2 0.160 mM 48.35 (104.5) 50.59 (106.5) <0.0001   

AMO + TUBA4A mRNA 84.74 (68.85) 88.43 (72.7) 0.2298   

Within groups    65.85 <0.0001 
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GENERAL DISCUSSION  

 

In this PhD thesis, we aimed to clarify the mechanisms of neuronal and axonal degeneration in ALS. To 

this end, we used human post-mortem central nervous tissue in addition to TDP-43A315T transgenic mice 

and zebrafish. Throughout this thesis manuscript, we addressed the three main objectives as defined 

at the beginning of this thesis, which led to the following findings: 

(1) The activated necrosome (i.e. pRIPK1, pRIPK3 and pMLKL) was not detected in motor neurons 

in the spinal cord and motor cortex of ALS patients. Nevertheless, it was present in GVD bodies 

in the hippocampus of ALS/FTLD-TDP patients and correlated with TDP-43 pathology in FTLD-

TDP, which was associated with a decreased neuronal density in the hippocampal CA1 region. 

This suggests that pTDP-43, in addition to p-tau in AD, can induce or accelerate the 

development of necrosome-positive GVD in ALS/FTLD-TDP hippocampal regions. 

 
(2) The NLRP3 inflammasome, comprising of NLRP3, ASC and caspase-1, as well as pyroptosis 

effector proteins cleaved GSDMD and IL-18 were detected in microglia in human ALS motor 

cortex and spinal cord, suggestive of canonical inflammasome-triggered pyroptosis activation. 

In ALS, the number of cleaved GSDMD-positive microglia in the precentral white matter was 

increased compared to controls, and correlated with a decreased neuronal density in the 

motor cortex. Similar results were obtained in TDP-43A315T transgenic mice, where pyroptosis 

was activated in microglia in the motor cortex upon symptom onset, and correlated with 

neuronal loss. Microglial pyroptosis activation did not correlate with pathological TDP-43 in 

human and mouse tissue.  

 
(3) An FTLD-TDP patient with an R64Gfs*90 TUBA4A mutation presenting with svPPA showed 

reduced TUBA4A protein levels in affected regions, suggesting haploinsufficiency as a potential 

underlying pathogenic mechanism. This strengthens the idea that N-terminal TUBA4A 

mutations are associated with FTLD-TDP, possibly exerting their effects through a loss-of-

function mechanism, while C-terminal TUBA4A mutations, which are usually related to ALS, 

are thought to act through a dominant-negative mechanism. 

 
(4) Decreased TUBA4A protein levels were also detected in sporadic ALS patients. Mimicking this 

TUBA4A downregulation in zebrafish led to a dose-dependent motor axonopathy as well as a 

disturbed motor behavior phenotype, both of which could be rescued by the addition of 

human wild-type TUBA4A mRNA. These results shed light on a role for TUBA4A in ALS 
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pathogenesis, and extend the relevance of TUBA4A to the majority of ALS patients, in addition 

to TUBA4A mutation carriers. 

 

1. Neuronal demise in ALS: a delicate interplay between cell death pathways? 

In this thesis, we did not detect the activation of the necroptosis pathway in ALS-affected brain and 

spinal cord regions (Chapter I). On the other hand, pyroptosis was specifically activated in microglia in 

the precentral white matter of ALS patients, and correlated with a loss of motor neurons in the motor 

cortex (Chapter II). Although we did not investigate apoptosis activation in this thesis, previous 

research argues that other cell death mechanisms resembling apoptosis are involved in ALS (281). In 

general, it is thought that necroptosis is more of a backup cell death mechanism under the 

circumstances that apoptosis is hindered, while pyroptosis is believed to be a primary cellular response 

to potentially damaging insults, such as DAMPs (128). Importantly, necroptosis and pyroptosis 

signaling pathways were shown to overlap and interact. For instance, there is evidence that 

necroptosis activation can trigger pyroptosis through a RIPK3-MLKL-NLRP3-capsase-1 signaling axis, 

leading to the production of mature IL-1β (282). Additionally, both pyroptosis and necroptosis 

activation lead to the release of sterile DAMPs, such as ATP, ASC specks and heat shock proteins (HSPs). 

