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UCL Impact statement 
We have developed a novel platform, NMJ analyser, for automatic analysis of 

NMJ morphology and innervation status in mouse models. This novel 

approach is an important resource for studying NMJs in mice systematically, 

un-biasedly and in high-throughput manner, to further our understanding of 

pathological processes in motor neuron diseases. 

 

The use of NMJ analyser will impact the field of neuromuscular diseases as it 

is the first method for comprehensive NMJ automatic studies. First, the NMJ 

analyser is not limited to use for a specific disease but for a great number of 

mouse models with neuromuscular pathology. Thus, the NMJ analyser 

provides a robust cross-disciplinary approach. Second, it is the first time in the 

neuromuscular field that a machine learning approach combines the NMJ 

innervation status with morphological characteristics for studying NMJs 

comprehensively and automatically. Third, NMJ analyser is able to detect 

subtle morphological changes in NMJs before the manual method does. This 

suggests that NMJ analyser can be used as a biomarker to detect earlier 

neuromuscular pathology.  

 

In this study we have also reported specific early pathology of novel and 

previously unreported structural characteristics of NMJs in ALS and CMT2D 

mouse models. NMJ analyser detected for the first time very early remodelling 

changes in the motor nerve terminal of TDP43 and FUSΔ14 mice. We also 

detected for the first time a number of morphological changes in the motor 

endplate and pre-synaptic nerve in the Gars C201R mice. These results 

confirm that NMJ analyser is a tool of great importance in detecting novel and 

earlier pathologies with clinical relevance in neuromuscular diseases.  

 

NMJ analyser can be used to identify NMJ structural proteins to develop early 

intervention therapies in neuromuscular disorders. Finally, our algorithm may 

be the initial step to develop non-invasive devices to detect early 

neuromuscular pathology in humans. 
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Abstract 
Background: Neuromuscular junctions (NMJs) are the synapses connecting 

motor neurons to muscle fibres.  Dysfunction of the NMJ has been implicated 

in the pathology of amyotrophic lateral sclerosis (ALS) and Charcot-Marie-

Tooth (CMT) disease, partly due to the progressive loss of skeletal muscle 

control in these disorders, and due to the common final NMJ phenotype, 

regardless of the genetic mutation. These motor system diseases are 

associated with skeletal muscle fibre and protein pathologies in the central or 

peripheral nervous system. Modelling NMJ dysfunction using mouse models 

is important for us to investigate pathological mechanisms and to identify how 

gene mutations involved in diverse biological functions lead to a common NMJ 

phenotype. However, NMJ structural studies are based mostly on manual 

analysis with potential intra- and inter-rater variability, limiting reproducibility.    

Methods: Mouse models of ALS and CMT were investigated, each containing 

a single mutation caused by transgenic or knock-in technology or chemical 

mutagenesis. We carried out an extensive pathological analysis in the nervous 

tissues and hindlimb muscles in the ALS mice and NMJ studies in both ALS 

and CMT mice. The NMJ studies were further developed by creating a python-

script coupled to a machine learning algorithm. 

Results and discussion: To address the subjective nature of manual NMJ 

analysis, we developed a novel high-throughput screening method for NMJ 

structural analysis and a machine learning system for automatic identification 

of NMJ innervation status. Using this system, ‘NMJ analyser’ we have 

identified changes in multiple morphological parameters across ALS and CMT 

mouse strains supporting the idea that the NMJ denervation process seems 

to be different in these models. Furthermore, within FUS-ALS mice, we did not 

find upper motor neuron loss and gliosis in the motor cortex nor fibretype 

pathology at multiple timepoints analysed. Our results lead to a 1) more 

comprehensive and precise study of NMJ pathology, 2) systematic study of 

NMJs in mice and 3) precise identification of NMJ morphological changes 

across different mouse models with NMJ pathology. Further understanding of 

NMJ denervation process could lead to novel and earlier therapeutic 

interventions in patients where NMJ pathology is observed. 
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Chapter 1. Introduction 
 

1.1. The mammalian motor system  
 
The motor systems in humans and rodents are composed of anatomical 

structures located in the central and peripheral nervous tissues to support and 

control locomotion and movement. The motor system includes upper motor 

neurons (UMNs) in the motor cortex and brainstem, descending motor 

pathways and lower motor neurons (LMNs) in the spinal cord. The 

corticospinal tract (CST), corticobulbar tract (CBT) and reticulospinal tract 

(RST), also known as the descending pathways, are integral components of 

the motor system (Alstermark, Ogawa and Isa, 2004; Lemon, 2008).  

 

Regardless of the similarities of the motor system in humans and rodents, it is 

important to note some differences in their anatomy when modelling motor 

system diseases in mice and for translation to humans. In humans, the UMNs 

synapse with the LMNs in the spinal cord while in mice this connection is not 

direct, particularly in the cervical region (Figure 1.1.) (Lemon and Griffiths, 

2005; Lemon, 2008). In mice, the UMN connection to the LMN is mediated by 

a preceding synapse to an interneuron in the spinal cord (Figure 1.1.) (Lemon, 

2008). UMNs in mice are also known as corticospinal motor neurons (CSMNs) 

(Lemon and Griffiths, 2005). 

 

The CST circuit has obvious differences between humans and rodents (Figure 
1.1.) (Lemon and Griffiths, 2005; Lemon, 2008; Kanning, Kaplan and 

Henderson, 2010; Zörner et al., 2014). In rodents, CST axons are projected 

mostly on the ventral aspect of the dorsal column with a minor portion within 

the lateral and ventral column of spinal cord (Figure 1.1.) (Brouwer and Ashby, 

1992; Lemon, 2008). The CST projection in humans, on the other hand, lies 

mostly within the lateral column with a minor projection on the ventral aspect 

of the spinal cord (Figure 1.1.) (Lemon, 2008; Jeong et al., 2016). 
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The RST circuit is composed mainly of uncrossed fibres originating both in the 

pontine reticular formation and medullary reticular formation, and it is a pivotal 

descending tract in the motor system (Lemon, 2008). The RST plays an 

important role in regulating locomotion and postural control in both humans 

and mice. In mice, forelimb and axial motor neurons primarily project their 

axons through the RST circuit while in humans they come through the CST 

projection instead (Lemon, 2008). This anatomical difference suggests that 

the RST seems to be more important in rodents for locomotor activities while 

humans rely primarily on the CST descending pathway (Lemon, 2008; Hu et 

al., 2017). LMNs innervate muscle fibres leading to distinctive fibretypes within 

a muscle, known as slow- and fast-twitch fibres. Slow-twitch fibres are similar 

in both species while the fast- twitch type-IIb fibretype seems to be present 

exclusively in mice (Talbot and Mavez, 2016). 

 

Modelling motor system diseases, that are exclusively observed in humans, 

needs some consideration when using mouse models. Results and 

conclusions may not be accurately drawn if the anatomical, molecular and 

motor circuit differences between these species are not carefully interpreted. 
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Figure 1.1. Descending motor pathway in human and mice. The 

descending motor pathways in human and mice present similar features. 

Motor pathways in human and mice begin with the upper motor neurons (Betz 

cells in human, CSMNs in mice) located in layer V of the primary motor cortex. 

Axons of upper motor neurons travel down the spinal cord and synapse onto 

the lower motor neuron in human. In mice, this connection to the lower motor 

neuron is mediated by a preceding synapse to an interneuron in the spinal 

cord. Lower motor neurons innervate the skeletal muscle forming the 

neuromuscular junction in human and mice. Adapted from (Lemon, 2008).  
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1.2. Amyotrophic Lateral Sclerosis (ALS) 
 

 Disease history 
Jean-Martin Charcot (Paris, 1825-1893) was the first to identify Amyotrophic 

Lateral Sclerosis (ALS) as a disease entity in 1870 using the anatomoclinical 

method (Gordon, 2013). This method consists of correlating the anatomic 

descriptions with the clinical observations (Kumar et al., 2011; Da Mota 

Gomes and Engelhardt, 2013). Briefly, Charcot and collaborators firstly 

noticed that chronic progressive paralysis and muscle contractures occur in 

patients with atrophy in the column of the spinal cord without muscle wasting 

(Kumar et al., 2011; Da Mota Gomes and Engelhardt, 2013). In another group 

of patients, they found that anterior horn spinal cord damage is associated with 

muscle atrophy and paralysis but not with contractures (Da Mota Gomes and 

Engelhardt, 2013; Gordon, 2013). As a result, they concluded that 1) there is 

a connection between the anterior side of spinal cord and skeletal muscle, 2) 

lesions in adjacent but anatomical different regions in the spinal cord result in 

a different clinical presentation and 3) that spinal cord and skeletal muscle are 

integral components of the motor system (Kumar et al., 2011; Da Mota Gomes 

and Engelhardt, 2013). 

 ALS clinical overview 
The clinical presentation of ALS is heterogeneous (Taylor, Brown and 

Cleveland, 2016). It manifests with alteration in the bulbar (speech or 

swallowing) or in the limb regions (arms or leg), and thus disease sub-types 

are named as bulbar- and limb-onset ALS (Figure 1.2.) (Gordon et al., 2013). 

ALS clinical signs usually start focally in the arms and then symptoms may 

spread to other adjacent areas or to the legs (Gordon, 2013). Most evident 

initial symptoms may be observed as difficulty in lifting the foot or loss in hand 

dexterity (Gordon, 2013; Taylor, Brown and Cleveland, 2016). Spasticity, 

usually associated with arm or leg weakness, is also a common initial ALS 

sign (Taylor, Brown and Cleveland, 2016; Polymenidou and Cleveland, 2017). 

As ALS symptoms get worse, loss of independence and difficulty to breathe 

become evident in these patients, who ultimately die of respiratory failure 
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typically within 3-5 years after initial diagnosis (Gordon, 2013; Taylor, Brown 

and Cleveland, 2016). 

Bulbar-onset ALS mainly affects skeletal muscles located in the face and 

mouth suggesting a degenerating process in the cranial nerves. This is mainly 

characterised by slow speech, jaw-jerk reflex and fasciculation and atrophy of 

the tongue (Figure 1.2.) (Pinto, Pinto and De Carvalho, 2007; Wijesekera and 

Leigh, 2009). Bulbar-onset ALS accounts for ~30% of ALS cases and is 

characterised by fast decline and short survival (Taylor, Brown and Cleveland, 

2016). Limb-onset ALS, on the other hand, begins with fatigue and weakening 

of arms or leg muscle (Figure 1.2.) (Turner et al., 2010, 2011). Babinski´s and 

Hoffman´s signs associated with fasciculation and spasticity are common 

clinical signs of limb-onset ALS. Generally, limb-onset ALS has a better 

prognosis than bulbar-onset ALS because respiratory failures appear 

relatively late in the course of the disease (Picher-Martel et al., 2016). 

 

ALS is now recognized to co-occur with Frontotemporal dementia (FTD) in 

approximately 15% of patients (Orr, 2011; Balendra and Isaacs, 2018). As 

many as ~50% of ALS patients can have limited but detectable cognitive 

impairment, with symptoms such as occasional change in personality and 

behavioural abnormalities (Renton et al., 2011; Taylor, Brown and Cleveland, 

2016). ALS patients with the full FTD spectrum have language dysfunction and 

memory impairment associated with strong changes in personality (Ferrari et 

al., 2011; Taylor, Brown and Cleveland, 2016). ALS-FTD patients are thought 

to share common histological features such as TDP43 protein aggregation and 

genetic expansion mechanisms in the gene C9orf72 (Taylor, Brown and 

Cleveland, 2016). 
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Figure 1.2. Central and peripheral areas affected in ALS. ALS affects upper 

motor neurons in the primary motor cortex, midbrain and spinal cord. It also 

affects the peripheral motor nerves and skeletal muscles located in the bulbar 

and limb areas. Adapted from (Taylor, Brown and Cleveland, 2016).  
 

 Genetics of ALS 
Familial and sporadic ALS 

Familial ALS (fALS) occurs when a mutation in an ‘ALS gene’ is observed in 

at least two related members of a particular family (Taylor, Brown and 

Cleveland, 2016a). Thus, these mutations are transmitted in families but 

different ALS alleles may have distinctive penetrance and disease onset 

(Taylor, Brown and Cleveland, 2016). Familial ALS represents about 10% of 

total ALS cases (Taylor, Brown and Cleveland, 2016). 
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Other ALS cases without obvious familial transmission are named sporadic 

ALS (sALS) (Taylor, Brown and Cleveland, 2016). Sporadic ALS represents 

at least 90% of total cases of ALS (Figure 1.3), and the cause of sALS is 

largely unknown. However, mutations in these patients occur de novo in a 

small percentage of cases i.e. <10% (Taylor, Brown and Cleveland, 2016). For 

example, ‘sporadic’ ALS patients carrying an intronic expansion in the C9orf72 

gene are ~7% of cases in western populations, whereas mutations in the 

superoxide dismutase 1 (SOD1) gene cause approximately 1% of sALS. 

Progenitors of C9orf72-ALS patients carry the expansion although in shorter 

repeats due to genomic instability of middle- or long-size repeats (Suh et al., 

2015; Van Mossevelde et al., 2017). The distinction between sALS and fALS 

partly depends on the ability of performing in-depth genetic analysis 

(Polymenidou and Cleveland, 2017). 

Figure 1.3. Frequency of most common ALS genes in fALS and sALS. 
fALS and sALS account for ~ 5-10% and ~ 90-95% of all ALS cases, 

respectively. Mutations in Cu/Zn Superoxide dismutase 1 (SOD1), Fused in 

Sarcoma/Translocated in Sarcoma (FUS), Transactive response DNA binding 

protein 43kDa (TARDBP) and expansions in Chromosome 9 open reading 

frame 72 (C9orf72) genes cause ALS. A large percentage of ALS cases 

remain with unknown causation. Adapted from (Turner et al., 2013; Brown and 

Al-Chalabi, 2017). 
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 Genes causing ALS 
Nearly 30 genes are associated with ALS (Table 1.1). A large proportion of 

these genes are also involved in other neurodegenerative diseases and 

protein myopathies (Table 1.1). We included the Superoxide dismutase 1 

(SOD1 gene), Fused in Sarcoma/Translocated in Sarcoma (FUS) and 

Transactive response DNA binding protein 43kDa (TARDBP) genes as we 

describe ALS mouse models with mutation in these genes. 

Gene Protein Protein function Mutations Proportion of 
ALS 

C9orf72 C9ORF72 Guanine nucleotide 
exchange factor  

Hexanucleotide 
GGGGCC 

repeat 

Familial Sporadic 

SOD1 Cu/Zn Superoxide 

dismutase 

Dismutase activity >160 20% 2% 

FUS Fused in FUS/TLS RNA binding 

protein 

> 40 5% <1% 

TARDBP TDP43 RNA binding 
protein 

> 40 5% <1% 

OPTN Optineurin Autophagy adaptor 1 4% <1% 

NEK1 NEK1 Cell cycle 

regulation 

1 <2% <1% 

VCP Valosin-containing 
protein 

Ubiquitin segregase 1 1-2% <1% 

ANG Angiogenin Ribonuclease >10 <1% <1% 

CHCHD10 Coiled-coil-helix- 

domain containing 

protein 10 

Mitochondrial 

protein 

2 

 

 

<1% <1% 

DCTN1 Dynactin subunit 1 Component of 

dynein motor 
complex 

10 <1% <1% 

HNRNPA1 hnRNPA1 RNA binding 
protein 

3 <1% <1% 
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MATR3 Matrin 3 RNA binding 

protein 

4 <1% <1% 

PFN1 Profilin 1 RNA binding 

protein 

5 <1% <1% 

SQSTM1 P62 Actin binding 

protein 

10 <1% <1% 

TUBA 4A Tubulin α-4A chain Microtubule subunit 7 <1% <1% 

UBQLN2 Ubiquilin 2 Autophagy adaptor 5 <1% <1% 

TBK1 TANK binding 

kinase 1 

Autophagy, 

inflammation 

3 <1% <1% 

CCNF Cyclin F E3 ubiquitin-protein 

ligase complex 

7 <1% <1% 

KIF5A Kinesin Microtubule-based 

motor protein 

12 <1% <1% 

C21orf2 Nuclear-encoded 
mitochondrial 

protein 

DNA damage 
response 

6 <1% <1% 

ANXA11 

 

Calcium-binding 
protein annexin A11 

Proteostasis 6 <1% <1% 

TIA1 TIA1 Cytotoxic 

granule associated 

RNA binding 

protein 

RNA metabolism ~15 <1% <1% 

SPG11 Spactasin Neuronal axonal 

growth 

2 

 

 

<1% <1% 

VAPB Vesicle associated 

protein B and C 

Endoplasmic 

reticulum unfolded 

protein response 

2 <1% <1% 
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Table 1.1. Genes causative of ALS. Data taken and completed from (Chow 

et al., 2009; Daoud et al., 2012; Kim et al., 2013; Kenna et al., 2016; Williams 

et al., 2016; Dreser et al., 2017; Sproviero et al., 2017; Topp et al., 2017; 

Bonne, Rivier and Hamroun, 2018; Nguyen, Van Broeckhoven and van der 

Zee, 2018). 

 
 
 
 
 
 
 
 
 

FIG4 Phosphoinositide 5-

phosphatase  

Cellular abundance 

of 

phosphatidylinositol 

3,5-biphosphate 

9 <1% <1% 

 

 

 

ATXN2 

 

 

Ataxin 2 Unknown Trinucleotide  

CAG repeat 

<1% <1% 

SIGMAR1 

 

 

 

Sigma non-opiod 

intracellular 

receptor 1 

 
 

Chaperone 1 <1% <1% 

CHMP2B Charged 
multivesicular body 

protein 2b 

Formation and 
sorting of 

endosomal cargo 

proteins  

4 <1% <1% 

HNRNPA2B1 Heterogeneous 

nuclear 

ribonuclearprotein 

A2/B1 

RNA maturation 1 <1% <1% 
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SOD1 

Mutations in the SOD1 gene were the first to be identified as causative of the 

neuromuscular disease ALS (Rosen et al., 1993). The SOD1 gene encodes a 

cytosolic, lysosomal and mitochondrial enzyme that converts superoxide into 

O2 and H2O2 through its dismutase activity (Bunton-Stasyshyn et al., 2015). 

The enzyme is a metalloproteinase, also known as Cu/Zn superoxidase 

dismutase, composed of 153 aminoacids, and it has a critical function in 

cellular respiration and energy metabolism (Figure 1.4) (Bunton-Stasyshyn et 

al., 2015). 

Mutations in the SOD1 gene cause ~20% of fALS and ~2% of sALS (Couratier 

et al., 2016; Taylor, Brown and Cleveland, 2016). More than ~160 mutations 

were found in the SOD1 gene but their pathogenicity in ALS has not been fully 

proved for all of them (Bonne, Rivier and Hamroun, 2018). The mutations in 

the SOD1 protein do not cluster in any specific regions of the 5 exons 

suggesting no hotspot region in this gene.  In general, ALS mutations in SOD1 

lead to a decrease in its dismutase activity but most of these data come from 

studies of red blood cells, lymphoblast and fibroblast lines (Saccon et al., 

2013). In the presence of an ALS mutation, the ability of SOD1 mRNA to form 

ribonucleoproteins complexes is reduced, leading to a potential decrease in 

its half-life (Saccon et al., 2013). 
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Figure 1.4.  Structure of the human SOD1 protein and the most 
commonly investigated ALS mutations. The human SOD1 protein structure 

is composed of 5 exons and characterised by multiple sites for Cu, Zn or Cu/Zn 

binding. The SOD1 protein is composed of 153 amino acids and >160 different 

mutations have been associated with ALS. Adapted from (Saccon et al., 2013; 

Wright, Antonyuk and Hasnain, 2019). 