These DAMPs are potent activators of the NLRP3 inflammasome, and can therefore spread the 

activation of cell death signaling to neighboring cells (128). An important protein that functions at the 

crossroads of apoptosis, necroptosis and pyroptosis is caspase-8. When caspase-8 is inhibited, 

activation of the necrosome is favored over apoptosis. Interestingly, when in addition MLKL is deficient, 

cell death can still occur, but in this instance pyroptosis is initiated through assembly of the 

inflammasome (112). Thus, caspase-8 seems to act as a molecular switch that modulates apoptosis, 

necroptosis and pyroptosis signaling pathways. 

In Chapter I, we showed that the full necrosome, i.e. pRIPK1, pRIPK3 and pMLKL, localizes in GVD in 

hippocampal regions of ALS/FTLD-TDP cases, similar as previously demonstrated in patients with AD 

(221). Interestingly, autophagy markers such as LAMP1 were also shown to accumulate in GVD (222). 

Autophagy seems to be at close interplay with multiple regulated cell death pathways. It can for 

example drive apoptosis by degrading anti-apoptotic and cell survival factors (152), although it was 

also shown to be able to inhibit apoptosis through the removal of activated caspases (283). Vice versa, 

apoptosis signaling can inhibit autophagy, for example via cleavage of beclin-1 or ATG proteins, and 

can additionally convert autophagic proteins into proapoptotic stimuli, further enhancing apoptosis 

activation (151,152,284). Apart from influencing apoptosis through degradation, autophagy proteins 

can also serve as a scaffold for cell death complexes and signaling molecules (152). For instance, 

apoptosis complex I can connect to autophagosomal membranes, which serve as a platform for the 
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activation of caspase-8 (285). The same is true for the necroptosis machinery, as it can be recruited to 

the autophagosome through interaction with p62/SQSTM1 (156). Autophagy and necroptosis seem to 

oppose each other, as suppression of autophagic flux enhances RIPK1-RIPK3 interaction and 

consequent necroptosis (157), while the activation of necroptosis was shown to inhibit autophagic flux, 

and thus autophagy (150). In line with this, the activation of autophagy via inhibition of mTORC1 

diminished necroptosis in cardiomyocytes, likely through suppression of RIPK1 (155). Similar to 

apoptosis, autophagy can also inhibit necroptosis through the degradation of necroptotic proteins, 

such as RIPK1 (151). Hence, the autophagy machinery seems to play an important role in regulated cell 

death, mainly through mutual repression of necroptosis and/or apoptosis, although autophagy 

proteins can serve as a scaffold for the accumulation of cell death signaling complexes, such as the 

necrosome.  

Apart from regulating other types of cell death, the autophagy machinery can also be the direct cause 

of cellular demise, which is referred to as autophagy-dependent cell death (153). Prerequisites for the 

use of this term are that 1) the inhibition of autophagy, by genetic or chemical means, prevents the 

cell from dying, 2) cell death occurs without the involvement of other types of regulated cell death, 

and 3) the autophagic flux is increased (153,286). There are several mechanisms leading to autophagy-

dependent cell death. The best known mechanism is cell death due to excessive autophagy, 

characterized by the excessive self-consumption of organelles and cytoplasmic content, eventually 

leading to cellular demise (287). A second subtype is excessive mitophagy, which leads to death due to 

the depletion of mitochondria and consequent energy failure (287). A final subtype is autosis, where 

death occurs due to the activation of the Na+/Ka+-ATPase pump and consequent alterations in 

membrane osmolarity and ion transport (287,288). It is important to distinguish autophagy-dependent 

and autophagy-mediated cell death, where in both cases the targeted inhibition of autophagic 

machinery may prevent cell death, from autophagy activation as a cellular mechanism to attenuate 

cell damage (i.e. autophagy-associated cell death, cf. introduction 4.1.4) (286). Altogether, apart from 

investigating a possible role for autophagy-dependent cell death in ALS as a stand-alone mechanism, 

further elucidation of the specific role of autophagy at the crossroads of regulated cell death types 

such as apoptosis, necroptosis and pyroptosis (i.e. autophagy-mediated cell death) will be crucial. 