 

FUS  

The Fused in sarcoma gene (also known as Translocated in Liposarcoma or 

TLS gene) encodes the FUS protein, a member of FET family (Kwiatkowski, 

2009; Vance, 2010). The FUS protein binds RNA, single and double strand 

DNA, and participates in DNA repair and cell proliferation (Mackenzie and 

Neumann, 2017; Deng et al., 2010; Kovacs, 2016). More than 40 mutations 

have been found in the FUS gene since 2009, when it was discovered that 

mutations in this locus cause ALS (Vance, 2010; Mackenzie et al., 2011). 
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 Although mutations in the FUS gene cause a small number of fALS and sALS 

cases (~5% vs less than 1%), these patients typically undergo an aggressive 

and short disease onset, usually less than 24 months (Mackenzie et al., 2011; 

Mackenzie and Neumann, 2017). Thus, in some patients the ALS-FUS is 

sometimes referred as the juvenile ALS form. The FUS protein has many 

similar functions with another RNA binding protein, Transactive response 

43kDa (TDP43) protein particularly in RNA-metabolic functions. This similarity 

suggests that alteration in RNA metabolism is an important event leading to 

ALS (Deng, Gao and Jankovic, 2014; Mackenzie and Neumann, 2017).  

Most mutations in FUS cluster in its C-terminal region (Figure 1.5) where the 

non-canonical nuclear localization signal is located (PY-NLS) (Deng, Gao and 

Jankovic, 2014). Thus, when a mutation occurs, FUS protein accumulates in 

the cytoplasm of surviving motor neurons, and it is also occasionally found in 

oligodendrocytes (Deng, Gao and Jankovic, 2014; Mackenzie and Neumann, 

2017). Surviving motor neurons in this ALS subtype, also known as ALS6, 

have positive FUS inclusions but are TDP43 negative (Neumann, 2008). 

These motor neurons may also contain ubiquitin or P62 deposits and 

basophilic inclusions identified by H&E (Mackenzie and Neumann, 2017). 

 

 

 

 

 

 

 

 



 26 

Figure 1.5. Structure of the human FUS protein. The protein structure is 

composed of various domains including the QGSY-rich domain (QGSY-rich 

domain), G-rich region, Nuclear export signal (NES), RNA recognition motif 

(RRM) and Nuclear localization signal (NLS). The FUS protein is composed of 

256 amino acids and most mutations cluster in the C-terminal region. Image 

taken from (Shang and Huang, 2016). 

 

TARDBP 

Another important contributor to genetic forms of ALS is the TARDBP gene 

that encodes TDP43 protein (Table 1.1, Figure 1.6) (Polymenidou and 

Cleveland, 2017). TDP43 is a DNA/RNA-binding protein involved in virtually 

all steps of RNA metabolism (Braak et al., 2017; Mackenzie and Neumann, 

2017). TDP43 protein is a member of the heterogenous nuclear 

ribonucleoprotein (hnRNP) family that binds thousands of UG-rich single RNA 

sequences (Hsu, Stein and Xu, 2006; Tollervey et al., 2011; Sephton et al., 

2014). The TDP43 is composed of two RNA-recognition motifs (RRM1 and 

RRM2), a glycine-rich C-terminal, a nuclear localization signal (NLS) and 

nuclear export signal (NES). The NLS and NES indicate that the protein is able 

to shuttle from the nucleus to the cytoplasm and vice versa (Buratti et al., 2005; 

Hebron et al., 2013). 

 

Fig. 1. The age of disease onset in FALS patients with FUS mutations. (A) Meta-analyses of 154 FALS patients (either familial ALS inherited mutations or sporadic ALS with de
novo mutations) show a predilection early disease onset. Compared to all FUS mutations and the most common mutations that occur in amino acid 521 (FUS-R521C), FUS-
P525L mutation tends to occur in late teens and early 20's and represents a much more aggressive form of disease. (B) For sporadic ALS (SALS), about 35.9% and 34.9% of
patients show disease onset in the range of 41–55 and 56–65 years old. In contrast, more than 60% of ALS patients with FUS mutations show disease onset before 40 years
old. *Statistics for SALS have been adapted from the study by Testa and colleagues (Testa et al., 2004).

Fig. 2. Schematic diagrams of genomic organization of the human FUS Gene, FUS mutations identified in ALS, and functional domains in FUS proteins. The human FUS gene
consists of 15 exons, spanning !14.9 Kb, and is located on chromosome 16p11.2. The FUS mRNA transcripts are predicted to contain a 3,433 bp 3'UTR, which has been
recently shown to contain 4 disease-related variants. The full length human FUS protein contains 526 amino acids that can be further divided into several functional
domains, including the “prion-like” or low complexity (LC) domain that contains the Q/G/S/Y-rich region (amino acids 1–165) and the G-rich region (amino acids 165–267),
the Arginine-rich motif (RRM, amino acids 285–371), two Arg-Gly-Gly (RGG)-repeat regions (amino acids 371–422 and 453–501), interrupted by a Cys2–Cys2 zinc-finger motif
(ZNF)(amino acids 422–453), and a non-conventional nuclear localization signal (NLS)(amino acids 510–526). The majority of FALS-related mutations are more commonly
found in (1) the G-rich region, (2) the 2nd RGG region and (3) the NLS. Additional structural and functional domains in FUS include the prion-like domains and the HDAC1-
interacting domains.

Y. Shang, E.J. Huang / Brain Research ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3

Please cite this article as: Shang, Y., Huang, E.J., Mechanisms of FUS mutations in familial amyotrophic lateral sclerosis. Brain Research
(2016), http://dx.doi.org/10.1016/j.brainres.2016.03.036i
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Mutations in TARDBP cause ~5% of fALS and less than 1% of sALS (Taylor, 

Brown and Cleveland, 2016a). Strikingly, TDP43 deposition is the major 

component of ubiquitin inclusions in surviving motor neurons in ALS and FTD, 

also known as frontotemporal lobar degeneration (FTLD) (Neumann, 2008, 

2009). Interestingly, ~ 97% of all ALS cases involve TDP43 aggregation (Tan 

et al., 2007; Ling, Polymenidou and Cleveland, 2013). Most mutations are 

located near the C-terminal region of TDP43 leading to splicing and 

ribonucleoprotein binding alterations (Lagier-Tourenne, Polymenidou and 

Cleveland, 2010; Polymenidou and Cleveland, 2017). 

TDP43 plays an important role in transport and local protein synthesis of RNA 

granules to the dendrites and somatodendrites areas in neurons (Lagier-

Tourenne, Polymenidou and Cleveland, 2010). TDP43 also functions as a 

regulator of cellular stress taking part in the formation of the RNA 

sequestration complex (Prasad et al., 2019). 

Figure 1.6. Structure of the human TDP43 protein and ALS/FTLD causal 
mutations. The protein structure is composed of various domains included 

(from left to right): mitochondrial localization signal (M1, M3 and M5), nuclear 

localization signal (NLS), RNA recognition motif (RRM1 and RRM2), nuclear 

export signal (NES), glutamine/asparagine (Q/N) and glycine-rich domain in 

the C-terminal region. Image taken from (Prasad et al., 2019).  

Prasad et al. TDP-43 Misfolding and Pathology in ALS

FIGURE 1 | TDP-43 proteinopathies. TDP-43 proteinopathies refer to the diseases where TDP-43 is implicated and it includes: amyotrophic lateral sclerosis (ALS),

frontotemporal lobar degeneration (FTLD-TDP), primary lateral sclerosis, and progressive muscular atrophy. FTLD is a group of disorders principally of the frontal

temporal lobes of the brain causing dementia. Other forms of FTLD disorders are FTLD-Tau, FTLD-FUS, and FTLD-VCP. FTLD-Tau is associated with mutations in the

MAPT gene which encodes microtubule associated protein, Tau. Tau’s misfolding and aggregation lead to loss of microtubule-binding function and formation of

neuronal and glial inclusions (Irwin et al., 2015). FTLD-FUS is associated with mutations in the RNA-binding protein FUS, which results in disruption of its nuclear

localization and leads to its accumulation into inclusion bodies (Mackenzie et al., 2011). FTLD-VCP is associated with mutations in the valosin-containing protein

(VCP). FTLD-VCP manifests ubiquitin and TDP-43-positive neuronal intranuclear and cytoplasmic inclusions. FUS, fused in sarcoma; TDP-43, TAR DNA binding

protein 43; VCP, valosin containing protein.

FIGURE 2 | Structural features of TDP-43. (A) TDP-43’s domain organization depicting ALS and FTLD-linked mutations. TDP-43 comprises of an NTD domain, two

RRM domains, a nuclear export signal (NES), a nuclear localization signal (NLS), a prion-like disordered C-terminal domain (with glutamine/asparagine-rich (Q/N) and

Glycine-rich regions) and mitochondrial localization motifs (M1−35–41; M3−146–150; M5−294–300). Sporadic mutations and familial gene mutations generating

amino acid substitutions in TDP-43 are classified. Several TDP-43 mutations overlap between ALS and FTLD as well as between sALS and fALS (Baumer et al., 2009;

Xiong et al., 2010; Fujita et al., 2011; Janssens et al., 2011; Budini et al., 2012; Chiang et al., 2012; Cruts et al., 2012; Lattante et al., 2013; Moreno et al., 2015). PDB

structures of: (B) N-terminal region (PDB id-2N4P); (C) a tandem RRM1 and RRM2 segment (PDB id-4BS2); (D) a C-terminal region (aa: 311–360) (PDB id-2N3X).

Structures in the (B–D), have been adapted with permissions respectively from: John Wiley and Sons (Mompeán et al., 2016b); Springer Nature (Lukavsky et al.,

2013); and Springer Nature (Jiang et al., 2016, creative commons attribution 4.0 license). fALS, familial amyotrophic lateral sclerosis; NES, nuclear export signal; NLS,

nuclear localization signal; NTD, N-terminal domain; Q/N, glutamine/asparagine; RRM, RNA recognition motif; sALS, sporadic amyotrophic lateral sclerosis; TDP-43,

TAR DNA binding protein 43.

fact, Zhang et al. have reported that the first ten residues of the
NTD are crucial for the formation of the functional homodimers
and are also involved in the aggregation of the full-length

TDP-43 (Zhang Y. J. et al., 2013). Of note, the N-terminal
region can promote self-oligomerization in a concentration-
dependent manner, which modulates its nucleic acid binding
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 ALS histopathology 
Jean-Martin Charcot was the first to recognize the ALS clinical signs and to 

correlate it to its histopathological characteristics (Kumar et al., 2011; Da Mota 

Gomes and Engelhardt, 2013). Macroscopically, the brains of patients with 

ALS do not have gross abnormalities except for those overlapping with 

frontotemporal dementia where atrophy of the frontal and/or temporal cortex 

is more evident (Abrahams et al., 2005; Chang et al., 2005). The spinal cord 

exhibits loss of myelinated axons in the lateral and anterior columns (Chang 

et al., 2005). Microscopically, the motor neurons in the brain and spinal cord 

of ALS patients undergo severe atrophy (Mackenzie and Neumann, 2017). 

Vladimir Betz and Bunina T. Zhurnal reported the loss of pyramidal cells (also 

known as Betz cells) and presence of eosinophilic inclusions (also known as 

Bunina bodies) in 1874 and 1961, respectively (Bunina, 1962; Hammer, 

Tomiyasu and Scheibel, 1979). Bunina bodies, observed in both sALS and 

fALS, are mostly observed in cytoplasm of motor neurons in the spinal cord 

and brainstem (Mackenzie and Neumann, 2017). 

Molecular neuropathology of ALS  

The discovery that surviving motor neurons in ALS post-mortem tissue contain 

cytoplasmic protein aggregates has helped our understanding of ALS 

pathology (Taylor, Brown and Cleveland, 2016). The first to be discovered 

were ubiquitin inclusions in 1988 (Leigh et al., 1991). Ubiquitin is a protein that 

tags other proteins to be processed by the ubiquitin-proteasome system 

(Taylor, Brown and Cleveland, 2016). These ubiquitin inclusions are mostly 

found in the cytoplasm of lower motor neurons, occasionally in the glial cells 

and rarely in the temporal cortex, hippocampus and striatum (Di Giorgio et al., 

2007; Jucker and Walker, 2013). P62 protein is also frequently observed by 

histological studies in post-mortem ALS tissue (Al-Sarraj et al., 2011).  
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More recently, other proteins have been found to aggregate or to be 

phosphorylated in surviving motor neurons (Taylor, Brown and Cleveland, 

2016). Those proteins include FUS, TDP43, SOD1, RNA-binding proteins 

(RBPs) and the protein product of the C9orf72 gene among others. 

Interestingly, TDP43 aggregates are found in all ALS post-mortem tissues 

except in ALS-FUS or ALS-SOD1 patients. 

Involvement of non-neuronal cells in ALS 

Astrocytes 
Brain inflammation mediated by glial cells has been recognized as an 

important contributor to the ALS pathology (Lasiene and Yamanaka, 2011; 

Philips and Rothstein, 2014). Dying motor neurons in both human ALS 

patients and ALS animal models are surrounded by reactive astrocytes 

(Schiffer and Fiano, 2004; Boillée et al., 2006; Yamanaka et al., 2008). These 

reactive astrocytes exhibit greater expression of glial fibrillary acidic protein 

(GFAP), a type III intermediate filament whose expression is increased with 

inflammation and neuronal death in the central nervous system (CNS) (Taylor, 

Brown and Cleveland, 2016). Higher expression of GFAP in astrocytes is 

normally observed in the grey matter in the ventral horn of the spinal cord in 

ALS patients (Taylor, Brown and Cleveland, 2016). Reactive astrocytes also 

express S100 calcium binding-β protein (S100β) and inflammatory markers 

such as inducible nitric oxide synthase (iNOS) and neuronal nitric oxide 

synthetase (nNOS) (Taylor, Brown and Cleveland, 2016).  

Microglia  

Microglia are a type of macrophage cell resident in the central nervous system 

that, unlike the other cells in the brain, are embryologically derived from 

mesodermal tissue (Boillée et al., 2006; Brites and Vaz, 2014). This cell type 

is normally observed in its ramified shape in healthy brain and spinal cord 

(Boillée et al., 2006; Brites and Vaz, 2014). Microglia are particularly sensitive 

to insult and play a double-edged function: they protect against inflammation 

and when in their reactive state, they release a number of pro- and anti-
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inflammatory molecules that may increase the inflammation state in the brain 

and the spinal cord.  

In the brains of ALS patients, activated and phagocytic microglia release large 

numbers of pro-inflammatory molecules such as cytokines (tumour necrosis 

factor (TNF- α) and interleukin 1β, chemokines (monocytes chemoattractant 

protein-1 (MCP-1) and macrophage colony stimulating factor (MCSF) and 

neurotrophic factors such as insulin-like growth factor-1 (IGF-1), among others 

(Henkel et al., 2009). Furthermore, activation of microglia has been correlated 

with the severity of upper motor neuron degeneration in human ALS (Henkel 

et al., 2009; Brites and Vaz, 2014). 

Oligodendrocytes 

Oligodendrocytes are another glial cell type in the central nervous system but 

until recently their role in ALS has been poorly understood (Philips et al., 

2013). Oligodendrocytes produce myelin and provide insulation to axons in 

the brain and those extending to the spinal cord (Kang et al., 2013; Ferraiuolo 

et al., 2016). In post-mortem human ALS brain tissue, diffuse myelin in the 

lateral columns of the spinal cord is observed together with a reduction in the 

numbers of small fibres (Philips et al., 2013; Philips and Rothstein, 2014). 

Schwann cells synthetize myelin in the peripheral nervous tissue and 

participate in the development and regeneration of the peripheral axons.  

 

 

 

 

 

 

 

 
 



 31 

1.3. Charcot-Marie-Tooth (CMT) 
 

 CMT clinical overview 
 
CMT includes a group of heterogeneous and hereditary motor and sensory 

neuropathies, initially described by Jean-Martin Charcot, Pierre Marie and 

Howard H. Tooth in 1886 (Frykberg and Belczyk, 2008; Tazir et al., 2014). 

CMT affects both children and young adults with a worldwide prevalence of 

1/2500 (Braathen, 2012). CMT clinical symptoms manifest as progressive 

degeneration of peripheral nerves leading to motor and sensory impairment 

(Baets, De Jonghe and Timmerman, 2014). CMT patients may present 

symmetric, slow and progressive weakness of lower limbs with characteristic 

hammer toe (Braathen, 2012; Baets, De Jonghe and Timmerman, 2014). CMT 

types are classified according to specific clinical signs and affected gene 

(Table 1.2.). For example, CMT1 arises mainly from myelin loss and CMT2 

results from direct damage to the axons (Patzkó and Shy, 2011; Tazir et al., 

2014). Furthermore, CMT2 patients have degeneration of both motor and 

sensory peripheral axons (Frykberg and Belczyk, 2008; Patzkó and Shy, 

2011).  

 

Pathological hallmarks are closely related to the gene affected but are shared 

in many CMT cases (Table 1.2.). Some CMT forms are more aggressive than 

others and are usually associated with poor prognosis (Sivakumar et al., 

2005). For instance, patients with a rare CMT1A variant can have a relatively 

normal lifestyle while those with CMT2A become unable to walk in early 

adulthood (Bird, 1993a; Timmerman, Strickland and Züchner, 2014). In the 

next section, I describe the most common subtypes of CMT. Table 1.2 lists 

the most common genes known to be involved in CMT pathogenesis. 
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Charcot-Marie-Tooth type 1 (CMT1) 

CMT1 is primarily characterised by defects in the myelin sheath covering the 

peripheral motor and sensory nerves (Morena, Gupta and Hoyle, 2019). CMT1 

is further divided into at least five subtypes (CMT1A-E) (Table 1.2) (Morena, 

Gupta and Hoyle, 2019).  CMT1A and CMT1B account for the majority of the 

CMT1 cases while CMT1C-E subtypes are rare variants (Table 1.2) (Baets, 

De Jonghe and Timmerman, 2014; Li, 2014; Morena, Gupta and Hoyle, 2019). 

CMT1 patients present with the classical motor muscle atrophy associated 

with defects in sensation(Li, 2014; Morena, Gupta and Hoyle, 2019). 

 

CMT1A is the most common subtype of CMT, with an autosomal dominant 

pattern of inheritance (Table 1.2) (Van Paassen et al., 2014; Morena, Gupta 

and Hoyle, 2019). Duplication of the gene for peripheral myelin protein 22 

(PMP22), which encodes the PMP22 protein, causes CMT1A (Table 1.2). The 

CMT1A phenotype is characterised by muscle atrophy in the lower limbs 

progressing to hand weakness associated with sensory defects (Table 1.2).  

 

CMT1B is caused by mutations in the gene for myelin protein zero (MPZ), 

which encodes the protein MPZ (Table 1.2) (Patzkó and Shy, 2011; Morena, 

Gupta and Hoyle, 2019). CMT1B patients present with peripheral neuropathy 

with foot deformities, a hallmark phenotype in CMT (Patzkó and Shy, 2011; 

Morena, Gupta and Hoyle, 2019). CMT1B is sometimes referred to as 

Dejerine-Sottas syndrome, when observed in very young patients (infantile 

onset) with delay in walking and reduced motor nerve conduction (Table 1.2) 

(Patzkó and Shy, 2011; Baets, De Jonghe and Timmerman, 2014; Morena, 
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Gupta and Hoyle, 2019). When observed in adulthood, CMT1B patients 

presents with hearing loss, optic atrophy and reduced motor nerve conduction 

(Patzkó and Shy, 2011; Li, 2014; Timmerman, Strickland and Züchner, 2014; 

Morena, Gupta and Hoyle, 2019). There are rare forms of CMT1 and these 

include CMT1C, CMT1D and CMT1E (Table 1.2). 

 

Charcot-Marie-Tooth type 2 (CMT2) 

CMT2 is characterised by mutations in genes involved in the function and 

structure of the peripheral nerves (Niemann, Berger and Suter, 2006; Morena, 

Gupta and Hoyle, 2019). Thus, CTM2 is sometimes referred to as axonal CMT. 

CMT2 is further divided according the mutant genes into at least twelve 

subtypes (CMT2A-Z) according to the mutant gene. Here we will refer to the 

most common forms (Table 1.2). The most common forms of CMT2 are the 

2A and 2B subtypes. CMT2D is extensively covered in section 1.3.2. 

 

Clinical symptoms in CTM1 patients are more variable than in CMT2, with 

great variability in the age of onset and disability (Baets, De Jonghe and 

Timmerman, 2014). CMT2 is commonly inherited in a dominant pattern.  