Ultimately, this could facilitate the modulation of the autophagy system to diminish cell death without 

affecting other essential functions of the autophagy-lysosome machinery, such as the recycling of 

components and the clearance of intracellular protein aggregates and damaged organelles (284), 

which is pivotal, especially in the context of ALS protein pathology.  

Although ALS is considered a motor neuron disorder, the role of glial cells should not be neglected. 

Apart from neurons, TDP-43 pathological aggregates also accumulate in glial cells, such as 
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oligodendrocytes and microglia, in patients with ALS and FTLD-TDP (33,289). We showed in Chapter II 

that pyroptosis is activated specifically in microglia, and that this correlates with motor neuron loss. It 

is clear that inflammation is not just a consequence of ALS, but has detrimental effects on the neuronal 

microenvironment (290). In the CNS, microglia are the main sensors that become activated following 

specific stimuli, such as pathological proteins, leading for instance to the activation of the main 

regulator of inflammation, i.e. NFκB (291,292). Importantly, it was shown that the specific deletion of 

NFκB in microglia rescued motor neurons from microglia-mediated death in vitro, and prolonged the 

survival of SOD1G93A mice (293). As such, current knowledge allocates an important role to microglia in 

ALS neurodegeneration, although likely not as an initiator of the disease, but as an important 

detrimental modulator of neurodegeneration (252,292,294).  

 

2. Cytoskeletal defects in ALS 

In recent years, several ALS-related genes with a function in the cytoskeleton have been identified, 

among which DCTN1, PFN1, KIF5A, PRPH, SPAST and TUBA4A (23). In this thesis, we showed that 

TUBA4A alterations might have a broader relevance in ALS pathogenesis, in addition to patients with 

a TUBA4A mutation, as TUBA4A downregulation was observed in sporadic ALS post-mortem tissue and 

gave rise to an ALS-like phenotype in zebrafish (Chapter IV). In addition, we presented an FTLD-TDP 

patient with an N-terminal TUBA4A mutation exhibiting reduced levels of TUBA4A in the brain, 

indicative of a haploinsufficiency mechanism (Chapter III). These results further emphasize the 

importance of cytoskeletal integrity in ALS. This has also become clear in in vitro and in vivo models of 

ALS with mutations in genes not involved in the cytoskeleton, such as TARDBP, C9orf72 and SOD1, 

where axonal transport defects are evident (168,170,172). Importantly, it was shown that the 

administration of a MT-modulating agent in SOD1G93A mice, which reduces MT hyperdynamics, led to 

normalized axonal transport, as well as an amelioration of symptoms and prolonged survival (295).  

Interestingly, the cytoskeleton is also interconnected with autophagy, with the autophagy machinery 

relying on its interaction with the cytoskeleton, and in particular MTs, for the formation and transport 

of autophagosomes (146,296). As such, destabilization of MTs was shown to impede autophagic flux 

(297). Additionally, autophagosomes formed in the axonal compartment of neurons often have to be 

transported over long distances to allow degradation in the neuronal cell body (298). On the other 

hand, autophagy activation was shown to stabilize MTs through the degradation of a MT disassembling 

protein (299), implying that dysregulated autophagy can have a detrimental effect on cytoskeletal 

integrity. Apart from autophagy, MT alterations have been related to other ALS-related pathological 

mechanisms, such as mitochondrial-dependent energy depletion, excitotoxicity and oxidative stress 
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(186,300). For example, due to their long length in motor neurons, axons require sufficient energy for 

axonal transport and are therefore dependent on mitochondria (301). Additionally, mitochondria are 

transported along the axon themselves to supply the synapse (213), illustrating the complex interplay 

of several ALS-related pathogenic pathways. Finally, MT dynamics can be influenced by post-

translational modification of tubulin subunits, such as acetylation and detyrosination, which can affect 

axonal transport (213,278). For instance, it was shown that modulating tubulin acetylation ameliorated 

axonal transport as well as other ALS phenotypes in vitro and in vivo (169,171,210,302–304). 

Thus, MT cytoskeletal defects can occur as a consequence of other ALS-related pathological 

mechanisms, such as aberrant autophagy, but also due to the physical blockage of axonal transport by 

protein aggregates, altered transcription or protein binding of transport proteins (213). On the other 

hand, we now know that alterations in cytoskeletal genes, such as TUBA4A, can contribute to the 

pathogenesis of ALS. In that case, the disruption of MT-dependent transport mechanisms could be a 

primary mechanism of ALS, leading to decreased protein degradation and the accumulation of 

damaged organelles through interference with the autophagy machinery (23,213), giving rise to 

protein aggregation as observed in ALS. In addition, cytoskeletal disturbances can lead to a lack of 

nutrients and other essential components at the synapses, resulting in the so-called ‘dying-back’ 

phenomenon, which will be discussed in the following section.  

 

3. The dying-back versus dying-forward hypothesis 

Recently, evidence points towards a ‘dying-back’ mechanism in ALS pathophysiology. This implies that 

ALS is a distal axonopathy, where molecular changes take place at the neuromuscular junction (NMJ) 

during the early stages of the disease, which later on progress towards the neuronal cell body 

(165,305). The NMJ is a specialized synapse that controls the signaling between the muscle and the 

axon. Disassembly of the NMJ ultimately leads to denervation of the skeletal muscle, resulting in the 

typical ALS clinical symptoms in the patient (306). In SOD1G93A mice, Fischer and colleagues showed 

that denervation of synapses preceded the degeneration of ventral root axons, which was then 

followed by the loss of motor neurons in the spinal cord, suggestive of a dying-back mechanism (162). 

Symptom onset in these mice occurred around the same time as when approximately 60% of ventral 

root axons were lost (162). Most theories behind the dying-back hypothesis are based on well-known 

genetic causes of ALS. It is though that for example the accumulation of pathological proteins, altered 

RNA processing, or mitochondrial damage could lead to insufficient maintenance of the distal axon 

(possibly due to axonal transport defects), resulting in denervation processes at the NMJ without 

initially affecting the neuronal cell body (165,307). The occurrence of mutations in ALS-related 
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cytoskeletal genes as well as our results on TUBA4A support this hypothesis, suggesting that ALS 

pathogenesis can start distally in the axon, leading to muscle denervation and eventually coinciding 

with motor neuron loss, as observed post-mortem in patients. 

However, the inverse process, i.e. the dying-forward hypothesis, has recently regained attention. This 

postulates that degeneration processes start in the motor neurons in the primary motor cortex, 

descending downwards to ultimately reach the NMJ (308,309). This is supported by the model of 

corticofugal spreading of neurodegeneration, as described by Braak and colleagues (74). They suggest 

that pathology initiates in motor neurons in the primary motor cortex, which then, via axonal transport, 

propagates towards the spinal cord and other regions of the brain (74). Another finding supporting the 

dying-forward hypothesis, is that in ALS only the extraocular and pelvic sphincter muscles are spared. 

These are innervated by lower motor neurons that do not receive direct afferents from the cerebral 

cortex (310). In that regard, they would not be affected by dying-forward processes arising from the 

cerebral cortex (311). Of note, more restricted forms of ALS exist, such as PLS (only UMN involvement) 

and PMA (only LMN involvement), questioning the plausibility of both the dying-back and dying-

forward theories. Finally, it is possible that dying-back and dying-forward mechanisms occur 

simultaneously, which was named the ‘dying-outward’ hypothesis by Baker et al. (312). It will be crucial 

to further elucidate the interplay between seemingly distinct ALS pathological mechanisms, such as 

protein aggregation, impaired autophagy, mitochondrial dysfunction, DNA damage, nucleocytoplasmic 

transport defects, the activation of cell death pathways such as pyroptosis, and cytoskeletal 

disturbances (Fig. 1). ALS genetics suggest a possible causative role for several of these mechanisms, 

suggesting that ALS pathogenesis can initiate via different pathways, eventually converging in full-

blown pathology leading to neuronal and axonal degeneration.   
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General discussion - Figure 1. Pathological mechanisms involved in amyotrophic lateral sclerosis. Proposed 
disease mechanisms contributing to motor neuron degeneration in ALS include TDP-43 protein aggregation, 
cytoskeletal defects such as disturbed axonal transport, nucleocytoplasmic transport defects, impaired DNA 
repair, dysregulation of autophagy, mitochondrial dysfunction and oxidative stress, and microglial pyroptosis 
activation with the release of proinflammatory cytokines IL-18 and IL-1β. Most likely, a combination of dying-
forward and dying-backward mechanisms eventually leads to neurodegeneration.  