 

CMT2A is the most common form and accounts for approximately 30% of 

CMT2 cases (Morena, Gupta and Hoyle, 2019). CMT2A is caused by 

dominant mutations in the gene MFN2, which encodes the protein Mitofusin 2 

(Table 1.2) (Morena, Gupta and Hoyle, 2019). Severe symptoms usually 

appear before the age of ten years, associated with optic atrophy and vision 

loss (Table 1.2) (Braathen, 2012; Li, 2014; Morena, Gupta and Hoyle, 2019). 



 34 

CMT2B is a rare variant caused by mutations in the gene RAB7, which 

encodes the proteins Ras-related protein Rab 7(Table 1.2) (Verhoeven et al., 

2003; Spinosa et al., 2008). CMT2B subtype is mainly characterised by 

reduced sensation in the limbs. 

Other rare subtypes include CMT2C caused by mutation in the TRPV4 gene. 

CMT2C patients present with additional symptoms like hearing loss, defects 

in the vocal cords and breathing problems (Table 1.2)  (Santoro et al., 2002; 

Landouré et al., 2010; Morena, Gupta and Hoyle, 2019). CMT2E is caused by 

mutation in the NEFL gene which encodes the neurofilament chain light 

protein (Table 1.2) (Jordanova et al., 2003; Fabrizi et al., 2004, 2007).  

 

Charcot-Marie-Tooth type 3 (CMT3) 

The CMT3 subtype is usually associated with mutations in various genes 

including PMP22, MPZ, EGR2 and PRX. CMT3 is observed in infants (early-

onset) and is associated with a severe phenotype (Table 1.2) (Young et al., 

2008; Dubourg, Brice and LeGuern, 2012; Morena, Gupta and Hoyle, 2019). 

CMT3 is commonly referred as Dejerine-Sottas disease.  Many mutations 

causing CMT3 occur in CMT1 and CMT2, but the phenotypes observed in 

early childhood are more severe (Dubourg, Brice and LeGuern, 2012; Morena, 

Gupta and Hoyle, 2019). 

 

Charcot-Marie-Tooth type 4 (CMT4) 

CMT4 is a rare subtype of CMT that is commonly inherited in an autosomal 

recessive pattern (Bird, 1993b; Cuesta et al., 2002; Ammar et al., 2003). CMT4 

patients with present foot deformities, muscle weakness and defects in 
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sensation (Othmane et al., 1993; Cuesta et al., 2002; Ammar et al., 2003; 

Morena, Gupta and Hoyle, 2019). CMT4A is the most common form of CMT4, 

and it is caused by mutations in the GDAP1 gene (Othmane et al., 1993). 

Table 1.2 lists the most frequent mutations in the CMT4 subtype. 

 

X-linked Charcot-Marie-Tooth (CMTX) 

CMTX is caused by mutations occurring in the GJB1 gene located in the X-

chromosome (Table 1.2) (Bergoffen et al., 1993; Wang and Yin, 2016). CMTX 

is the second most common form of CMT after CMT1A, and accounts for ~10-

15% of all CMT cases (Ouvrier, Geevasingha and Ryan, 2007; Fridman et al., 

2015; Morena, Gupta and Hoyle, 2019). The GJB1 gene encodes the 

connexin-32 protein found in Schwann cells in the peripheral nervous system 

(Bergoffen et al., 1993; Fridman et al., 2015). 
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CMT type Gene Protein  Main characteristics 

 

 

CMT1 

CMT1A PMP22 Peripheral myelin 

protein 22 (PMP22) 

Autosomal dominant. 

Duplication of PMP22 gene. 

Demyelination with 

impairment in leg reflexes 

CMT1B MPZ Myelin protein zero Autosomal dominant. 

Demyelinating with optic 

atrophy 

CMT1C LITAF Lipopolysaccharide 

induced TNF-α factor  

Autosomal dominant. 

Demyelinating and axonal 

atrophy 

CMT1D EGR2 Early Growth response 
2  

Autosomal dominant. 

Progressive muscle wasting  

CMT1E PMP22 Peripheral myelin 

protein 22 (PMP22). 

Point mutations in PMP2 

gene. Autosomal dominant 

 

 

CMT2 

CMT2A MFN2 Mitofusin-2 ~30% CMT2. Severe 

phenotype with optic atrophy 

CMT2B RAB7 Ras-related protein Rab 
7 

Progressive pain in lower 
limbs and axonal atrophy. 

Autosomal dominant  

CMT2D GARS Glycyl-tRNA synthetase Autosomal dominant. 

Demyelinating neuropathy  

CMT2E NEFL Neurofilament light 

chain  

Autosomal dominant. Mainly 

demyelinating neuropathy 

 

CMT3 

CMT3 PMP22, 

MPZ, 

EGR2, 

PRX 

Multiple genes 

associated to this CMT 

type 

Onset in early childhood due 

to congenital hypomyelination. 

Also known as Dejerine-

Sottas disease 

 

 

 

 

CMT4 

CMT4A GDAP1 Ganglioside-induced 
differentiation-

associated protein 1 

~75% CMT4. Autosomal 
recessive. Weakness in distal 

muscle 

CMT4B1 MTMR2  Myotubularin-related 

protein 2 

Out-folding of myelin in 

peripheral axons. Muscle 

wasting. Occasional 

Glaucoma 
CMT4B2 SBF2 SET binding factor 2 

CMT4C SH3TC2 SH3 domain and 

tetratricopeptide repeats 
2 

Early onset associated with 

scoliosis. Flat feet with 
weakness in limbs 

CMT4D NDRG1 N-Myc downstream 

regulated 1 

Deafness with muscle wasting 
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Table 1.2. Most common genes known to be involved in CMT 
pathogenesis. Data taken from (Morena, Gupta and Hoyle, 2019) and 

completed from Charcot-Marie-Tooth.com 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

CMT4E EGR2 Early Growth response 

2 protein 

Impair nerve conduction in 

childhood 

CMT4F PRX Periaxin Demyelination 

CMT4H FGD4 Fabrin Demyelination 

CMT4J FIG4 Phosphatidylinositol 3,5-

biphosphate 5-

phosphatase 

Demyelination in adulthood 

CMTX CMTX1 GJB1 Gap junction protein 
connexin 32 (Cx32) 

Mutation observed in the 
chromosome X. Dominant 

inheritance 
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 Charcot-Marie-Tooth type 2D (CMT2D) 
 
Mutations in the Glycyl-transfer (tRNA) synthetase (GARS) gene leads to CMT 

type 2 D (CMT2D). CMT2D is characterised by initial weakness and cramps 

in the hand in early adulthood (Lupski et al., 2010; He et al., 2015). Various 

GARS mutations have been found to cause CMT2D but the severity of the 

phenotype is variable (Sivakumar et al., 2005; Lupski et al., 2010). CMT2D 

classical symptoms include progressive weakness of distal muscle sometimes 

associated with sensory impairment (Sivakumar et al., 2005). Weakness in the 

lower limbs is usually associated with foot drop and atrophy of the extensor 

digitorum brevis, although severity of the phenotype is highly variable 

(Sivakumar et al., 2005). Furthermore, axonal pathology presents with signs 

of demyelination and filamentous accumulations (Sivakumar et al., 2005; Bril 

and Katzberg, 2014). 

 

The GARS protein expression is ubiquitous and the protein involved in the 

transfer of glycine amino acids to their tRNA (Sivakumar et al., 2005). 

However, it is unclear why the peripheral axons are particularly sensitive to 

mutations in the GARS gene. Studies on mutant Gars mice (Gars Nmf249/+), 

which developed a CMT2D-like phenotype, suggested a gain of function due 

to the mutant protein (Seburn et al., 2006; Motley et al., 2011). The Gars 
Nmf249/+ mice carried an autosomal dominant mutation and developed 

degeneration of motor and sensory axons together with atrophy of muscles 

(Seburn et al., 2006).The Gars C201R mice developed an NMJ phenotype 

and nerve sensory impairment (Achilli et al., 2009). 
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1.4. Mouse models of ALS and CMT2D 
 

 Technologies for making mouse models 
 
Mouse models are used to study human diseases due to great genetic, 

molecular and cellular similarities (Fisher and Bannerman, 2019). 

Furthermore, mice are relatively easy to handle in a research environment and 

it is easy to manipulate their genetic information. Despite such similarities, 

mice and humans have species-specific differences such as conserved DNA 

regions located in different chromosomes and mouse genes that cannot be 

found in humans and vice versa (Fisher and Bannerman, 2019). Thus, mice 

carrying the same mutation that causes a disease in humans may not develop 

the full spectrum of the intended disease condition in a mouse model (Fisher 

and Bannerman, 2019). 

 

Transgenic mice are made by insertion of an exogenous DNA sequence, 

usually human, into the mouse genome (Devoy et al., 2011). This exogenous 

DNA sequence is inserted randomly and usually concatemerized in multiple 

copies, thus the gene is expressed at several fold above the endogenous gene 

(Nair et al., 2019; Zhu et al., 2019).  

 

Knock-in mice are made when an exogenous DNA sequence is inserted in a 

specific genomic region and is expressed at endogenous level – these 

sequences may (or may not) replace endogenous mouse sequences. Finally, 

an alkylating mutagenesis compound such as N-ethyl-N-nitrosourea (ENU) 

can be used to induce mutation in a single DNA base pair, also known as 

induced mutagenesis (Vitaterna et al., 1994; Acevedo-Arozena et al., 2008). 

The ENU mutation usually involves the transfer of the ethyl group to a DNA 

base pair with a nitrogen or oxygen radical (Cordes, 2005). This transferred 

group usually leads to a base pair substitution of adenine with thymine.  

 

Mice are the tool of choice for modelling neurodegenerative diseases. The 

technology to develop the mouse model is strictly related, or should be, to the 

question to be answered (Fisher and Bannerman, 2019). Figure 1.7. 
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summarises the mouse models studied here and the technologies used for 

their development.  

Figure 1.7.  Different approaches to develop mouse models. Mouse 

models can be generated by distinctive approaches: transgenic, knock-in and 

induced mutagenesis. Adapted from (Fisher and Bannerman, 2019). 

 
 
 

 SOD1 G93A mice 
 
The SOD1 G93A transgenic mouse was first reported in 1994, starting a new 

era of ALS research (Gurney et al., 1994). This mouse model was developed 

by oocyte injection of the human mutant SOD1 gene with a G93A mutation, 

known to cause ALS (Gurney et al., 1994). The exogenous gene is under the 

control of a human SOD1 promoter and the resulting mutant SOD1 protein is 
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expressed at several fold more than the endogenous Sod1 gene (Gurney et 

al., 1994). 

 

The SOD1 G93A mice were initially developed in an SJL and C57BL/6J mixed 

background with subsequent progeny carrying higher number of SOD1 gene 

copies due to an unequal crossover (Vinsant et al., 2013b). The progeny 

carried ~25 copies of the mutant gene leading to a more aggressive phenotype 

than the founder line (Heiman-Patterson et al., 2005). The SOD1 G93A mice 

with high  mutant SOD1 expression developed motor impairment as early as 

91 days of age and the final-stage of ALS-phenotype was observed around 

139 days of age (Vinsant et al., 2013b, 2013a). This suggests that the higher 

the number of mutant copies the more severe the phenotype.  

 

The transgenic SOD1 G93A mice presented progressive pathology confined 

to the central nervous system and the skeletal muscle (Figure 1.8.) (Gurney 

et al., 1994). By 3 months of age, the SOD1 G93A mice lose up to 50% of the 

spinal motor neurons (Fischer et al., 2004; Moloney, de Winter and 

Verhaagen, 2014). The mutant mice develop SOD1 protein aggregation in the 

ventral portion of the spinal cord, fragmentation of the Golgi apparatus and 

mitochondria vacuolization before clinical symptoms become obvious (Vinsant 

et al., 2013b). Reactive astrocytes and activated microglia have been 

observed concomitant to spinal motor neuron death in this model (Figure 1.8.) 
(Moloney, de Winter and Verhaagen, 2014). 

 

Although most pathology in the SOD1 G93A mice is observed in the spinal 

cord, the upper motor neurons in the motor cortex and descending spinal tract 

are also affected (Figure 1.8.) (Özdinler et al., 2011). The motor cortex of 

these mutant mice developed swollen neurites and spheroids appear in the 

corticospinal motor neurons in the end-stage disease (Vinsant et al., 2013b, 

2013a; Genç et al., 2017). Interestingly, the mutant SOD1 enzyme conserves 

its activity but copper ions do not bind strongly to this protein as they do to 

wildtype SOD1 (Saccon et al., 2013). 
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Fast-fatigable muscles such as the tibialis anterior (TA) and extensor digitorum 

longus (EDL) are preferentially affected while slow muscle is spared in the 

SOD1 G93A mice (Frey et al., 2000; Pun et al., 2006). Fast-fatigable skeletal 

muscles are affected in the SOD1 G93A mice at 47 days of age, suggesting 

an early and preferential degeneration of neuromuscular junctions (Vinsant et 

al., 2013b). Neuromuscular pathology is parallel to fibre IIb and IIx fibre loss 

in fast-twitch muscles (Pun et al., 2006; Tremblay, Martineau and Robitaille, 

2017).  In the end stage of the disease, slow muscles present with loss in their 

tetanic response and loss of fibretype I. 

 

Figure 1.8. Chronological schematic of the phenotype observed in the 
SOD1 G93A mice. The SOD1 G93A mice develop SOD1 aggregates as early 

as P30. Motor impairment is observed at P60 and motor neuron loss at P90. 

Late stage of disease is observed at P90. LMN=lower motor neurons, 

P=postnatal day, mt = mitochondria. Adapted from (Mina, Konsolaki and 

Zagoraiou, 2018). 
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 FUSΔ14 mice 
 

Mouse models for neurodegenerative diseases help us to understand the 

pathological mechanism leading to disease state. Mouse models of ALS 

developed by knock-in approaches are useful tools to study the earliest events 

of ALS pathogenesis (De Giorgio et al., 2019). The FUSΔ14 mouse was 

developed using a gene-targeting technology based on a report of a 22-year 

old female patient with a frameshift gene mutation (FUS p.G466VfsX14) 

(DeJesus-Hernandez et al., 2010; Devoy et al., 2017). This mutation is a 

substitution (A>G) in the splice acceptor site of the exon 14 and results in a 

FUS protein lacking the NLS region (Figure 1.9) (Devoy et al., 2017). The 

mutant protein is expressed at physiological levels leading to a very mild 

phenotype (Devoy et al., 2017). FUSΔ14 mice are studied as heterozygotes 

because this model faithfully mimics the human condition of FUS-ALS, thus 

mice carry one copy of wildtype FUS and one allele encoding a truncated FUS 

protein (Devoy et al., 2017). Homozygous mice with FUSΔ14 mutation die 

prematurely on a C57BL/6J genetic background (Devoy et al., 2017). 

Figure 1.9. Schematic of the mouse Fus gene showing the splice site 
mutation introduced. The splice site mutation was introduced into the intron 

14 of the endogenous Fus gene leading to a partial depletion of the C-terminal 

region of the FUS protein. Taken from (Devoy et al., 2017).  

 

and identified progressive alterations in motor function,
which we assessed longitudinally using Locotronic (hori-
zontal ladder) and gait analysis. Compared to wild-type
littermates, at 3 months of age heterozygous FUSDelta14
mice did not show motor impairment on either test, ruling
out a developmental phenotype (Fig. 2A and B). However,
ageing FUSDelta14 heterozygotes had significant, progres-
sively increasing, Locotronic hind-limb errors (paws slip-
ping/missing rungs) at 12 and 15 months of age
(P = 0.039, Fig. 2A), but no significant difference in fore-
limb errors or time taken to complete the task
(Supplementary Fig. 1A and B). Gait analysis at 18
months showed FUSDelta14 mice have altered rear stride

pattern (not length), through a reduction in the time the
rear limb spent in the swing phase of the stride (P = 0.021;
Fig. 2B and Supplementary Fig. 1C).

A Kaplan-Meier survival analysis to 22 months of age
showed a modest but significant reduction in survival of
FUSDelta14 mice compared to wild-type littermates, from
19 months of age [LogRank(Mantel-Cox) survival
P = 0.033, Fig. 2C].

We investigated functional motor neurons innervating the
extensor digitorum hindlimb muscles, by physiological ana-
lysis of motor units. At 18 months of age motor units were
significantly reduced (15%) in FUSDelta14 extensor
digitorum compared to littermates (Mann-Whitney

Figure 1 The humanized FUS Delta14 mouse expresses endogenous levels of FUS protein. (A) Schematic of the modified FUS

locus. An A to G point mutation was introduced into the 5’ splice junction of exon 14 (red arrow) and the coding sequence of exon 15 was

converted to the human FUS sequence (red box) to ensure production of the correct frameshifted protein, as shown in B. gDNA = genomic

DNA. Protein coding sequence is shown in dark grey and untranslated regions are shown in light grey. (B) The wild-type mouse coding sequence

of exon 15 does not produce the same peptide sequence as seen in human when exon 14 is skipped due to the splicing mutation; the mouse

sequence lacks the early frameshift stop codon, and so would generate a 64-residue nonsense peptide, rather than the 14 residues for the human

frameshift peptide. The 15-amino acid peptide used to generate a frameshift FUS-specific antibody (fsFUS) matches the human frameshift

sequence. (C) Representative immunoblot from wild-type and heterozygous FUS Delta14 spinal cord showing endogenous levels of FUS protein.

The novel frameshift-FUS antibody ‘Delta14’ specifically recognizes only FUS Delta14 protein. (D–F) The N-terminal antibody was used to

quantify relative amounts of FUS in wild-type and heterozygous FUSDelta14 spinal cord. (D) No difference in total FUS protein was found

between wild-type and heterozygous FUS Delta14 mice. (E) FUS Delta14 mice have approximately half as much wild-type FUS protein as their

wild-type littermates (P = 0.0168). (F) The wild-type and mutant alleles in FUSDelta14 heterozygotes produce equal amounts of FUS protein.

Together, these results show wild-type and heterozygous FUSDelta14 mice have equivalent endogenous levels of FUS protein.

MND in ‘FUSDelta14’ knockin mice BRAIN 2017: 140; 2797–2805 | 2799
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The FUSΔ14 mouse does not have motor impairment at 3 or 6 months of age 

and no evident ALS phenotype is observed according to locotronic and gait 

analysis (Devoy et al., 2017). However, at 12 months of age, the FUSΔ14 mice 

display a significant increase in hindlimb errors, but not in the forelimbs, 

suggesting a decline in motor phenotype (Devoy et al., 2017). This phenotype 

worsens at 15 months of age suggesting that 1) the motor phenotype is more 

evident in older mice i.e. the phenotype is progressive and 2) there is more 

susceptibility in hindlimb muscle to the effects of truncated FUS protein (Devoy 

et al., 2017). At 18 months of age, FUSΔ14 mice had a significant gait 

alteration when compared to wildtype littermates (Devoy et al., 2017). 

A longitudinal analysis of motor neurons in the ventral horn of the spinal cord 

at 3, 12 and 18 months of age was carried out (Devoy et al., 2017). As 

observed before, Devoy A. et al.(2017) found no difference in lower motor 

neurons counting at 3 months of age, but a reduction at 12 (-14%) and 18 

months of age (-20%) (Devoy et al., 2017). Similarly, full endplate innervation 

of the NMJ was reduced in the 18-month-old FUSΔ14 mice (58%) when 

compared to wildtype mice (85%) (Devoy et al., 2017).  

As truncated FUS in the heterozygous FUSΔ14 mice lacks the PY-NLS motif, 

the protein is expected to accumulate in the cytoplasm. However, the mutant 

FUS protein is not completely depleted from the nucleus (Devoy et al., 2017). 

No ubiquitin or P62 pathology was found (Devoy et al., 2017).Taken together, 

these results suggest that a missense mutation in the endogenous Fus gene 

causes no apparent developmental effect in the mice, but an ALS-like 

phenotype in ageing mice (Figure 1.10) (Devoy et al., 2017).  
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Figure 1.10. FUSΔ14 mice develop a progressive ALS-like phenotype. A) 

FUSΔ14 mice develop progressive hind-limb errors and (B) alteration in hind-

limb gait. C) FUSΔ14 mutation leads to significant reduction in heterozygous 

mice lifespan. D&E) Motor unit recording and motor unit counts in the FUSΔ14 

mice and WT littermates. Manual analysis of fully, partially and denervated 

NMJs at 18-month old FUSΔ14 mice and WT littermates. F) Frequency of fully 

innervated NMJs was observed in the heterozygous mutant mice. Motor 

neuron counts in FUSΔ14 mice and WT littermates of 3 (G), 12 (H) and 18 (I) 

months of age. Figure taken from (Devoy et al., 2017). 