 

4. The role of pathological TDP-43 in ALS 

Regarding the aggregation of phosphorylated TDP-43, using post-mortem tissue, we found a 

correlation with necrosome-positive GVD in the hippocampus of ALS/FTLD-TDP cases (Chapter I), but 

not with microglial pyroptosis activation in ALS (Chapter II). The latter is in contrast with an in vitro 

study, where truncated and mutant TDP-43 significantly activated the NLRP3 inflammasome in 

microglia, which was toxic to motor neurons (141). Another group showed that the internalization of 

pathological TDP-43 by microglia led to NLRP3-dependent IL-18 cleavage (140). Upregulation of 

microglial NLRP3 was also detected in TDP-43Q331K mice (97), which is in line with our results as we 

detected microglial pyroptosis activation in the motor cortex of symptomatic TDP-43A315T mice 

(Chapter II). TDP-43 has also closely been linked with pyroptosis activation in the context of NFκB 

signaling (313). It was shown that TDP-43 acts as a suppressor of the NFkB transactivation pathway by 

inhibiting NFκB nuclear translocation, with a loss of TDP-43 leading to increased nuclear localization of 

NFκB subunits upon TNFα stimulation (257). Indeed, TDP-43 interacts with NFκB and can function as a 

co-activator of the NFκB signaling pathway (314). Conversely, a recent study demonstrated that 

inhibition of NFκB could rescue TDP-43 proteinopathy and attenuate TDP-43-related 
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neurodegeneration in TDP-43 transgenic mouse models (315). Thus, evidence points towards an 

important role for TDP-43 in the activation of pyroptosis in ALS, although this is likely due to TDP-43 

LOF or the presence of toxic soluble oligomers, and not attributable to aggregated forms of TDP-43. 

Although we found a correlation between pTDP-43 pathology and necroptosis activation in the 

hippocampus of ALS/FTLD-TDP cases, a direct link is less obvious. As discussed in Chapter I of this 

thesis, GVD displays necrosome as well as autophagy components, and might thus reflect the 

accumulation of the necrosome on autophagy machinery, which can serve as a scaffold. Furthermore, 

as discussed earlier on, autophagy and necroptosis mechanisms are entangled, as suppression of 

autophagic flux enhances necroptosis, while activation of autophagy inhibits necroptosis 

(151,155,157). Autophagy has extensively been studied in the context of TDP-43 pathology. As such, 

stimulation of autophagy improved TDP-43 clearance and localization in vitro (64). Indeed, 

(pathological) TDP-43 is a substrate of autophagy, while in turn TDP-43 aggregation was shown to 

negatively influence the autophagy machinery (61,66,160). This is supportive of a toxic gain-of-function 

(GOF) of TDP-43, implying that the mislocalization and cytoplasmic aggregation of TDP-43 confers 

cellular toxicity. 

In recent years, the involvement of TDP-43 in cytoskeletal disturbances in ALS has become clearer. It 

was shown that TARDBP mutations in iPSC-derived motor neurons not only lead to the cytoplasmic 

mislocalization and accumulation of phosphorylated TDP-43, but also to defects in mitochondrial 

transport along the axon. The inhibition of histone deacetylase 6 (HDAC6) could rescue this phenotype 

(169). HDAC6 is an enzyme that can deacetylate lysine residues from histones as well as for example 

α-tubulin. Thus, HDAC6 inhibition leads to higher α-tubulin acetylation levels, which is important to 

maintain axonal transport. Furthermore, HDAC6 plays a role in autophagy, which might explain the 

decreased protein aggregation following HDAC6 inhibition in the above study (302). Interestingly, TDP-