 

 
 
 
 

P = 0.0022; Fig. 2D and E). To investigate whether neuro-
muscular junctions in hindlimb muscles are degenerating,
we carried out a morphological assessment of endplate
occupancy on hindlimb lumbrical muscles. In agreement
with the motor unit analysis at 18 months, intact neuro-
muscular junction numbers were significantly reduced in

heterozygous FUSDelta14 mice compared to wild-type lit-
termates (58% versus 85% fully innervated, Mann-
Whitney P = 0.028, Fig. 2F).

We counted motor neurons in lumbar spinal cord at 3,
12 and 18 months of age and found no difference between
FUSDelta14 and wild-type littermates at 3 months, again

Figure 2 FUS Delta14 mice develop progressive motor degeneration. (A) FUS Delta14 mice show a progressive increase in hindlimb

errors (missing ladder rung) during Locotronic tests (horizontal ladder). P = 0.039, n = 22 wild-type (11 males and 11 females) and 20 Delta14

mice (9 males and 11 females). (B) FUS Delta14 mice have a mild alteration in hindlimb gait by 18 months of age, with a reduced duration

of hindlimb in swing phase. P = 0.021, n = 20 wild-type (10 males and 10 females) and 19 FUS Delta14 mice (seven males and 12 females).

(C) Heterozygous FUS Delta14 mice show a small but significant reduction in lifespan. Kaplan-Meier LogRank (Mantel-Cox) survival, P = 0.033,

n = 30 wild-type (15 males and 15 females) and 30 FUS Delta14 mice (15 males and 15 females). Graph does not include deaths from general

welfare concerns associated with all inbred strains. (D) Examples of motor unit recording from extensor digitorum muscle of wild-type and

heterozygous FUS Delta14 mice at 18 months of age. (E) There are significantly fewer motor units in the extensor digitorum muscle of FUS

Delta14 mice compared to wild-type littermates. P = 0.0022, n = 6 per genotype, males only. (F) The proportion of fully innervated endplates

decreased significantly in FUS Delta14 mice compared to wild-type littermates. P = 0.028, n = 6 per genotype, males only. (G) No motor neuron

loss is observed in the L3–4 lumbar spinal cord of FUS Delta14 mice at 3 months of age, ruling out developmental differences in the lumbar motor

pool; n = 5 per genotype. (H) At 12 months of age there is a 14% loss of motor neurons in the lumbar spinal cord of FUS Delta14 mice compared

to wild-type littermates. P = 0.035, n = 5 wild-type and 7 FUS Delta14 mice. (I) By 18 months of age, 20% of motor neurons have been lost in the

lumbar spinal cord of FUS Delta14 mice compared to wild-type littermates. P = 0.006, n = 6 per genotype. Scale bar = 20mm. MN = motor

neuron.
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 TDP43 M323K mice 
 
The TARDBP gene encodes the RNA binding protein TDP43 which plays a 

central role in the pathogenesis of ALS (Neumann, 2009). The M323K 

mutation located in the coding region of the Tardbp mouse gene was found in 

a large screening after exposing mice to the ENU mutagenic agent at the 

RIKEN BioResource Center (Fratta et al., 2018). The M323K mutation is a 

substitution of methionine with lysine and it is located in the C-terminal region 

of TDP43 protein (Fratta et al., 2018). The homozygous and heterozygous 

M323K mouse model were maintained in a C57BL/6J-DBA mixed background 

leading to similar lifespan to the wildtype littermates (Fratta et al., 2018). This 

mouse has a dominant missense mutation and expresses mutant TDP43 

protein at a physiological level, making this an important model to study ALS.  

  
The TDP43 M323K mutant had no significant variation in binding regions in 

the genome when compared to WT mice and preserved its RNA binding 

capacity (Fratta et al., 2018). Remarkably, the M323K mutation leads to a 

novel splicing event, known as skipping of constitutive exons, in at least 7 RT-

PCR validated genes (Fratta et al., 2018). 

 

The female and homozygous TDP43 M323K mice of 2 years of age had 

reduced grip strength when compared to WT littermates (Fratta et al., 2018). 

Furthermore, the muscle tetanic strength in TA muscle was decreased and the 

fast-twitch EDL muscle presented motor unit loss in the 2-year-old TDP43 

M323K mice (Fratta et al., 2018). Strikingly, L4-L5 spinal motor neurons were 

reduced, associated with P62 pathology, in the 2-year-old female homozygous 

TDP43 M323K mice (Fratta et al., 2018). 
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Figure 1.11. TDP43 M323K mice a develop progressive ALS-like 
phenotype. A) TDP43 M323K mice develop progressive grip strength 

pathology. B) TDP43 M323K mutation leads to significant reduction in TA 

muscle strength and surviving motor units in EDL (C). D) Motor neuron counts 

in the L4-L5 motor neurons were reduced in the 2-year-old TDP43 M323K 

mice. E) P62 pathology was observed in the ventral horn of the spinal cord of 

the TDP43 M323K mice. LCDmut refers to the TDP43 M323K strain. Figure 

taken from (Fratta et al., 2018). 

 
 

 Gars C201R mice 
 
The Gars C201R mouse, or C3H/HeH-GarsC201R, is an established mouse 

model for Charcot-Marie-Tooth (CMT) type 2 disease (CMT2D). The Gars 

C201R mice were developed after an ENU routine screen in a large 

mutagenesis project at the Medical Research Council (MRC Harwell) (Achilli 

et al., 2009). This mutant mouse carries a dominant mutation in the glycyl-

tRNA synthetase (Gars) gene, expressing both mitochondrial and cytoplasmic 

GlyRS isoform at endogenous levels. The point mutation occurred in the exon 

5 of Gars gene (T -> C) leading to a non-conservative substitution of cysteine 

provides a novel tool to study chronic LOF in vivo and notably, in

contrast to homozygous TDP-43 null mice, which do not survive

beyond embryonic day 6 (E6.5; Kraemer et al, 2010; Sephton et al,

2010; Wu et al, 2010; Ricketts et al, 2014), RRM2mut embryos

survived to at least E18.5, allowing us to study embryonic tissue

and primary cell cultures.

Conversely, the splicing GOF effect produced by LCDmut is unex-

pected and, although GOF effects had been previously described in

transgenic models where TDP-43 is overexpressed, the physiological

setting of the mutations in these mice shows for the first time that

C-terminal TDP-43 mutations result in a splicing GOF.

Compound heterozygous animals from intercrosses between the

RRM2 and LCDmut strains show a partially rescued mouse embry-

onic lethality and a rescue of the majority of splicing changes

demonstrating that the LOF and GOF compensate each other in vivo.

The partial rescue of the lethality phenotype may reflect the non-

symmetry of the LOF/GOF changes.

Studying primary cells and tissue from our two models side by

side has allowed us to dissect LOF and GOF and to identify common

targets and specific features of the two processes. Genome-wide

analysis identified splicing targets that are affected in opposing

directions by RRM2mut and LCDmut. Interestingly, also unique

splicing events occur within each mutant.

We have identified that GOF induces the skipping of normally

constitutively expressed exons, here named skiptic exons. These

events are induced by the TDP-43-dependent splicing GOF mecha-

nism we describe, but occur within a set of genes previously

unknown to be regulated by TDP-43. Intriguingly, these events

appear to mirror a previously described phenomenon, whereby

TDP-43 LOF induces the inclusion of cryptic exons. Importantly,

combining our RNA-seq and iCLIP data, we show that the TDP-43

binding pattern surrounding CEs and SEs is very similar, supporting

a role for TDP-43 binding in regulating both events. TDP-43 is

involved in the exclusion of these exons; therefore, GOF determines

excessive exclusion, whilst LOF de-represses exons that are

normally not included (Fig 4). Although TDP-43 RNA binding likely

mediates the splicing GOF, it is unclear what determines the GOF

and whether changes in protein–protein interactions caused by the

C-terminal mutations could contribute to the GOF. This is a possibil-

ity that will require further study. Whilst TDP-43 binds to thousands

A B

C D E

Figure 6. LCDmut develops a neuromuscular and neurodegenerative phenotype.

A LCDmut homozygous female mice show significant 30% grip strength deficit at 2 years, whilst no change is present at 7 months. P = 0.829 (7 months) and
***P < 0.0001 (2 years), Mann–Whitney test. Mean and SEM plotted; N = 8–10, as plotted.

B TA muscle strength is decreased in 2-year-old LCDmut mice; representative traces are shown, x-axis, time; y-axis, force (top) and tetanic force from 5 LCDmut
(64.5 g ! 26.8 SD) and WT (104.4 g ! 26.1 SD) female mice are plotted (bottom). *P = 0.0113, Mann–Whitney test N = 8–10, as plotted.

C Surviving motor units for the EDL muscle are reduced in 2-year-old LCDmut (24.7 ! 2.8 SD) compared with WT (28.9 ! 1.9 SD); representative traces where each
twitch trace recording is a single motor unit (left). *P = 0.0057, Mann–Whitney test. N = 9–10, as plotted.

D Counts of MNs from L4–L5 show a significant reduction (28% reduction; *P = 0.0159, Mann–Whitney test, mean and SD plotted) N = 4–5, as plotted.
E LCDmut mice show p62 pathology in the spinal cord ventral horns at > 18 months. Scale bar indicates 10 lm.

Data information: Two-tailed Mann–Whitney t-test P-values are plotted as: *P < 0.05; ***P < 0.001.

ª 2018 The Authors The EMBO Journal 37: e98684 | 2018 9 of 15

Pietro Fratta et al TDP-43 mutations lead to gain of function The EMBO Journal
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by arginine (Achilli et al., 2009). These heterozygous mice appear to have a 

normal lifespan with no difference in weight (Achilli et al., 2009). 

The heterozygous Gars C201R mice presented pathology confined to the 

peripheral nervous system in both motor and sensory nerves (Figure 1.12.) 
(Achilli et al., 2009; Sleigh, Burgess, et al., 2014). Delay in maturation of 

neuromuscular junctions, NMJ denervation process and reduction in grip 

strength in males and females can be observed in the Gars C201R mice as 

early as 1 month of age (Sleigh, Burgess, et al., 2014). Furthermore, they 

showed reduced motor flexibility and fine motor control (Achilli et al., 2009; 

Sleigh, Grice, et al., 2014). Interestingly, these Gars mice do not have 

demyelination in the motor axon or increased reactivity of the GFAP protein 

but have a significant reduction in the number of axons of the sciatic nerve 

(Figure 1.12.) (Achilli et al., 2009; Sleigh, Grice, et al., 2014). Studies on the 

sensory saphenous nerve of these mice showed a reduction in the calibre of 

axons but not myelin degeneration (Figure 1.12.) (Achilli et al., 2009; 

Spaulding et al., 2016). 

Electrophysiological studies in female Gars mice at 4 months of age showed 

reduced muscle force and maximum tetanic force in TA muscle when 

compared to sex-matched WT littermates (Achilli et al., 2009; Spaulding et al., 

2016). TA muscles were smaller and ~40% of fibretype loss was observed in 

the female Gars mice of 4 months of age (Achilli et al., 2009). These 

electrophysiological changes were not observed in the EDL muscle of the 

female Gars mice of 4 months of age suggesting a specific degeneration 

process (Achilli et al., 2009). 
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Figure 1.12. Gars C201R mice develop CMT-like phenotype. A) Analysis 

of Toluidine blue stained sections in the saphenous nerve. B&C) Gars C201R 

mice of 3 months of age did not develop axonal loss or demyelination in the 

saphenous nerve but a smaller diameter in axons was found Figure taken from 

(Achilli et al., 2009). 

 

 

 
 

a calibre of greater than 3.5 µm in the wild-type mice, this number
was reduced profoundly to 13±6 in GarsC201R/+ nerves (P<0.001, t-
test). Analysis of the hairy skin of the medial dorsum of the hindfoot,
corresponding to the innervations territory of the saphenous nerve,
and the glabrous skin, which is innervated by branches of the tibial
nerve, showed a normal dense plexus of axons in the subepidermis
and epidermis in both genotypes of mice (Fig. 6D,E). As epidermal
nerve fibre density is derived exclusively from unmyelinated (C-)
fibres, there is, therefore, no evidence for a loss of unmyelinated
sensory neurons.

Sensory nerve pathology
There were significant differences in the conduction velocity and
amplitude of the Aβ-fibre sensory nerve compound action potential
(SNAP) in GarsC201R/+ mice compared with wild-type littermates,
but there were no significant changes for unmyelinated (C-) fibres
(Fig. 7). Corresponding to the change in axon calibre of myelinated
fibres of the GarsC201R/+ saphenous nerve, the mean conduction
velocity of the Aβ-fibre SNAP was 33.4±0.6 milliseconds in wild-
type controls (n=8) compared with 23.4±0.8 milliseconds in mutant
mice (n=7) (P<0.001). There was also a small, but significant, drop
in the amplitude of the Aβ-fibre SNAP (wild-type, 1.7±0.2 mV;
GarsC201R/+, 1.2±0.2 mV; P<0.05) and a trend for a reduced
conduction velocity of the C-volley in mutant animals (wild-type,
0.98±0.04 ms; GarsC201R/+, 0.84±0.06 ms; P=0.057). In agreement
with a normal subepidermal and epidermal nerve fibre morphology,
there was no significant difference in the amplitude of the C-fibre
SNAP (wild-type, 312±60 µV; GarsC201R/+, 474±123 µV; P>0.2).

We used nerve excitability testing to determine the strength-
duration time constant, the recovery cycle, the threshold
electrotonus and the current-threshold relationship in four wild-
type mice and six GarsC201R/+ mice. There were clear differences
in the onset and magnitude of the superexcitability and the relative
refractory period (RRP) (Fig. 7C), but not in the recovery cycle
(Fig. 7D) or the other parameters tested (supplementary material
Fig. S5). For a period of approximately 200 milliseconds after an
action potential, there are profound changes in the excitability of
myelinated axons that manifest as refractoriness, superexcitability
and late subexcitability, which reflect nodal and paranodal
membrane properties. The balance of transient sodium and fast
potassium conductances influences superexcitability. It reflects
the net charge that is transferred to the internode (Bostock, 2004)

and is best studied following the recovery from a single
conditioning stimulus. By contrast, late subexcitability is
controlled by slow nodal potassium conductances (mainly by the

Disease Models & Mechanisms
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Fig. 5. NMJ morphology and nerve occupancy.
(A,B) NMJs in the EDL and TA of wild-type mice show
typical morphologies. In the GarsC201R/+ mice, NMJs in the
EDL have variable geometries with some being relatively
normal (C), whereas others were very small and much
less elaborate (D). (E) In the TA, regions of partial
innervation were observed (a subtle example is indicated
by the blue arrow) and portions of the terminal arbor
appear atrophied. Examples of clear denervation were
also observed (red arrow). Bar, 7 µm.

Fig. 6. Light microscopy of Toluidine Blue-stained, semi-thin resin section of
the saphenous nerve from 3-month-old wild-type littermate control (A) and
GarsC201R/+ mutant mice (B) on the C57BL/6 background. There is no axonal
loss, axon degeneration or demyelination, but quantification of axon diameters
(C) reveals a shift towards a smaller diameter in the GarsC201R/+ nerve. (D,E)
Confocal fluorescent images of the subepidermal (yellow arrows) and epidermal
(red arrows) axons innervating the glabrous skin of wild-type littermate control
(D) and GarsC201R/+ mutant (E) mice. Bars, 70 µm (A,B); 25 µm (D,E).
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1.5. Neuromuscular junctions in ALS and  
CMT2D 

 
 NMJs overview 

 
The neuromuscular junction is a chemical synapse between a spinal motor 

neuron and its target muscle fibre (Li, Xiong and Mei, 2018). The pre-synaptic 

NMJ portion is covered by the terminal Schwann cells (tSCs), which 

synthesize the myelin in the peripheral nervous system (Li, Xiong and Mei, 

2018). The NMJ innervation in mice is a very complex process that starts with 

the formation of immature and thin acetylcholine receptors (AChRs) in the 

muscle at embryonic stage E11-E12, a process called pre-patterning (Ferraro, 

Molinari and Berghella, 2012; Punga and Ruegg, 2012). When the motor axon 

arrives, primitive AChR clusters are formed and dispersed to adjacent areas 

with no synaptic contacts in embryonic stage E13-E14 (Ferraro, Molinari and 

Berghella, 2012; Punga and Ruegg, 2012). Then, primitive NMJs are formed 

in the middle portion of muscles but remain poly-innervated until approximately 

postnatal day 14 (P14)  (Ferraro, Molinari and Berghella, 2012; Punga and 

Ruegg, 2012). Gradually, NMJs are innervated by a single motor terminal and 

adopt their characteristic pretzel-like shape. The NMJ maturation process is 

completed when the tSC covers the motor terminal, a necessary step for its 

maintenance and regeneration (Ferraro, Molinari and Berghella, 2012; Punga 

and Ruegg, 2012). During healthy aging, AChRs breaks into small “islands” or 

fragments with thinner, or sometimes absent, motor nerve terminal innervation 

(Li, Xiong and Mei, 2018). 
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Figure 1.13. Structure of the neuromuscular junction in mice. The 

neuromuscular junction is composed of a) the presynaptic nerve of the lower 

motor nerve, b) the motor endplate located in the muscle fibre and c) the 

Schwann cells that produce the myelin in the peripheral nervous tissue. 
 
 
 

 Molecular signalling in NMJ formation and  
maintenance  

 
Agrin is a proteoglycan playing a central role in NMJ formation during 

embryogenesis (McMahan, 1990). Agrin is presented in two splice variants in 

the N terminal and multiple variant in the  C-terminal (Ruegg and Bixby, 1998; 

Zong and Jin, 2013). Alternative splicing in the C terminal region leads to the 

synthesis of Z8-Agrin that is expressed exclusively in the motor neurons, also 

known as neural Agrin (Ruegg and Bixby, 1998; Zong and Jin, 2013). Z8-Agrin 

is a central player in the formation of AChRs clusters (Ruegg and Bixby, 1998). 
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Agrin binds a single-transmembrane protein known as low-density lipoprotein 

(LDL) receptor-related protein 4 (LRP4) (Kim et al., 2008; Zhang et al., 2008). 

LRP4 acts as an Agrin receptor during embryogenesis (Li, Xiong and Mei, 

2018). After neural Agrin binds LRP4 the laminin-like globular 3 (LG3) domain 

of Agrin adopts a !-sandwich conformation allowing the formation of a long 

loop in the Z8-Agrin that stabilises the complex (Stetefeld et al., 2004; Wu, 

Xiong and Mei, 2010). The binary complex Z8 Agrin-LRP4 is rapidly 

tetramerized leading to a weak interface between the LRP4-Agrin and Agrin-

Agrin complexes. LRP4 binds the muscle-specific kinase (MuSK) leading to 

its activation and phosphorylation (Zhang et al., 2008). Another key event in 

NMJ maintenance occurs when MuSK phosphorylates the NPXY motif in the 

PDZ domain of LRP4 (Zhang et al., 2008; Li, Xiong and Mei, 2018). A 

downstream mechanism involves the downstream of tyrosine kinase 7 

(DOK7), which is necessary for optimal functioning of MuSK. 

 

 
 Manual NMJ counting 

 
Manual NMJ analysis is the gold standard method to identify NMJ innervation 

status (NMJIS). NMJs can be  fully or partially innervated when the presynaptic 

axon overlaps the motor endplate to some degree (Sleigh, Burgess, et al., 

2014). When the motor endplate is vacant due to an axonal retraction, the 

NMJ is considered denervated (Sleigh, Burgess, et al., 2014). The degree of 

overlapping between the pre-synaptic site and motor endplate is plastic and 

calculated by eye; thus, no accurate measurements are performed using the 

manual NMJ method. Furthermore, there are different methodologies for 

determining NMJIS across labs have been shown, making cross-study 

comparison difficult (Table 1.3.). Some studies do not explain clearly how the 

NMJIS was defined and the number of NMJs studied in each mouse (Table 
1.3.). Furthermore, when the cut-off for NMJIS was stated, this varied across 

studies suggesting that the innervation states documented may be biased by 

the examiner (Table 1.3.). 
 