43 and FUS were shown to associate with HDAC6 mRNA, and knockdown of either of these RNA-

binding proteins led to a reduced expression of HDAC6 mRNA (316), hinting towards a possible 

mechanism of axonal dysregulation by pathological TDP-43. Alternatively, it was suggested that 

pathological protein aggregates could physically block axonal transport (213). Apart from HDAC6, TDP-

43 was shown to interact with MTs, mediating the axonal transport of mRNAs from the soma to distal 

compartments, including the NMJ, while also being transported along axons itself. Mutations in 

TARDBP impaired axonal transport of mRNA (75,172,317). Finally, TDP-43 was shown to interact with 

other cytoskeletal proteins, such as PFN1 (318). Thus, an important role for TDP-43 in cytoskeletal 

dynamics is emerging, linking TARDBP mutations and protein aggregation in general to axonal 

transport deficits.  
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Overall, it is clear that TDP-43 is entangled in multiple pathological pathways and that it plays a central 

role in ALS. However, it is still debated whether this occurs through LOF or gain-of-function (GOF) 

mechanisms. Specifically, the role of TDP-43 aggregates is questioned, as numerous in vivo and in vitro 

studies demonstrated neurotoxicity in the absence of TDP-43 cytoplasmic aggregation, suggestive of a 

LOF mechanism or toxicity conferred by cytoplasmic misfolded and/or oligomeric TDP-43 (319). Thus, 

the balance between nuclear and cytoplasmic TDP-43, as well as the total level of TDP-43, which is 

controlled via autoregulatory mechanisms, deems crucial. Loss of nuclear TDP-43 is a typical hallmark 

of ALS, in additional to cytoplasmic aggregates. In symptomatic TDP-43A315T mice, we observed 

clearance of TDP-43 from the nucleus in motor neurons in the motor cortex, in the absence of TDP-43 

pathological aggregates (Chapter II). This supports a LOF hypothesis, as these mice displayed motor 

neurons loss and clinical symptoms of paralysis, although we cannot fully exclude the possibility that 

TDP-43 aggregates were not detected with the antibodies used in our study. Furthermore, given the 

well-known role of TDP-43 in mRNA metabolism, nuclear depletion of TDP-43 and/or dysfunctional 

TDP-43 can lead to mRNA splicing abnormalities and disturbed axonal trafficking of mRNA, among 

others (61,66,320). Finally, mislocalization of TDP-43 can alter the nuclear localization of double 

stranded break (DSB)-repeat proteins, resulting in the accumulation of DNA damage, which is another 

hallmark observed in ALS motor neurons (66) (Fig. 1).  

On the other hand, there is considerable evidence pointing towards a toxic GOF of pathological TDP-

43, although not necessarily through the formation of pathological aggregates. For example, Barmada 

and colleagues showed that the expression of mutant TDP-43 was toxic to neurons, and that this 

correlated with an increased cytoplasmic localization of TDP-43, but not with aggregate formation 

(321). Examples of toxicity mediated by TDP-43 aggregates have been mentioned earlier on, such as 

the inhibition of autophagy or blockage of axonal transport. Altogether, there is compelling evidence 

for both LOF and toxic GOF mechanisms following TDP-43 mislocalization and aggregation, indicating 

that both mechanisms are simultaneously at play during ALS pathogenesis. TDP-43 pathology does not 

only occur following mutations in TARDBP, but is present in 97% of ALS patients. It could be postulated 

that TDP-43 pathology is only a passive bystander in sporadic ALS and ALS caused by mutations in genes 

involved in other mechanistic pathways unrelated to protein aggregation. However, it is now evident 

that TDP-43 is involved in multiple pathological mechanisms in ALS, as discussed above. The question 

remains whether in those circumstances, the initiation of distinct pathogenic pathways, such as 

cytoskeletal dysfunction, converge to TDP-43 pathology, with the initiation of TDP-43 pathology as a 

requirement for motor neuron death, or if the induced TDP-43 pathology only enhances/accelerates 

the development of full-blown ALS pathology, through LOF and/or GOF mechanisms, leading to 

neurodegeneration.   
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5. Concluding remarks and future perspectives 