 53 

NMJ studies are crucial to understand the peripheral pathology in motor 

neuron diseases (Loeffler et al., 2016). NMJ denervation is a pathological 

hallmark in CMT2D and ALS, suggesting that NMJs have a role in peripheral 

pathogenesis (Dupuis and Loeffler, 2009). Current manual NMJ studies are, 

however, poorly managed with deficiencies in cross-studies because they are 

done by eye. 

 

Recently, NMJ-morph was developed as a novel and interactive resource for 

morphological analysis of NMJs in mice and humans (Jones et al., 2016, 

2017). NMJ-morph is based on the image J platform to quantify NMJ 

morphological features in mice and humans reliably (Jones et al., 2016). NMJ-

morph, besides its originality, only detects morphological parameters in the 

NMJs. Despite recent advances, the field lacks a convergent, automatic and 

high-throughput analysis of both NMJ morphology and NMJ innervation status.  
 

A novel and automatic platform to analyse NMJs must be versatile, easy to 

customise and written in a free language for further improvement. A critical 

aspect of image analysis lies in the detection of 3D structures with irregular 

shape, not in the 2D maximum projection image. Morphological analysis 

performed on 2D stacked images does not capture the entire NMJ structure 

faithfully. Furthermore, cross-comparison studies are expected to be 

comparable if thresholding and mean fluorescence intensity (MFI) do not 

diverge significantly. If not, a method of normalization must be available. NMJ-

morph, although an important tool for NMJ morphological analysis, lacks these 

characteristics as thresholding is performed manually and MFI is not 

conceived. More importantly, NMJ-morph only analyses en-face NMJs leaving 

behind the great majority of others synapse structures.  

 

An alternative approach is needed for the automatic NMJ analysis. We 

propose a novel system to analyse NMJs automatically the “NMJ analyser”. 

This novel approach was developed after testing that NMJ-morph was 

adequate to study the morphological characteristics of a reduced number of 

NMJs, but not all. In muscles, NMJs wrap the muscle fibres acquiring multiple 

3D shapes when visualise by immunofluorescence. Furthermore, the NMJ 
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innervation state needs to be correlated to their respective morphological 

characteristics. Thus, NMJ analyser takes a more accurate and 

comprehensive approach of two biologically relevant aspects of the 

neuromuscular field, that is, analysing together the innervation status with a 

strong method to capture the morphological features of NMJs. 

 

 
Figure 1.14. Timeline of NMJ analyser development. NMJ analyser was 

fully conceived, as its final version, in 2018 (approach 2). NMJ analyser was 

developed for cross-comparison studies of NMJ junction morphology together 

with their innervation status. 
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Mice strain 
name 

Method Genetic 
background 

Promoter Protein 
expression a  
 

Muscle NMJIS 
 

Reference 

SOD1 MICE 

SOD1 G93A Transgenic C57BL/6xSJL Human 
SOD1 

~ 18x Gluteus NMJIS no reported. 
 

(Gurney et al., 
1994) 

SOD1 G93A Transgenic C57BL/6xSJL Human 
SOD1 

~ 25x Gluteus Manual NMJ analysis. NMJIS no 
reported. 
 

(Fischer et al., 
2004) 

SOD1 G93A Transgenic C57BL/6xSJL Human 
SOD1 

~ 25x Medial 
Gastrocnemius 

Manual NMJ analysis. NMJIS no 
reported. 
 

(Carrasco et 
al., 2010) 

SOD1 D83G Induced 
mutagenesis 

C57BL/6J mSod1 ~1x EDL Manual NMJ analysis. Denervation at 
52weeks in homozygous strain 

(Joyce et al., 
2014) 

SOD1 G37R Transgenic C57BL/6 
congenic 

Human 
SOD1 

~ 5x EDL, Sol Manual NMJ analysis.  
Denervated NMJ = 0% coverage 
Partial NMJ ⩾10% coverage   
NMJ loss at P380  

(Tremblay, 
Martineau and 
Robitaille, 
2017) 
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TDP43 MICE 

TDP43 Q331K 
 

Transgenic C57BL/6 mPrP ~1.2x Gastrocnemius NMJIS no reported. Reduce number 
motor endplate at 10months 

 
 
 
 
(Arnold et al., 
2013) 

TDP43 M337V 
 

Transgenic C57BL/6 mPrP ~1.5x Gastrocnemius NMJIS no reported. No changes in pre- 
nor post-synaptic NMJ 

TDP43 hWT 
 

Transgenic C57BL/6 mPrP ~1.5x Gastrocnemius NMJIS no reported. No changes in pre- 
nor post-synaptic NMJ 

TDP43 M337V, 
homozygous 

Transgenic, 
BAC 

C57BL/6J Rosa26-
CHOPloxtg 

< endogenous 
level 

Gastrocnemius, 
lumbrical 

Manual NMJ analysis.  NMJIS no 
reported. 
Denervation at 12mo in Lumbrical 
muscle. 
Reduce motor endplate area at 9mo in 
Lumbrical. 

(Gordon et al., 
2019) 

TDP43 A315T 
 

Transgenic C57BL/6 mTardbp ~ 3x NR Manual NMJ analysis.  
Denervation at 10mo  

 
(Swarup et al., 
2011) 

TDP43 G348C Transgenic C57BL/6 mTardbp ~ 3x NR Manual NMJ analysis.  
Denervation at 10mo  

TDP43 Q331K, 
heterozygous 

Knock-in 
(CRISPR) 

C57BL/6J Mapt ~1x Gastrocnemius Manual NMJ analysis.  NMJIS no 
reported. 
No denervation at 5, 18 nor 23mo 

(White et al., 
2018) 
 
 
 
 
 
 



 57 

FUS MICE 

FUS R521C Transgenic C57BL/6 ShaPrP ~1x Diaphragm Manual NMJ analysis.  NMJIS no 
reported. 
~30% partial 
~70% denervated at P30-P60 

(Qiu et al., 
2014) 

FUS R521G Transgenic C57BL/6 CAG 
promoter 

> endogenous 
level 

Triangularis 
sterni 

Manual NMJ analysis.  
~20% partial at P20-P24 

 
 
(Sephton et 
al., 2014a) 

FUS hWT Transgenic C57BL/6 CAG 
promoter 

> endogenous 
level 

Triangularis 
sterni 

Manual NMJ analysis.  
~20% partial at P20-P24 
 

FUS R521C Knock-in 129S/sv Mapt under 
CRE control 

~1x TA, LG and 
soleus 

Manual NMJ analysis.  NMJIS no 
reported. 
Denervation starts at P60-P360 

 
 
 
 
 
(Sharma et al., 
2016) 

FUS P525L Knock-in 129S/sv Mapt under 
CRE control 

~1x TA, LG and 
soleus 

Manual NMJ analysis.  
Denervation in TA at P20.  
Denervation in soleus at P360 
Reduced presynaptic area 
Reduced synaptic folds 

FUS hWT Knock-in 129S/sv Mapt under 
CRE control 

~1x TA, LG and 
soleus 

NMJIS no reported. No obvious 
phenotype 
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FUS -/- Knock-in C57BL/6j mFus - Gastrocnemius, 
TA 

TA: 
No difference in NMJIS. 
Reduce number of endplate area (~25%) 
 
Gastrocnemius: 
No difference in NMJIS 
Reduce number of endplate (~44%)  
No reduction in motor endplate area 
 

 
 
 
 
 
(Picchiarelli et 
al., 2019) 
 
 
 
 
 
 
 
 
 
 
 
(Picchiarelli et 
al., 2019) 

FUS +/- Knock-in C57BL/6j mFus ~1x TA No difference in NMJIS at 28 months 
No difference in endplate area at 28 
months 
 

FUSΔNLS, 
heterozygous 

Knock-in C57BL/6J mFus  TA Manual NMJ analysis.  NMJIS no 
reported. 
NMJ denervation at 1 and 10 months in 
TA 
Reduce number of endplates in TA at 
1and 10 months (~20%) 
Reduce endplate area in TA at 1and 10 
months (~18%) 
 

FUSΔNLS, 
homozygous 

Knock-in C57BL/6J mFus ~1x Gastrocnemius, 
TA 

TA: 
No difference in NMJIS. 
Reduce number of endplate (~19%) 
Reduce endplate area in TA (~27%) 
 
Gastrocnemius: 
No difference in NMJIS. 
Reduce number of endplate (~33%)  
Reduce number of endplate area (~17%) 

FUSΔ14 
heterozygous 

Knock-in C57BL/6J mFus ~1x Lumbricals Manual NMJ analysis.  
NMJ denervation at 18 months (~58%) 
 

(Devoy et al., 
2017) 
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NMJIS= NMJ innervation status, NR= no stated, P=postnatal day. a fold expression above the endogenous level

GARS MICE 

Gars Nmf249 
heterozygous 

ENU 
mutagenesis 

C57BL/6J mGars ~1x Gastrocnemius, 
Soleus, plantaris 

At P7 no NMJ denervation. 
At P36-37 Increase in partial and 
denervated NMJ. 
At P60, reduced endplate area 

(Seburn et al., 
2006) 

Gars C201R ENU 
mutagenesis 

C3H mGars ~1x Lumbricals, TA, 
EDL 

Lumbricals: 
(Partial NMJ ⩾15% coverage) 
No difference in NMJIS at P15-16 
At P15-16, higher number of perforations 
in endplate 
Partial NMJs at 1 and 3 months 
 
 
Denervated/partial NMJ in TA at 5 
months 
No differences in EDL at 5 months 

 
 
(Achilli et al., 
2009; Sleigh, 
Grice, et al., 
2014) 
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 NMJs in ALS context 
 

NMJ degeneration is the hallmark peripheral pathology of the neuromuscular 

disease ALS. It is thought that NMJ degeneration starts early in ALS 

pathogenesis (Dupuis and Loeffler, 2009). NMJ degeneration in ALS is 

characterised by pre-synaptic terminal retraction (denervation), reduced size 

and fragmentation (Willadt, Nash and Slater, 2016; Slater, 2017). The post-

synaptic NMJs undergo reduction in number and size (Slater, 2017). However, 

it remains unknown whether pre- or post-synaptic NMJs degenerate 

synchronously or whether ALS-specific mutations lead to predominant 

degeneration of one of them. Dissecting the NMJ degeneration process may 

shed light onto novel pathways to understand the great variability of 

neuromuscular phenotype in ALS. 

 

Human NMJs can be analysed indirectly by electrophysiological 

measurements in the skeletal muscles or directly using immunofluorescence 

when muscle biopsy is available. Using ALS mouse models, however, NMJs 

can be closely examined at different disease stages. Various degrees of NMJ 

degeneration are observed across ALS mouse models developed by different 

methods. Transgenic ALS models have NMJ degeneration earlier and usually 

havestronger phenotypes, than those expressing mutant protein at 

physiological levels.  

 

NMJ degeneration in ALS and CMT2D 
Few studies have analysed the NMJ directly in human diseases due to 

difficulties in obtaining and preserving the biopsies (Loeffler et al., 2016). 

Jones et al.(2017) showed that overall NMJ structure conserved during 

adulthood in biopsies from patients from 40 to 70 years of age with no 

neuromuscular pathology (Jones et al., 2017). Interestingly, human NMJs are 

smaller, more fragmented with nummular endplates, and so are different from 

the typical pretzel shape of the mouse NMJ (Figure 1.14) (Jones et al., 2017).  
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A sporadic ALS-SOD1 patient with muscle atrophy was found to have NMJ 

denervation and re-innervation processes with apparently normal spinal motor 

neurons (Fischer et al., 2004). This study was suggested that ALS (at least 

ALS-SOD1) is a distal axonopathy (Fischer et al., 2004). Another studied 

carried out in early-stage and long-term survivor ALS patients showed 

structural changes in the three components of the neuromuscular junction 

(Bruneteau et al., 2015). The post-synaptic component presented significant 

morphological alterations such as elongated endplate, fragmentation and 

flattening ((Bruneteau et al., 2015)). The pre-synaptic axon terminal was found 

to “remodelled” and fragmented. The terminal Schwann cells had elongated 

processes ((Bruneteau et al., 2015)). 

Figure 1.14. Morphological characteristics of human NMJ throughout the 
lifetime. Human NMJ confocal staining from peroneal longus muscle in 

patients without neuromuscular diseases in A. Correlation plots of age (in 

years) by multiple pre- or post-synaptic NMJ morphological parameters in B. 

Human NMJs are stable overall. Taken from (Jones et al., 2017). 
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NMJ degeneration in SOD1 G93A mice 

NMJ degeneration has been heavily reported in the SOD1 G93A transgenic 

mice by direct observation (Gurney et al., 1994; Pun et al., 2006; Carrasco et 

al., 2010; Clark et al., 2016; Taetzsch, Tenga and Valdez, 2017; Ionescu et 

al., 2019) or indirectly through electrophysiological measurements (Rocha et 

al., 2013; Rizzuto et al., 2015). However, most of these studies focus on 

describing denervation/innervation description rather than reporting structural 

changes in the NMJ (Table 1.3.) (Gurney et al., 1994; Schaefer, Sanes and 

Lichtman, 2005; Pun et al., 2006; Ionescu et al., 2019).  

 

Initially, Fischer et al. (2004) showed that SOD1 G93A mice aged 28 days did 

not have signs of NMJ degeneration but at 47 days of age presented with 

denervation processes in ~40% of their NMJs  (Fischer et al., 2004). Later 

studies using the same strain as Fischer et al. (2004) showed that at 47 days 

of age, these SOD1 G93A mice had NMJ denervation in the TA muscle, mainly 

characterised by stalling of pre-synaptic NMJ development. Interestingly, 

junctional fold length, but not diameter, is reduced in the TA in the 30-day-old 

SOD1 G93A mice (Vinsant et al., 2013b). Early stages of NMJ degeneration 

manifested through loss of pre-synaptic vesicles in the fast-twitch muscles 

(Pun et al., 2006).  

 

 

NMJ degeneration in TDP43 mice 
NMJ degeneration has been observed in TDP43 mouse models expressing 

high or physiological levels of mutant protein. The transgenic TDP43 Q331K 

mouse expresses human TDP43 Q331K at levels similar to the endogenous 

protein (~1.2x) (Arnold et al., 2013). This mouse strain was maintained in 

C57BL/6 and presented a motor phenotype, motor neuron loss and 

degenerating axons at 10 months of age (Arnold et al., 2013). This TDP43 

strain at 10-12 months of age had a reduced number of motor endplates in the 

gastrocnemius (Arnold et al., 2013). However, mice expressing human WT 
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TDP43 or TDP43 M337V at similar levels to the endogenous gene (1-1.5x) did 

not have changes in the motor endplate (Arnold et al., 2013). NMJ innervation 

status was not reported in any of these models. 

 

The mouse strains expressing a single copy of Bacterial artificial chromosome 

(BAC) containing human WT TDP43 or M337V mutant were found to have 

progressive motor phenotype and loss of NMJs at 6 months of age (Gordon et 

al., 2019). These mice carrying a BAC construct were maintained in the 

C57BL/6J background and expressed the human TDP43 protein at a level 

below that of endogenous mouse Tdp43. At 9 months of age, the symptomatic 

stage, the homozygous TDP43 M337V had a reduce area of the post-synaptic 

endplate from lumbrical muscles but not in gastrocnemius muscle (Gordon et 

al., 2019). Similarly, hemizygous 12-month old TDP43 M337V mice had a 

significant reduction of the fully innervated NMJ in the lumbrical muscle, but 

not in the gastrocnemius, when compared to non-transgenic wildtype mice 

(Gordon et al., 2019). The TDP43 M337V mouse strain carrying a single copy 

of the mutant protein did not have significant NMJ pathology (Gordon et al., 

2019).  

 

Swarup et al. 2011 developed transgenic mice expressing human WT TDP43, 

TDP43 A315T and TDP43 G348C maintained in C57BL/6 background 

(Swarup et al., 2011). These mouse strains had exogenous mRNA at 3-fold 

more of the endogenous mRNA at 3 months of age (Swarup et al., 2011). At 

10 months of age, the WT hTDP43 and TDP43 G348C strains had significant 

reduction of fully innervated NMJs when compared to non-transgenic control 

mice (Swarup et al., 2011). 

 

Knock-in TDP43 Q331K mice on a C57BL/6J background were developed 

using the CRISPR/Cas9 method, and this method easily recreated a human 

ALS genetic mutation (White et al., 2018). The phenotype in this mouse strain 

was more severe in males than females (White et al., 2018). The 

gastrocnemius in the 5-month-old hemizygous TDP43 Q331K mice showed 
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no NMJ denervation processes but transcriptomic changes were observed in 

the brain cortex and spinal cord(White et al., 2018). Similarly, 18-23-month-

old hemizygous TDP43 Q331K mice did not have evident NMJ pathology 

(White et al., 2018).  

 

 

NMJ degeneration in FUS mice 

Transgenic and knock-in FUS mouse models are developed to understand the 

rapidly deteriorating diseases onset in ALS-FUS patients. A transgenic FUS 

R521C mouse model maintained in C57BL/6 showed strong synaptic defects 

in cortex and spinal cord, gliosis and progressive loss of spinal motor neurons 

(Qiu et al., 2014). Virtually all NMJ were at some degree of denervation in the 

FUS strain (~30% partial denervated, ~70% fully denervated) at 30-60 days of 

age in the diaphragm (Qiu et al., 2014). This NMJ degeneration is consistent 

with ~50% spinal motor neuron loss (Qiu et al., 2014). 

 

Two novel transgenic FUS mouse models expressing low levels of human 

protein, human WT FUS and FUS R521G, developed motor phenotypes, 

neuroinflammation and NMJ degeneration with no spinal motor neuron death 

(Sephton et al., 2014a). These mice were maintained in C57BL/6 background 

and the human FUS protein was under the control of the early enhancer-

chicken β-actin hybrid (CAG) promoter (Sephton et al., 2014). Both FUS 

strains lead to an early degeneration phenotype in the NMJs at 20-24 days of 

age (Sephton et al., 2014). These FUS strain had a significant decrease of 

fully innervated NMJ (~20% in both cases) when compared to WT littermates. 

These degenerating NMJs are partially innervated suggesting that the 

pathology is intermediate (Sephton et al., 2014).  

 

Knock-in mouse models express mutant or normal human FUS protein at 

physiological levels. Three FUS mouse models with these characteristics have 

been developed: 1) τFUS, 2) FUSΔNLS and 3) FUSΔ14 mice (Scekic-

Zahirovic et al., 2016; Sharma et al., 2016; Devoy et al., 2017). The τFUS mice 
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exist in three strains: WT hFUS, hFUS R521C and hFUS P525L. All strains 

are under the control of the Mapt endogenous promoter that can be activated 

by Cre-mediated recombination (Sharma et al., 2016). The FUSΔNLS mice 

was developed by engineering the intron 12 of Fus gene with a CRE-mediated 

reversal system (Scekic-Zahirovic et al., 2016). Using this approached, 

Scekic-Zahirovic et al. developed heterozygous and hemizygous FUSΔNLS 

mice (Scekic-Zahirovic et al., 2016). Lastly, the FUSΔ14 modelwas developed 

by partial humanization of the intron 15 in the endogenous Fus gene (Devoy 

et al., 2017). These three knock-in FUS models developed ALS-like phenotype 

with progressive motor neuron degeneration.  

 

Three muscles were analysed in the τFUS mice: TA, lateral gastrocnemius 

(LG) and soleus at postnatal 10, 20, 30, 60, 120, 240 and 360 days (Sharma 

et al., 2016). The TA muscle was the first to show significant increase of 

denervated NMJs at P20 in the hFUS P525L mice, but not in hFUS R521C, 

when compared to WT hFUS strain (Sharma et al., 2016). From P60-P360 a 

significant increase in denervated NMJs was observed in TA muscle in hFUS 

R521C and hFUS P525L when compared WT hFUS strain (Sharma et al., 

2016). Soleus muscle had NMJ denervation at P360 in the hFUS P525L mice, 

but not in the hFUS R521C, when compared to the WT hFUS strain (Sharma 

et al., 2016).  

 

Presynaptic vesicle areas and post-synaptic folds were significantly reduced 

in the hFUS P525L mouse (Sharma et al., 2016). Interestingly, when the WT 

or mutant hFUS was expressed only in motor neurons, NMJ degeneration was 

observed as early as P20 in the TA of hFUS P525L mice (Sharma et al., 2016). 

LG had significant increases in NMJ denervation at P120 in both strains with 

mutant hFUS (Sharma et al., 2016). When only motor neurons expressed the 

hFUS protein, no NMJ denervation was observed in the soleus muscle 

(Sharma et al., 2016). 
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FUSΔNLS mice had three lines: null, heterozygous and homozygous (Scekic-

Zahirovic et al., 2016). The null and homozygous lines died shortly after birth 

(~1 month of age) (Scekic-Zahirovic et al., 2016; Picchiarelli et al., 2019). 

Homozygous FUSΔNLS mice had reduced numbers and areas of motor 

endplates in TA and gastrocnemius, but not NMJ innervation, when compared 

to a non-transgenic WT line (Picchiarelli et al., 2019). The null FUS line did not 

have any apparent NMJ alteration except for reduction in the motor endplate 

number in TA and gastrocnemius muscles (Picchiarelli et al., 2019). 

Heterozygous FUSΔNLS mice developed ALS-like phenotypes after 10 

months of age. The heterozygous FUSΔNLS had a significant increase of 

partial and denervated NMJs at 1 month that worsened by 10 months of age 

(Picchiarelli et al., 2019). Endplate area was also reduced at 1 month and 

worsened by 10 months of age in the heterozygous FUSΔNLS (Picchiarelli et 

al., 2019).  

Strikingly, a single expression of endogenous FUS protein did not change NMJ 

innervation or endplate area, suggesting that mutant FUSΔNLS induces a 

pathological mechanism by gain of function (Picchiarelli et al., 2019). 

 

FUSΔ14 mice developed progressive motor phenotype and motor neuron 

death (Devoy et al., 2017). FUSΔ14 mice of 18 months of age had a significant 

increase in the partial and denervated NMJs in the lumbrical muscles (Devoy 

et al., 2017). This NMJ phenotype is observed with a 20% loss of spinal motor 

neurons (Devoy et al., 2017). 

 
NMJ degeneration in CMT2D mice 
The Gars Nmf249 mice were developed by ENU mutagenesis leading to an 

autosomal dominant pattern of inheritance (Seburn et al., 2006). This Gars 

Nmf249 mouse model carries a substitution of proline to tyrosine or lysine 

(P278KY) at position 278 (Seburn et al., 2006). The heterozygous Gars 

Nmf249 mice express the mutant GARS protein at endogenous levels (Seburn 

et al., 2006). At P7, the heterozygous Gars Nmf249 mice and WT littermates 
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had virtually all NMJs fully innervated in the gastrocnemius (Seburn et al., 

2006). At P36-P37, the heterozygous Gars Nmf249 mice had a significant 

increase in denervated and partially innervated NMJs in the gastrocnemius, 

soleus and plantaris muscles (Seburn et al., 2006). A medial NMJ phenotype, 

mainly an increase in partially innervated NMJs, was found in the axial muscle 

on the medial ribcage (Seburn et al., 2006). This NMJ phenotype was 

accompanied by loss in contractile properties in nerve conduction and 

reduction in the axons of the sciatic nerve in the heterozygous Gars Nmf249 

mice (Seburn et al., 2006). Interestingly, 2-month-old heterozygous Gars 

Nmf249 mice had poly-innervated NMJs and reduced motor endplate area 

(Seburn et al., 2006). Carrying both mutant alleles is an embryonic lethal 

genotype in the Gars Nmf249 mice (Seburn et al., 2006; Motley et al., 2011). 

 

Another mouse model for CMT2D is the Gars C201R mouse that was 

developed by ENU mutagenesis (Achilli et al., 2009). Gars C201R mice 

carrying both mutant alleles lived up to 17 days and had impaired limb 

movement associated with reduced weight (Achilli et al., 2009). The 

heterozygous Gars C201R mice had a normal life expectancy with the C3H 

background less aggressive than B6J (Achilli et al., 2009). These 

heterozygous Gars mice had a less severe phenotype than the Nmf249 strain 

(Achilli et al., 2009). The heterozygous Gars C201R mice had impaired motor 

function and reduction in the large diameter of the sciatic nerve (Achilli et al., 

2009; Spaulding et al., 2016). Lumbrical muscles in the heterozygous Gars 

C201R mice of P15-P16 presented higher numbers of perforations in the 

motor endplate and poly-innervation worsening at 1 month of age (Sleigh, 

Grice, et al., 2014). Similarly, the heterozygous 1-month old Gars C201R mice 

had a significant increase in the partially innervated NMJs in lumbrical muscles 

(Sleigh, Grice, et al., 2014).  

 

This NMJ phenotype worsened at 3 months of age in the Gars C201R mice 

(Sleigh, Grice, et al., 2014). Interestingly,  analysis of motor endplate area of 
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Gars C201R of P15, P30 and P60 did not deviate significantly from WT 

littermates (Sleigh, Grice, et al., 2014). 

 

The Gars mice carrying a mutant allele, Gars XM256, developed normal 

lifespan and healthy NMJ innervation but had reduced Gars mRNA level 

(Seburn et al., 2006; Achilli et al., 2009). Homozygous Gars XM256 is 

embryonic lethal. Mice carrying both mutant alleles with particular GARS 

mutation are embryonic lethal: Gars Nmf249/XM256, Gars C201R/XM256 

(Seburn et al., 2006; Achilli et al., 2009). 
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1.6. Aims of the project 
 
In order to further our understanding of the central nervous system pathology 

and NMJ degeneration in ALS and CMT, we carried out a standardised 

analysis of different tissues in mouse models with motor neuron and NMJ 

degeneration. Thus, the aims of this project were to: 

 

1. Describe the brain pathology (corticospinal motor neurons, glial cells) 

in the FUSΔ14 mice at 18 months of age. Our previous studies 

concluded that FUSΔ14 mice at 18 months of age presented mild 

phenotype in the hindlimbs and spinal cord. This led to the exploratory 

analysis of the brain pathology in the same cohort. We aimed to 

understand whether the pathology observed in FUSΔ14 mice at 18 

months of age was a generalised event or focalised to the hindlimb 

muscles and spinal cord. 

2. Describe the spinal cord pathology (ubiquitin aggregation, 

oligodendrocytes) in the FUSΔ14 mice at 18 months of age. We 

continued with the phenotype analysis on the spinal cord of the 

FUSΔ14 mice at 18 months of age to evaluate whether lower motor 

neuron death is associated with oligodendrocytes and protein 

aggregation. 

3. Describe the muscle fibre I, IIa, IIb and IIx type in hindlimb in the TA, 

EDL and soleus muscles in FUSΔ14 mice at 3,12 and 18 months of 

age. We aim to understand the impact of FUSΔ14 mutation on the 

mouse hindlimbs. These muscles were chosen as they are innervated 

by the lumbar spinal cord where motor neuron death occurred in the 

FUSΔ14 mice at 12 and 18 months of age.  

Overall, aims 1-3 are focused on further understanding the FUSΔ14 

mouse model at early and late disease states.  
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4. Develop an automated method for NMJ analysis using Gars C201R, 

SOD1 G93A, FUSΔ14 and TDP43 M323K mouse models. 

As I have described earlier in the text, a novel and automatic platform 

to analyse NMJs must be versatile, easy to customise and written in a 

free language for further improvement. Furthermore, a novel method 

for NMJ studies would include the analysis of 3D structures, with an 

automatic but flexible thresholding process. The mean fluorescence 

intensity must be obtained for every component of the neuromuscular 

junction when a cross-comparison study is carried out. The current 

platforms do not include the parameters mentioned leading to potential 

misleading NMJ studies. 
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Chapter 2.  
Materials and methods 
 

2.1. Materials 
 

The materials used in this study were obtained from different sources. Most 

chemicals were purchased from Sigma Aldrich (St. Louis, Missouri, USA) and 

VWR (Radnor, Pennsylvania, USA). Antibodies were obtained from Invitrogen 

(Carlsbad, California, USA) and DSHB (Iowa City, Iowa, USA).  

 

 Materials and chemical reagents 
 

Reagents  Used for Tissue Supplier 

Coverslips Immunostaining Brain, spinal 

cord, muscle 

VWR 

Dissection tools Muscle collection Muscle Dummont 

Ethanol (CH3CH2OH) Deparaffinization Brain VWR  

 

Methanol (CH3OH) Deparaffinization Brain VWR  

Optimal cutting 

temperature (OCT) 

Frozen 

sectioning 

Muscle Sakura Finetek 

Paraformaldehyde (PFA) Fixation Muscle, brain Sigma-Aldrich  

Pap pen Immunostaining Brain, spinal 

cord, muscle 

VWR 

Phosphate buffered 

saline (PBS) 

Immunostaining Brain, spinal 

cord, muscle 

Sigma-Aldrich  

Poly-lysine coated slides Immunostaining Brain, spinal 

cord, muscle 

VWR 
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 Antibodies/markers 
 

Proteinase K Antigen retrieval Brain, spinal 

cord 

Invitrogen 

Sodium chloride (NaCl) Immunostaining Brain, spinal 

cord, muscle 

Sigma-Aldrich  

Spring scissor  Muscle collection Muscle FST 

Tris hydrochloride  

(Tris-HCl) 

Immunostaining Brain, spinal 

cord, muscle 

Sigma-Aldrich  

Triton x-100 Immunostaining Brain, spinal 

cord, muscle 

Sigma-Aldrich  

Tween-20 Immunostaining Brain, spinal 

cord, muscle 

Sigma-Aldrich  

24-well plate Immunostaining Muscle VWR 

96-well plate Immunostaining Muscle VWR 

Antibody Target/conjugate Raised 
in 

Dilution Supplier/Cat. 
Number 

BA-D5 Mouse monoclonal anti-

myosin type I 

Mouse 1/20 DSHB 

(AB_2235587) 

BF-F3 Mouse monoclonal anti-

myosin type IIb 

Mouse 1/20 DSHB 

(AB_2277724) 

CTIP2 Rat monoclonal anti-Coup 

Transcription Factor 

Interacting Protein 2 

(CTIP2) 

 

Rat 1/250 ABCAM 

(ab18465) 

Dystrophin Rabbit polyclonal anti-

dystrophin 

Rabbit  1/750 ABCAM  

(ab15277) 
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FUS-wt Rat polyclonal anti-N-

terminal Fus in Sarcoma 

(FUS) 

Rat 1/1500 Invitrogen  

(PA5-52610) 

fs-FUS Goat polyclonal anti-

frameshift Fus in Sarcoma 

(FUS) 

Goat 1/2000 Everest 
Biotech Ltd 
 

GFAP Mouse monoclonal anti-

Glial Fibrillar Acid Protein 

(GFAP) 

Mouse 1/2000 DAKO  

(M0761) 

Iba-1 Rabbit polyclonal anti- 
Ionised calcium binding-1 

(Iba-1) 

Rabbit   1/2000 LabChem 

(019-19741) 

NeuN Mouse monoclonal anti-

Neuronal Nuclei (NeuN) 

Mouse  1/1000 Millipore 

(MAB377) 

Olig2 Mouse monoclonal anti  

Oligodendrocyte lineage 

transcription factor 2 

Mouse  1/100 Millipore 

(AB9610) 

Primary Ab Goat-anti mouse Alexa 

Fluor-488  
Goat  1/2000 Invitrogen  

(A-11001) 

Primary Ab Goat-anti mouse Alexa 

Fluor- 555 

Goat  1/2000 Invitrogen  

(A-21422) 

Primary Ab Goat-anti mouse Alexa 

Fluor-647 

Goat  1/2000 Invitrogen  

(A-21236) 

Conjugate Alpha-bungarotoxin-647 All 

species  

1/2000 Sigma-

Aldrich  

(B35450) 

Ubiquitin Mouse monoclonal anti-

Ubiquitin 

Mouse 1/1000 Invitrogen 

(13-1600) 

Conjugate Polyclonal goat-anti 

mouse IgG-HRP 

Goat 1/2000 DAKO 

(P0447) 
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 Equipment 
 

 

 Software 
 

 

 
 

SC-71 Mouse monoclonal anti-

myosin Type IIa  

Goat 1/20 DSHB 

(AB_2147165) 

SV2 Mouse monoclonal anti-

synaptic vesicle (SV2) 

Mouse  1/10 Sigma- 

Aldrich  

(AB_2315387) 

2H3 Mouse monoclonal anti-

neurofilament (165kDa) 

Mouse 1/10 DSHB 

(AB_2314897) 

Equipment/Software Used for Supplier 

Aperio Laser Scanner Section scanning  Leica 
Confocal Microscopy  Imaging Zeiss  
Cryostat Sectioning frozen tissue BrightTM  
Microtome Sectioning paraffined tissue Leica 
Microwave Heating Sharp  
Scale Scaling Mettler-Toledo 

Software Used for Developer 
 

Carl Zeiss software black ZEN  Imaging Zeiss 
GraphPad Prism 6  Plotting data GraphPad, Inc 
IBM SPSS Statistics  Statistical analysis IBM Corp 
Image J/FIJI V1.47 Image analysis NIH 
Phyton 3.7.1  Writing scripts Python 

R and RStudio Statistical analysis  R Core Team 

Volocity software v.6 Image analysis PerkinElmer 
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2.2. Experimental design 
 

During the studies, animal experiments were performed blind to genotype and 

afterwards were decoded for analysis.  

 

2.3. Animal strains 
 

SOD1 G93A mice  
Transgenic SOD1G93A mice (TgN[SOD1-G93A]1Gur) were kindly provided by 

Dr. James Sleigh from Department of Neuromuscular Diseases at Queen 

Square UCL Institute of Neurology. This mouse overexpresses a human 

mutant SOD1 protein and it is widely used as an ALS mouse model (Gurney 

et al., 1994). Mice were maintained in a C57BL6/N-SJL background and 

carried a mutation leading to a substitution of glycine with alanine at amino 

acid 93 in the human SOD1 protein, which is causal for ALS (Gurney et al., 

1994). Heterozygous male SOD1 G93A mice were used to investigate the 

NMJ pathology in the lumbrical muscles. We carried experiments on male 

SOD1 G93A mice and wildtype littermates at 30, 45, 115 days of age (Table 
2.1. & Figure 2.1.). 
 
FUSD14 mice 

The FUSD14 mice were developed by Prof. Elizabeth Fisher´s group following 

DeJesus Hernandez’s publication of a splice-site mutation in intron 13 of the 

human FUS gene, reported in an ALS patient (DeJesus-Hernandez et al., 

2010; Devoy et al., 2017). C57BL6/N mouse embryonic stem cells (ESC) were 

genetically engineered using homologous recombination by introducing an A 

to G point mutation in exon 14, and a partially humanized FRT-flanked neo 

cassette in exon 15 of the endogenous Fus gene (Devoy et al., 2017). As a 

result, this partially humanized mouse encodes an identical truncated FUS 

protein as observed in the human ALS patient (DeJesus-Hernandez et al., 

2010). This new mice strain, B6N;B6J-Fus tm1Emcf/H background,  maintained in 

heterozygosity by crossing to C59BL/6J inbred mice, and expresses truncated 
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FUS protein with a C-terminal frameshift peptide at endogenous levels (Devoy 

et al., 2017). FUSD14 mice, both sexes, were used to investigate brain cortex 

and spinal cord pathology, muscle fibretyping and NMJ pathology at 3, 12 and 

18 months of age (Table 2.1. & Figure 2.1.). 
 

Gars mice 
The C3H/HeH-GarsC201R heterozygous mouse is an established model for 

Charcot-Marie-Tooth (CMT) type 2 disease (CMT2D) and here these animals 

are referred to as ‘Gars mice’. The Gars mice were identified in a large 

screening after using ENU (N-ethyl-N-nitrosourea) mutagenic agent in mice at 

the Medical Research Council (MRC) Mammalian Genetics Unit (Achilli et al., 

2009). This mutant mouse carries a dominant mutation in the glycyl-tRNA 

synthetase gene (GlyRS), expressing both mitochondrial and cytoplasmic 

GlyRS isoform at endogenous levels. 30-day-old male Gars mice were used 

to investigate early NMJ pathology in the lumbrical muscles and are 

maintained by backcrossing to C57BL/6J animals (Table 2.1. & Figure 2.1.). 
 
TDP43 M323K mice 
The M323K mutation located in the coding region of the mouse Tardbp gene 

was found in a large screening after exposing the ENU mutagenic agent to 

mice at the RIKEN BioResource Center (Fratta et al., 2018). The M323K 

mutation is a substitution of methionine to lysine and it is located in the C-

terminal region of TDP43 protein. The M323K mouse model is maintained in 

a C57BL/6J-DBA/2J mixed background leading to similar lifespan to the 

wildtype littermates. This mouse carries a missense mutation and expresses 

mutant TDP43 protein at physiological levels, making this an important model 

to study ALS (Fratta et al., 2018). 24-month-old homozygous M323K female 

mice were used to investigate NMJ pathology in the lumbrical muscles (Table 
2.1. & Figure 2.1.). 
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  Table 2.1. Number of mice used in this study 
 

 
Figure 2.1. Timeline of mouse models used in this study. 
 
 

Mouse model Animals 

WT Mutant 
SOD1 G93A  
(males only) 

30 days (n=5) 

45 days (n=6) 

115 days (n=4)  

30 days (n=5) 

45 days (n=6) 

115 days (n=9)  

Gars   
(males only) 

30 days (n=6) 30 days (n=6) 

FUSD14  
(males and females) 

3 months (n=5) 

12 months (n=7) 

 

3 months (n=5) 

12 months (n=7) 

TDP43 M323K  
(females only) 

12 months (n=5) 

 

12 months (n=5) 
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2.4. License 
 

All the mouse studies were under license from the UK Home Office and 

received local ethical board approval. During the studies mice were 

maintained at the MRC Prion Unit, UCL and MRC Harwell in Oxfordshire. 

 

2.5. Animal housing 
 

Mice of all strains were housed in constant conditions: food and water ad 

libitum, 19-21ºC temperature, 45±10% humidity, cages with autoclaved wood 

bedding and cycle of 12h light/darkness. 2-5 animals were kept in ventilated 

cages under supervision of trained staff.   

 

2.6. Genotyping 
 

Genotyping was performed following ear biopsies of all mouse strains by 

experienced staff. Biopsies were placed in a tube containing extraction buffer 

and incubated in a hot block at 55-60ºC overnight. Primers and thermal cycling 

were performed as follows: 

 

SOD1 G93A genotyping  
 Genotyping was carried out by Dr Sleigh.  

SOD1 G93A primer mix 

Primer Sequence (5’ ⇨ 3’) Volume 
("L) 

Volume 
ddH2O("L) 

SOD1_Seq_F  CATCAGCCCTAATCCATCTGA 
 

1 50 

SOD1_Seq_R CGCGACTAACAATCAAAGTGA 
 

1 50 

Table 2.2. Primer sequences and volumes used for SOD1 G93A 
genotyping  

 



 79 

Table 2.3. Thermal cycling programme for SOD1 G93A genotyping  

 
TDP43 M323K genotyping 
Genotyping was carried out by experienced staff at MRC Harwell Centre. 

TDP43 M323K primer mix 

Primer Sequence (5’ ⇨ 3’) Volume 
("L) 

Volume 
ddH2O("L) 

TDP43_Seq_F  TCTGCAACGCTGCCTGAG 
 

2 50 

TDP43_Seq_R AGCTGGCTTGGGAAATAACCA 
 

2 50 

Table 2.4. Primer sequences and volumes used for TDP43 M323K 
genotyping  
 
 
 
 
 
 
 
 
 

SOD1 G93A thermal cycling programme 
Step Temperature (Cº) Duration (min:sec) Cycles 

Initial 
denaturation 

94 3:00 - 

Denaturation 94 0:30 35 

Annealing 62 1:00 

Extension 72 1:00 

Final extension 72 7:00 - 
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Table 2.5. Thermal cycling programme for SOD1 G93A genotyping 
 
Gars C201R genotyping 
Genotyping was carried out by Dr Sleigh.  