Taken together, the findings obtained in this thesis contribute to a better understanding of the 

mechanisms underlying the pathogenesis of neuronal and axonal degeneration in ALS. Our results 

point towards a role for pyroptosis, but not necroptosis in ALS (Chapter I & II). Specifically, we showed 

microglial pyroptosis activation in the post-mortem ALS motor cortex as well as in TDP-43A315T 

transgenic mice, which correlated with neuronal loss. Based on our results as well as current literature 

regarding cell death mechanisms in ALS, it deems important to take into account the overlap of 

multiple regulated types of cell death. Furthermore, elucidating the role of autophagy in cellular 

demise will be an interesting avenue due to its emerging role in regulated cell death, but also because 

mediating autophagy is of major interest in the context of alleviating protein aggregation. Importantly, 

the role of non-neuronal cells, such as microglia, should not be disregarded, as we detected pyroptosis 

activation specifically in microglia, and this might affect neuronal health and survival. Of note, 

astrocytes and oligodendrocytes were previously also shown to play a role in ALS disease pathogenesis 

(292), and should thus be taken into account as well. It is important to bear in mind that findings based 

on post-mortem brain and spinal cord tissue have limitations, as they only represent the end-stage of 

the disease. Therefore, further in vivo and in vitro research is needed to elucidate the exact 

mechanisms of pyroptosis activation during the course of the disease, as well as its contribution to the 

pathogenesis of ALS. In these models, the aspect of aging should be taken into account, as this remains 

one of the major risk factors for ALS.  

Our findings on TUBA4A based on post-mortem human tissue as well as zebrafish experiments 

(Chapter III & IV) corroborate a major role for cytoskeletal disturbances in ALS. Moreover, it has 

become clear that cytoskeletal dysfunction can be a driver of disease onset. How this leads to the 

typical TDP-43 pathology observed in patients with mutations in cytoskeletal genes is still unclear, as 

well as to what extent TDP-43 is involved in disease pathogenesis in these cases. The same is true for 

patients with sporadic ALS, for whom the cause of the disease is still unclear, although it probably 

results from a combination of genetic and environmental factors. Also here, TDP-43 pathological 

aggregates are omnipresent. TDP-43 deems to play an important role in multiple ALS-related 

pathogenic mechanisms, likely both via LOF and GOF mechanisms.  

In conclusion, the results obtained in this thesis point towards an important role for microglial 

pyroptosis activation in neuronal demise on the one hand, and on the other hand indicate cytoskeletal 

disturbances as a potential initiator of the disease. It will be crucial to find out how distinct ALS-related 

pathological mechanisms, such as protein aggregation, mitochondrial dysfunction, pyroptosis 

activation, DNA damage and cytoskeletal instability, are interconnected, as well as how ALS is initiated 

in different subtypes of the disease (familial versus sporadic ALS). From genetic studies, it has become 
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clear that ALS disease onset can initiate from different pathogenic pathways. In familial ALS, this likely 

only commences after a second trigger, in addition to the genetic mutation, such as cellular stress due 

to aging or alterations in the expression levels of certain proteins. Initiation of these distinct pathogenic 

pathways then eventually could lead to a similar final picture of full-blown pathology, giving rise to the 

typical motor neuron degeneration observed in ALS, which presumably occurs through combined 

dying-backward and dying-forward mechanisms. In sporadic ALS, however, it remains unclear how the 

pathogenic cascade is initiated, and whether this is similar in all sporadic cases. Ultimately, ALS appears 

to be a multifactorial disease, and it will be key to elucidate the pathogenicity of distinct affected 

pathways in order to achieve a multi-targeted approach that can be of benefit for the majority of ALS 

patients, which do not have a clear genetic cause of the disease. Herewith, the discovery of better 

biomarkers, as well as panels of genetic risk factors, will aid to detect the (sporadic) disease at early 

stages to prevent motor neuron degeneration and the consequent denervation of muscle tissue in 

patients that suffer from this devastating disease.  
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