Gars C201R primer mix 

Primer Sequence (5’ ⇨ 3’) Volume 
("L) 

Volume 
ddH2O("L) 

C201R_Seq_F  ATACATGCCTGTGGTGAGCA 1 22 

C201R_Seq_R CTGAGCCATCTCTCCAGGAC 1 22 

Table 2.6. Primer sequences and volumes used for Gars C201R 
genotyping  

Table 2.7. Thermal cycling programme for Gars C201R genotyping 

TDP43 M323K thermal cycling programme 
Step Temperature (Cº) Duration (min:sec) Cycles 

Initial 
denaturation 

94 3:00 - 

Denaturation 94 0:30 35 

Annealing 62 1:00 

Extension 72 1:00 

Final extension 72 7:00 - 

Gars C201R thermal cycling programme 
Step Temperature (Cº) Duration (min:sec) Cycles 

Initial 
denaturation 

94 3:00 - 

Denaturation 94 0:30 35 

Annealing 62 1:00 

Extension 72 1:00 

Final extension 72 7:00 - 
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FUSΔ14 genotyping 
Genotyping was carried out by Ms Park and Beverly Burke 

FUSΔ14 primer mix 

Primer Sequence (5’ ⇨ 3’) Volume ("L) Volume 
ddH2O("L) 

FUSΔ14_Seq_F   1 8 

FUSΔ14_Seq_R  1 8 

Table 2.8. Primer sequences and volumes used for FUSΔ14 genotyping  
 

Table 2.9. Thermal cycling programme for FUSΔ14 genotyping  
 

 
 

 
 

 
 

 
 

 
 

FUSΔ14 thermal cycling programme 
Step Temperature (Cº) Duration (min:sec) Cycles 

 
 
 

PCR genotyping 
was run as 

described by 
manufacturer  

(7 steps) 
 

95 0:30  

 

7 65 0:20 

72 0:30 

95 30:00  

23 57 0:20 

72 0:30 

10   - - 
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2.7.       Tissue collection 
 

The collection of tissue depends on the purpose of the experiment. Frontal 

mouse brain containing M1/M2 motor cortex was used to study motor neuron 

pathology and associated gliosis. Spinal cord at the L4 location was dissected 

to analyze oligodendrocytes and P62 protein aggregation.  

 

We also collected tibialis anterior (TA), extensor digitorum longus (EDL) and 

soleus muscles all located in the mice hindlimbs (Figure 2.2). In the case of 

Neuromuscular Junction (NMJ) studies, we collected the deep lumbrical 

muscles located between the digits of the rodent hindlimbs paws (Figure 2.2). 

All tissue collection experiments were performed in all mice strain and sex- 

and age-matched. 

 

Tissue collection for all studies were carried out from multiple cohorts. The 

brain and spinal cord samples from the FUSΔ14 mouse model used in this 

study belonged to the cohort with demonstrated motor phenotype and motor 

neuron death, previously reported (Devoy et al., 2017). On the other hand, the 

hindlimbs muscles and NMJs samples from the FUSΔ14 mouse model 

belonged to another cohort where we did not demonstrate motor phenotype 

or motor neuron death. 

 

The lumbrical muscles from the Gars mice were kindly provided by Dr. Sleigh. 

This Gars cohort belonged to a previously reported study with neuromuscular 

junction pathology. The cohorts of SOD1 G93A and TDP43 M323K mouse 

models were used to evaluate the neuromuscular junction phenotype only. 

Those SOD1 and TDP43 mice cohort were not tested for other phenotypes. 
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Figure 2.2. Different tissues used in this study 
 
 

 

 Frontal motor cortex 
 

Wildtype mice and FUSD14 littermates of 18-months old were anesthetized 

using CO2 for 5 minutes or until mice were unresponsive. Then, mice were 

perfused with cold PBS 7.4 pH through the aorta following by 

paraformaldehyde 4% in PBS. Brains were removed from the skull and 

immediately post-fixed in PFA-PBS overnight.  An experienced staff member 

performed all this procedure.  

 

Brains were removed and coronally sectioned into three portions of 3-mm 

thickness using a slicer matrix (Zivic Instruments, UK) at the M1/M2 motor 

cortex.  
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Then, each portion of the brain was embedded in paraffin blocks and cut into 

5µm using a standard microtome (Leica, Germany). Sections were left to dry 

out until further use. This procedure was performed by Dr. Devoy.  

 
 

 Spinal cord 
 

FUSD14 
The procedure to collect spinal cord tissue was similar to the frontal motor 

cortex. Wildtype mice and FUSD14 littermates of 18-months of age were 

anesthetized using CO2 for 5 minutes or until mice were unresponsive. Then, 

mice were perfused with cold PBS 7.4 pH through the aorta following by 

paraformaldehyde 4% in PBS. Spinal cord was removed from vertebras and 

post-fixed in PFA-PBS overnight. This procedure was performed 

by Dr. Devoy.  

 

Lumbar spinal cords were embedded in paraffin blocks and cut into 5µm using 

a standard microtome (Leica, Germany). Sections were left to dry out until 

further use.  

 

 Hindlimb muscles 
 

Wildtype mice and FUSD14 littermates at 3-, 12- and 18-months of age were 

anesthetized using Isoflurane until mice appeared unresponsive, and then 

they were sacrificed by neck dislocation. Hindlimb muscles such as TA, EDL 

and soleus muscle were identified, collected, snap frozen and store at -70ºC 

until further use. TA, EDL and soleus muscle were embedded in OCT and cut 

into 20µm using a standard Cryostat (Leica, Germany). Sections were left to 

dry out before proceeding with fluorescence staining.  
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 Deep lumbrical muscles 
 

All mouse mutants and their wildtype littermates were anesthetized using 

Isoflurane until they were unresponsive. To further confirm mouse death, an 

experienced technician performed cervical dislocation. After death, lumbrical 

muscles were collected. The mice have 4 deep lumbrical muscles which are 

located in the interdigit. The lumbrical muscles were collected in four 

steps following a previous report (Sleigh et al 2014). First, we cut off the 

mouse hindlimb and pinned it down the ventral side up in a Petri dish filled 

with PBS 1x. Second, we removed both the skin of the foot, cutting along the 

midline, and then the plantar skin that covers the central area exposing the 

plantar hypodermal surface (Sleigh, Burgess, et al., 2014). Third, the overlying 

flexor digitorum brevis (FDB) tendon was cut and detach by pulling it off 

towards to toes exposing the flexor digitorum longus (FDL) where the lumbrical 

muscle originates (Sleigh, Burgess, et al., 2014). Fourth, the FDL was peeled 

off the toes and cut at the metatarsophalangeal joint. In a different petri dish, 

we removed the connective tissue surrounding the FDL to expose the 

lumbrical muscles. Once the lumbrical muscles were exposed, we carefully 

dissected them.  

The collected lumbrical muscles were immersed in paraformaldehyde 4% in 

PBS for around 5 minutes. Then, we washed with PBS 1x several times and 

proceed with fluorescence staining. 

 

2.8.       Tissue staining and imaging  
 
 

 Corticospinal motor neurons 
 

To study the Corticospinal motor neurons (CSMNs) in the brain motor cortex 

of 18-months-old FUS∆14 mice we proceed as follows (Özdinler et al., 2011): 

sections were manually dewaxed, rehydrated through an alcohol series. After 

brief washes with PBS 1x, we boiled the sections using citrate buffer pH6 at 

95ºC in a microwave for 20 minutes. Blocking solution containing 5% donkey 
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serum in PBS-0.05% Tween-20 was used to block any unspecific binding. 

Then, we drained off the blocking buffer and incubated overnight at 4ºC with 

primary antibodies as follows: rat anti-CTIP2 at 1/250 dilution and rabbit anti-

NeuN at 1/1000 dilution in blocking buffer. CTIP2 and NeuN antibodies were 

used together to identify CSMNs. After the incubation, we drained off the 

solution, washed 3 times with PBS and incubated with secondary antibody for 

2 hours (anti-rabbit Alexa Fluor-564 and anti-rat alexafluor-488). Finally, we 

washed the excess of secondary buffer using PBS, incubated with 0.2% 

Sudan Black in 70% ethanol or 3 minutes at room temperature, washed 3 

times with PBS and mounted the sections with 4′,6-diamidino-2-phenylindole 

(DAPI).  

 

The imaging was performed using a Zeiss 7100 Confocal Microscope. All 

images were taken at 40x of magnification using z-stack and tilescan tools 

(5x2, horizontal vs vertical) with 5% online stitching so we imaged both motor 

cortex hemispheres. In this case, Alexa-Fluor-488 detects CTIP2 positive cells 

while Alexa-Fluor-564 recognized the total number of neurons; together they 

detected CSMNs in mice brain. Imaging was performed using the same digital 

gain and laser intensity per each of the wildtype and FUSΔ14 samples. All 

images were saved in LSM 5 for analysis in Volocity software, as previously 

reported (Nishimura et al., 2013; Rivera-Molina and Toomre, 2013; 

Wasserman et al., 2013). 

 

 

 Gliosis 
 

To study gliosis in the brain cortex of 18-month old FUS∆14 mice, we stained 

astrocytes and microglia cells for light immunohistochemistry performed on a 

VENTANA system (VENTANA system, Inc, UK). This automatic system was 

used primarily to avoid any disparity in the colorimetric staining based on 3,3’ 

diaminobenzidine (DAB).  All stained sections were scanned using an 
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APERIO slide scanner (Leica, Germany) at all magnification, that is, glial cells 

can be observed at 20x, 40x and 100x. 

  

 Oligodendrocytes 
 

To study oligodendrocytes in the spinal cord of 18-month old FUS∆14 mice, 

sections were manually dewaxed, then rehydrated through an alcohol series. 

After brief washes with PBS 1x, sections were boiled in a citrate buffer pH6 at 

95ºC in a microwave for 20 minutes. Blocking solution containing 5% donkey 

serum in PBS-0.05% Tween-20 was used to block any unspecific binding. 

Then, we drained off the blocking buffer and incubated overnight at 4ºC with 

primary antibody mouse anti-Olig2 at 1/100 in blocking buffer.  The Olig2 

antibody was used to identify oligodendroglial cells in mouse spinal cord 

(Yokoo et al., 2004). After the incubation, we drained off the solution, washed 

3 times with PBS and incubated with secondary antibody for 2 hours a 

Horseradish Peroxidase (HRP) conjugated to 3,3´-diaminobensidine (DAB) 

detection kit. Biotinylated secondary antibody was added to the sections for 2 

hours. We washed 3 times with PBS and added DAB substrate until a brown 

colored substance was evident. This colorimetric assay suggests the primary 

antibody binding by reacting DAB. Finally, we washed the excess of secondary 

buffer using PBS, and placed the sections in Hematoxylin for 30 seconds. At 

room temperature, we dehydrated the sections through an alcohol series, 

washed 3 times with PBS and used mounting medium (Abcam, UK). 

 

Oligodendrocyte staining was digitalized using a Leica DM2000 light 

microscope. Each hemisphere of the motor cortex was imaged at 20x 

magnification. 

 

 Ubiquitin aggregation 
 

To study ubiquitin aggregation in the spinal cord of 18-month old FUS∆14 mice 

we proceed as follows: spinal cord sections were manually dewaxed, 
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rehydrated through an alcohol series. After brief washes with PBS 1x, sections 

in citrate buffer pH6 at 95ºC were boiled in a microwave for 20 minutes. 

Blocking solution containing 5% donkey serum in PBS-0.05% Tween-20 was 

used to block any unspecific binding. Then, we drained off the blocking buffer 

and incubated overnight at 4ºC with primary antibodies as follows: mouse anti- 

ubiquitin at 1/500, rabbit anti-frameshift FUS at 1/2000 and rat anti-WT FUS 

at 1/500 in blocking buffer. Our ‘Frameshift FUS’ antibody recognizes the 

genomically engineered peptide in the mutant FUS protein at the N-terminal 

portion (Devoy et al., 2017). After the incubation, we drained off the solution, 

washed 3 times with PBS and incubated with secondary antibody for 2 

hours (anti-rabbit Alexa Fluor-546, anti-mouse alexafluor-488 and anti-rat 

Alexa Fluor 647). Finally, we washed the excess of secondary buffer using 

PBS, incubated with 0.2% Sudan Black in 70% ethanol for 3 minutes at room 

temperature, washed 3 times with PBS and mounted the sections using DAPI.  

 

The imaging was performed at 63x magnification using a Zeiss 7100 Confocal 

Microscope. Imaging was performed using the same digital gain and laser 

intensity per each of the wildtype and FUSΔ14 samples. All images were 

saved in LSM 5 for analysis in Volocity.   

 

 Fibretyping 
 

Fibretyping studies were carried out on of 3-, 12- and 18-month old FUS∆14 

mice. Snap frozen TA, EDL and Soleus tissue were embedded in OCT and 

cut immediately at -20ºC in microtome (Leica, Germany). 20-µm thickness 

sections were left to dry out for 1-2 hour at room temperature before starting 

the staining. PBS-1X was added for 30 minutes to rehydrate the sections. 

Blocking solution containing 10% donkey serum in PBS-0.1% Tween-20 was 

used to block any unspecific binding. Then, we drained off the blocking buffer 

and incubated for 2 hours at room temperature with primary antibodies as 

follows (Table 2.2): mouse anti-type I at 1/10; mouse anti-type IIa at 1/20, 

mouse anti-type IIb at 1/20; mouse anti-type IIx at 1/20 or rabbit anti-dystrophin 

at 1/750 in blocking buffer. 
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After the incubation, we drained off the solution, washed 3 times with PBS-1X 

and incubated with secondary antibody for 2 hours (anti-mouse IgG1 Alexa 

Fluor-488, anti-mouse IgM Alexa Fluor-564 and anti-rabbit Alexa Fluor-633). 

Finally, we washed 3 times with PBS and mount the sections. The imaging 

was obtained at 20x using a Zeiss 7100 Confocal Microscope. Imaging was 

performed using the same digital gain and laser intensity per each of the 

wildtype and FUSΔ14 samples. All images were saved in LSM 5 for analysis 

in Image J. 

 

 Lumbrical muscle staining 
 

Here we carried out NMJ studies on mouse strains at multiple timepoints, 

however, the staining procedure was the same for all mouse 

models/timepoints. After the lumbrical muscle fixation, we then washed three 

times for 10 minutes each, and incubated the sections for 1 hour in 2% PBS-

Triton X-100 to increase antibody penetration. Non-specific antigens in muscle 

sections were blocked during 1 hour using 5% donkey serum in 0.05% PBS-

Triton X-100. After washing 3 times for 15-20 minutes each, sections were 

incubated with primary antibodies in blocking solution at 4ºC as follows: mouse 

monoclonal anti-synaptic vesicle (SV2, 1/10 DHSB) and mouse monoclonal 

anti-neurofilament medium chain (2H3, 1/10, DSHB).  

 

After overnight incubation, sections were washed three times with PBS 1X. 

Then Alexa-488 secondary antibody (1/2000, Invitrogen), which recognized 

both primary antibodies, were added together with 633-labeled a-

Bungarotoxin (binds to acetylcholine receptors at the post-synaptic side) for 1 

hour at room temperature. The 633-labeled a-Bungarotoxin was used in 

experiments with FUSD14 cohorts while the 568-labeled a-Bungarotoxin was 

added for SOD1 G93A, M323K lines. Finally, sections were mounted using 

DAPI.  
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Imaging was performed using black Zen software on a Zeiss 710 Confocal 

Microscope (Zeiss, Germany) equipped with 40x objective (zoom 1.5), except 

for the FUSΔ14 samples that were obtained at 20x. As explained above, 

Alexa-488 detects axon fibres while Alexa-633 binds a-Bungarotoxin. 

Excitation was as follows: Alexa-488 was excited by the argon laser 488 nm 

and Alexa-Fluor-633 by diode 633 nm. Emission bandwidths were 510-530 

nm for Alexa-Fluor -488 and 600-800 nm for Alexa-Fluor-633.  

 

We tested the antibody SV2 and 2H3 specificity using TA muscle as positive 

control, kindly provided by Dr. Barney Bryson. We also carried out 

endogenous tissue background control in Lumbrical muscles.  

 

2.9.       Histopathological analysis 
 
 

 Corticospinal motor neurons 
 

For simplicity, we first divided the image to analyze in 3 regions of interest 

(ROI) in each hemisphere: Cg1-2, M1+M2 and Layer V using the Paxinos 

Mouse Brain Atlas 61 (Figure 2.2.). These areas represent cingulate cortex 1-

2, motor cortex 1-2, and layer V of motor cortex respectively. All the analysis 

was performed using Volocity software. In this analysis we collected three 

types of data: first, we obtained the number of total neurons per area in each 

ROI (NeuN+ cells). Second, we discriminated these neurons positive to NeuN 

and CTIP2 in each ROI; thus, they are known as CSMNs. Finally, we obtained 

the size of neurons and CSMNs in each ROI. 

 

In Volocity software, a finding object tool is used together with the 

corresponding channel (e.g. 488 antibody gives a green fluorescent signal in 

CTIP2 positive cells) so only those green-fluorescent cells will be selected 

(from each ROIs). Then, we performed the same procedure but using the red 

channel that recognized the total population of neurons.  
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The fluorescent intensity and size of neurons may be manually adjusted to 

avoid any other object below a size threshold. Finally, we selected the 

measurement item tool and then pixel intensity; size and number of measured 

objects (cell population) were displayed. Regions to be analyzed were chosen 

due to proximity to motor cortex and its association to malfunction in ALS-

related diseases. Layer V neurons were chosen as they are mostly affected in 

Human ALS. 

 

 Gliosis 
 

Similarly to CSMN analysis, we identified 3 regions of interest (ROI) in each 

hemisphere: Cg1-2, M1+M2 and Layer V using the Paxinos Mouse Brain 

Atlas 61 (Figure 2.2.). All the analysis was performed 

using ImageJ/Fiji software. We collected two types of data: a) density of 

astrocytes and microglia in each ROI, and b) the size(area) of these glial cells 

in Cg1-2 and M1+M2 region.  

 

Using ImageJ/Fiji software, we proceeded as follows: first, we used the 

freehand selection tool to obtain the area of each ROI (µm2). ROI areas were 

split into separate channels (DAB and Hematoxylin individual images) using a 

color deconvolution plugin. Then, global thresholding was applied to cut off the 

intensity value in the DAB image. Finally, we set measurements to obtain the 

area and size of both astrocytes and microglia.  

 

 Spinal cord 
 

Oligodendrocytes in the white and grey matter of the spinal cord were 

manually counted at 20x magnification. Ubiquitin aggregates were recognized 

and counted by eye on their respective confocal images obtained at 63x. The 

counting of ubiquitin aggregates per motor neuron was performed by Dr. 

Devoy.  
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 Fibretyping 
 

Fibretypes were manually counted using image J “cell counter” plugin. First, 

we identified the borders of individual fibres using dystrophin marker and 

obtained the total number of them in the 3-, 12- and 18-month-old FUSD14 

mice and WT littermates. Second, we counted the number of fibres I, IIa, IIx 

and IIb type due to multiple staining immunofluorescence. Third, we calculated 

the relative percentage of each fibretype in TA, EDL and Soleus muscles. 

 

 Neuromuscular junction analysis 
 

The purpose of the NMJ analysis was to evaluate the degree of denervation 

in a manual and automatic manner.  

 

Manual NMJ analysis 
NMJs located in the lumbrical muscles were analyzed by manual inspection 

and classified as “fully innervated” when the presynaptic axon completely 

overlapped the motor endplate. We considered 60% overlap as cutoff for ‘fully 

innervated’ NMJ. A “Partial innervated” NMJ was defined as when some 

portion of the motor endplate was devoid of the presynaptic axon, while NMJs 

without axon innervation, or vacant, were classified as “fully denervated”.  

NMJs with 20% overlapping were considered “partially innervated”. Sections 

with poor antibody penetration were not analyzed. 

 

Automatic NMJ analysis 
NMJ-analyzer was developed to perform NMJ automatic analysis. NMJ-

analyzer is made of three scripts that together detect a set of morphological 

variables in the presynaptic and postsynaptic NMJ, known here as NMJ 

components. Briefly, NMJ-analyzer detects staining of both NMJ components 

(first script or Processing.py), recognizes patterns, shapes and structures and 

stores them for future analysis. Then, NMJ-analyzer “measures” the set of 

morphological parameters obtained in the previous step (second script or 
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Measure.py. The third step consists of using a Machine Learning Algorithm 

(ML) to predict the results obtained in the manual NMJ analysis. NMJ-analyzer 

was written in Python language, meaning it can be use in any platform or 

incorporated to any current image analyzer software. This automatic system 

was developed in collaboration with Dr Carole Sudre from the Department of 

Biomedical Engineering at Kings College London, London, UK. 

 
 

2.10. Statistical analysis 
 

Statistics analyses were obtained using R/RStudio and GraphPad Prism5 

(GraphPad Software). T-test comparison was used for simple comparison 

between independent groups with quantitative variables. Two-way repeat 

measures ANOVA was used to asses independent variables and their 

possible interaction. Thus, we compare the CSMNs, neuron and glia 

population (independent variable) by genotype (categorical variable) and 

interaction by sex. PCA analysis was carried out to explain the variance-

covariance in a set of independent variables related to a dependent or 

qualitative variable. Data are shown as mean ± S.E.M.  

 

Power analysis allows us to determine the sample size of the experiment. 

Power analysis calculation was performed to estimate the sample size 

required in our study. Power analysis takes six correlated variables to estimate 

the probability to detect the mutation effect in our sample size. These variables 

are: 1) effect size (signal), 2) noise or variability of the experimental material, 

3) signal/noise ratio based on Cohen’s d standardised effect size, 4) 

estimation power, 5) significance level and 6) alternative hypothesis. The 

effect size, estimation power, significance level and alternative hypothesis are 

specified by the scientist (Durlak, 2009; Charan and Kantharia, 2013).  
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The sample size was calculated in R/RStudio with the following command 

(Two-sample t test power calculation): 

 

pwr.t.test(n= “x”, d=0.5, sig.level = 0.05, power = 0.8,  

alternative = "greater", type = "two.sample") 

Where: 

              n = number of animals in each group 

              Cohen´s d (effect size) 

              sig.level = 0.05 

              Power = 0.8 

              Alternative = greater or two.sided 

Considerations when calculating the sample size: 

 

• The lowest acceptable power calculation was considered 80% (0.8). 

• The Cohen´s d is considered to be small “effect size” when d=0.2. 

Medium and large “effect size” are 0.5-0.6 and 0.8-1, respectively. The 

Cohen´s d measures the difference between groups. 

• A priori we do not know the effect of the FUSΔ14 mutation on different 

mouse tissues. We used Cohen´s d = 0.5 (medium) as FUS ALS mice 

are less likely to present motor cortex pathology. Thus, we may need a 

higher number of mice to detect the mutation effect. 

• The spinal cord tissue and hindlimb muscles usually present pathology 

in ALS mouse models. We used Cohen´s d = 0.8 (high) 
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Table 2.10. Sample size calculation for different experiments   
 

 

 

. 

 

 
 
 
 
 
 

 

 

 

 

 Sample size used Sample size required 

Motor cortex pathology 
(n=6 WT, 6 Δ14) 50 mice in each group 

Spinal cord pathology 
(n=5 WT, 5 Δ14) 20 mice in each group 

Muscle pathology (n=8 WT, 6 Δ14) 20 mice in each group 
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Chapter 3.  
Brain and spinal cord 
pathology in the 
FUSD14 mice 
 

3.1. Background 
 

Corticospinal motor neurons in mice - CSMNs - are connected to the spinal 

motor neurons through a polysynaptic connection. Spinal motor neurons then 

innervate skeletal muscle. In both brain cortex and spinal cord, these motor 

neurons are dynamically interacting with non-neuronal cells such as glial cells 

- astrocytes, microglia - oligodendrocytes and interneurons. 

 

In chapter 3, we aimed to assess pathology in the motor cortex and spinal cord 

in the 18-month old FUSD14 mice. 

 

 Motor cortex pathology in ALS mice 
 

Here I describe previous ALS mouse models with CSMN loss and associated 

pathology in the primary motor cortex. I first recapitulate ALS mice with SOD1, 

TDP43 and FUS protein mutations and then highlight potential similarities in 

these mouse models to compare to our FUSD14 strain.  

 
SOD1 mice 
Progressive loss of CSMNs has been reported in the SOD1 G93A transgenic 

mice with high expression of human mutant protein SOD1 (Özdinler et al., 

2011). Özdinler et al. identified CSMNs through a retrograde Fluorogold - FG 
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– injection in C4-C6 within the dorsal funiculus of the spinal cord (Özdinler et 

al., 2011). The dorsal funiculus contains a major proportion of the CSMN axon 

projections in mice (Özdinler et al., 2011). Fluorogold injection at this level of 

the spinal cord travels retrogradely and allows the identification of cortical 

neurons located in the layer V of the motor cortex; this labelled cell bodies 

belong to CSMNs in mice (Özdinler et al., 2011). Özdinler et al, identified that 

cortical neurons taking up the fluorescent tracer were positively stained with 

the transcription factor Coup-transcription factor interacting protein 2 (CTIP2), 

suggesting that both markers are sufficient to identify CSMNs (Özdinler et al., 

2011). CSMNs projecting their axons to the corticospinal tract are mostly 

located in the layer V of the motor cortex (~90-95%), while the remaining 

portion is located within the layer II-III (~1%) and layer VI (~5-10%) (Özdinler 

et al., 2011).  

 

Özdinler et al., analysed longitudinally the CSMN population at P30 (pre-

symptomatic), P60 (symptomatic) and P120 (post-symptomatic) in the SOD1 

G93A transgenic mice (Özdinler et al., 2011). The average number of CSMNs 

is decreased at P60 and P120 in these animals while WT littermates and mice 

with wildtype human SOD1 overexpression - hSOD1 mice - remain unaffected 

(Özdinler et al., 2011). The average soma diameter of SOD1 G93A CSMNs 

was also reduced as early as P30, becoming smaller at P60 and P120 in the 

SOD1 G93A mice. The CSMN soma diameter in WT mice and hSOD1 

littermates, remained unaffected at the same timepoints. The CSMN death 

occurred through an apoptotic mechanism observed by positive staining of 

cleaved-caspase 3 (CC-3) staining and nuclear pyknosis (Özdinler et al., 

2011).  

 

Gliosis (astrocytosis and microgliosis) and associated inflammation have also 

been documented in the motor cortex of the SOD1 G93A transgenic mice as 

well as in ALS brain patients (Özdinler et al., 2011; Geevasinga et al., 2016; 

Genç et al., 2017). Özdinler et al, showed astrocytosis and microgliosis at 

P120 in the motor cortex and sub-cerebral regions of the transgenic SOD1 
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G93A mice but not in WT littermates. Özdinler et al, observed gliosis only in 

the transgenic SOD1 G93A mouse model but no in the hSOD1 mice (Özdinler 

et al., 2011). CSMNs loss and gliosis appears to be a prominent pathology in 

the SOD1 G93A mice. Neurons in layer V of the motor cortex seem to be 

affected first, and exclusively, while gliosis appears late in the symptomatic 

stage in this strain (Özdinler et al., 2011; Genç et al., 2017). 

 

Another mouse model of SOD1-ALS is the SOD1 D83G strain which, unlike 

transgenic mice, expresses SOD1 protein at physiological levels (Joyce et al., 

2014). This strain was developed by ENU mutagenesis and carries a point 

mutation in the endogenous mouse Sod1 gene (Joyce et al., 2014).  

Homozygous mutant mice presented CSMN loss at 29 weeks of age (Joyce 

et al., 2014).   Neuronal loss is restricted to layer V of motor cortex suggesting 

that the motor neuron circuitry is affected exclusively (Joyce et al., 2014).  

 

TDP43 mice 
Transgenic mice lines expressing human WT TDP43 only in neurons, 

homozygous and hemizygous, presented motor cortex pathology (Wils et al., 

2010). The homozygous mice are known as TAR4/4 and TAR6/6 and 

overexpress the human TDP43 protein 5.1- and 3.8-fold compared to non-

transgenic lines, respectively. The hemizygous mouse TAR4 line expresses 

WT human TDP43 protein at 2.8-fold compared to the WT littermate controls 

(Wils et al., 2010).  

 

Pathology was doseage-sensitive, being more evident in TAR4/4 and less 

obvious in TAR4 mice (Wils et al., 2010). Despite that human WT TDP43 is 

expressed virtually in all neurons in these three mouse strains, cytoplasmic 

and intranuclear inclusions positive to TDP43 and ubiquitin were restricted to 

the layer V of the motor cortex, somatosensory areas and in some degree to 

the hippocampal and subicular neurons (Wils et al., 2010). Neuronal loss was 

also dose-dependent and evident in layer V of the motor cortex the three 

mouse strains (Wils et al., 2010).  
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Gliosis was also dose-dependent and observed in the same areas where 

TDP43 positive inclusions were found (Wils et al., 2010). 

 

Currently, there are not published ALS mice expressing mutant TDP43 at 

endogenous levels with CSMN loss. Detailed studies in the motor cortex are 

needed to understand TDP43 pathology more comprehensively. 

 

FUS mice 

Transgenic mice expressing truncated FUS protein lacking the N-terminal 

region - ΔNLS-FUS mice - presented motor cortex pathology (Shiihashi et al., 

2016).  The truncated protein was expressed, under the control of the neuronal 

Thy1 promoter, at similar levels to the endogenous FUS protein (Shiihashi et 

al., 2016).  Shiihashi et al., observed a reduced number of neurons positive to 

NeuN marker in the lateral prefrontal cortex of the 12-month old ΔNLS-FUS 

mice (Shiihashi et al., 2016). Astrocytosis and microgliosis in the frontal cortex 

of the 12-month old ΔNLS-FUS mice were also observed (Shiihashi et al., 

2016). CSMNs were not investigated. CSMNs in FUS-ALS mice have not been 

investigated as thoroughly as the spinal motor neurons.  

 

Despite the large number of published ALS mouse models, I have focused on 

those that presented CSMNs loss. These mouse models had various levels of 

CSMNs death and associated pathology. Regardless the technology that was 

used to developed those ALS mice, it is interesting to note that CSMNs are 

preferentially affected in the motor cortex. These ALS mice strains may help 

us to understand convergent mechanism of CSMNs degeneration. To our best 

knowledge, there is no ALS-FUS mice, with endogenous expression of mutant 

protein, that had CSMNs loss. 

 

 Spinal cord pathology in ALS mice 
 

In this section, I describe previous ALS mouse models with oligodendrocytes 

and P62 aggregation in the spinal cord. It is important to compare ALS mouse 
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models with similar pathologies, besides their mutant protein, to potentially find 

common degenerative pathways.  

 

SOD1 mice 
The SOD1 G93A transgenic mice with high expression of human mutant 

protein SOD1 presented P62 and ubiquitin aggregates in the ventral horn of 

the spinal cord (Rudnick et al., 2017). These P62 aggregates appeared as 

early as P50 (50 days of age) and it is observed exclusively in spinal motor 

neurons (Rudnick et al., 2017).   

Oligodendroglial abnormal morphology has been observed in the ventral horn 

of the SOD1 G93A transgenic mice (Philips et al., 2013).  These 

oligodendrocytes showed thickened and elongated processes in the 2-month 

old SOD1 G93A transgenic mice (Philips et al., 2013). The abnormal 

population of oligodendrocytes is more frequent in the ventral horn grey matter 

of the SOD1 G93A transgenic mice (Philips et al., 2013; Philips and Rothstein, 

2014). Quantification of oligodendrocyte populations were not investigated. 

 
TDP43 mice 
Transgenic mice over-expressing human TDP43 Q331K have gliosis and 

TDP43 cytoplasmic aggregation at 24 months of age (Mitchell et al., 2015). 

The P62 aggregates are presented as round bodies in the cytoplasm of the 

spinal and motor cortex in the 24-month age heterozygous TDP43 Q331K 

mice (Mitchell et al., 2015). Interestingly, double transgenic mice over-

expressing both human WT TDP43 and Q331K mutant (TDP43 WTxQ331K) 

presented a very aggressive phenotype with lifetime expectancy of 8-10 

weeks (Mitchell et al., 2015). These TDP43 WTxQ331K mice had P62 and 

ubiquitin cytoplasmic inclusions in both the motor cortex and spinal cord 

(Mitchell et al., 2015). Oligodendrocyte pathology has not been published in 

ALS-TDP43 mice. 
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The M323K mutation located in the coding region of the mouse Tardbp gene 

was found in a large screening after exposing the ENU mutagenic agent to 

mice at the RIKEN BioResource Center (Fratta et al., 2018). TDP43 M323K 

mice of 18 months of age presented P62 and ubiquitin aggregation in the 

ventral horn of the spinal cord (Fratta et al., 2018). Oligodendrocyte pathology 

was not investigated. 

 

FUS mice 
A novel ALS mouse model carrying heterozygous mutant FUS was developed 

by knock-in technology (Scekic-Zahirovic et al., 2016). This heterozygous 

mouse model, Fus-ΔNLS, carries a similar mutation found in human ALS 

(Scekic-Zahirovic et al., 2016). Fus-ΔNLS mice presented a deletion of the 

nuclear localization signal (NLS) of the endogenous Fus protein (Scekic-

Zahirovic et al., 2016). The Fus-ΔNLS mice had progressive spinal motor 

neuron degeneration, ubiquitin pathology among other neuropathological 

changes (Scekic-Zahirovic et al., 2016). At 22 months of age, the Fus-ΔNLS 

mice presented an increase of oligodendrocytes population in the white matter 

of the spinal ventral horn (Scekic-Zahirovic et al., 2017). Furthermore, ubiquitin 

aggregates were observed but no P62 in the Fus-ΔNLS of 22 months of age 

(Scekic-Zahirovic et al., 2016, 2017).  

 

 Importance of the FUSΔ14 mice in ALS  
context 

 

The heterozygous, partially humanized FUSΔ14 mice presented progressive 

L3-L4 spinal motor neuron death (Devoy et al., 2017). However, it was 

unknown whether this mouse strain had motor cortex pathology. 

 

As described earlier, CSMNs have not been investigated extensively in ALS-

FUS mouse models. Our research with the FUSΔ14 mice was an important 

opportunity to investigate whether this partially humanised mice with 

endogenous FUS expression had motor cortex pathology.   
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Spinal motor neuron pathology appears to be predominant in ALS-FUS mouse 

models. Thus, using our FUSΔ14 mice we could clarify whether pathology is 

observed in the spinal cord and lower limbs only or is a general disease 

process occurring in this mice strain.    We observed that homozygous 

FUSΔ14 mice were perinatal lethal suggesting that FUS protein is essential 

for proper physiological processes (Devoy et al., 2017). 

 
 
 
 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 



 103 

3.2. Aims 
 

• Quantify the neuronal population in the motor cortex of the FUSD14 

mice. 

• Quantify the neuronal population in the layer V of the M1 motor cortex 

of the FUSD14 mice. 

• Quantify the astrocyte population in the motor cortex of the FUSD14 

mice. 

• Quantify the microglia population in the motor cortex of FUSD14 mice. 

• Quantify the oligodendrocyte population in the spinal cord of FUSD14 

mice. 

• Quantify ubiquitin aggregates in the spinal cord of FUSD14 mice. 
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3.3. Results 
 

 Establishment of pathological analysis in 
brain cortex and spinal cord of the 
heterozygous FUSD14 mice  

 

We used a comprehensive approach to identify and quantify cortical motor 

neurons (M1-M2), neurons in layer V of the M1 motor cortex and CSMNs. We 

also investigated the astrocyte and microglia population in the motor cortex of 

18-month-old FUSD14 heterozygous mice and WT littermates. We evaluated 

12 mice, 6 mice per each genotype. Mice of both sexes were equally 

represented and counted separately. 

 
Neurons 
A detailed description of neuron immunofluorescence and our quantification 

method is provided in Chapter 2. We used paraffin sections in the 18-month 

old FUSD14 heterozygous mice and WT littermates and a combination of 

markers to identify cortical neurons and CSMNs. Cortical neurons located in 

M1-M2 motor cortex and Cg1-2 (Cingulate cortex 1-2), and neurons in the 

layer V of M1 motor cortex were identified with positive staining of the neuronal 

nuclear antigen (NeuN+ neurons). CSMNs were identified by double-positive 

staining of NeuN and CTIP2 marker (NeuN+ CTIP2+ neurons). These CTIP2 

neurons were evaluated only in layer V of the M1 motor cortex. 

 

We evaluated morphological characteristics of neurons and quantified their 

population in various brain regions known to be affected in ALS brain patients 

(Taylor, Brown and Cleveland, 2016). It is believed that morphological 

changes in neurons can be a feature of an underlying pathological process. 

Neurons were visualised and quantified using a versatile software called 

Volocity v.5.6. Using Volocity, we quantified neurons only when the full 

nucleus was evident. Then, we analysed the M1-M2 motor cortex, layer V of 

M1 motor cortex at the anterior, medial and posterior portion, 50 µm apart from 
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each other (Figure 3.1 and 3.2.). Therefore, we quantified CSMNs in the three 

levels of the primary motor cortex of the FUSΔ14 mice and WT littermates. 

 

Figure 3.1. Schematic motor cortex in mice. A) M1-M2 region of the motor 

cortex in adult mice. B) Coronal view of sections separated 50 µm each and 

regions (Cg1-2, M1-M2) analysed in this study. Cg1-2 = Cingulated cortex 1-

2 area; cb = cingulate cortex. Green dashed line is a schematic representation 

of a perpendicular line from cb to the Pia mater. 

 
Glia 
A detailed description of the glial staining and quantification protocol is 

provided in Chapter 2. As for neurons in the motor cortex, we used paraffin 

sections of 18-month-old FUSΔ14 mice and WT littermates. GFAP and Iba-1 
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markers were used to recognise astrocytes and microglia respectively in the 

anterior, medial and posterior portion of the M1-M2 motor cortex (Figure 3.2.). 
 

In pathological conditions, glia dramatically change their shape. We used 

deconvoluted images through the Image J software to identify both shape and 

number of microglia and astrocytes in the 18-month-old FUSΔ14 mice and WT 

littermates. 

 

Oligodendrocytes 
A detailed description of the oligodendrocyte and ubiquitin staining and 

quantification protocol is provided in Chapter 2. We used five spinal cord 

sections per each mouse and evaluated oligodendrocyte populations spinal 

motor neurons containing ubiquitin aggregates in the grey and white ventral 

horn of the 18-month old FUSΔ14 mice and WT littermates. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 
Figure 3.2. Motor cortex in 18-month-old WT mice. A) M1-M2 and Cg1-2 

regions of the motor cortex in adult mice stained for astrocytes (GFAP). B) 

Coronal view of motor cortex stained for cortico-spinal motor neurons in mice 

brain. Cg1-2 = Cingulated cortex 1-2. M1-M2 = Motor cortex 1-2.  

GFAP 

Ctip2
NeuN 

M1-M2 

Cg1-2 
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 Neuronal populations in the motor cortex of  
the heterozygous FUSD14 mice 

 
We have shown that the FUSΔ14 mice have progressive death of spinal motor 

neurons. The population of spinal motor neurons decreased by 14% in the 12-

month-old and 20% in the 18-month-old heterozygous FUSΔ14 mice (Devoy 

et al., 2017). At 3-months old we observed no decrease in the number of L3-

L4 spinal motor neurons in the FUSΔ14 mice (Devoy et al., 2017). 

 

Motor cortex thickness 
The motor cortex has been noted to diminish in many mouse models for 

neurodegenerative diseases (Anderson, Eckburg and Relucio, 2002; Lee et 

al., 2011). Altered cortical thickness has been shown to correlate with less 

neuronal density in TDP43 mouse models and other neurodegenerative 

disease mouse models (Alfieri, Pino and Igaz, 2014; Hao et al., 2019). The 

cortical thickness can be measured by a) projecting a linear line from the 

cingulum bundle (cb) to Pia mater, and b) a perpendicular line from cb to 

midline brain in both hemispheres. We measured the distance of cb to Pia 

mater in both hemispheres in the three portions of the motor cortex (Paxinos 

and Franklin, 2001; Özdinler et al., 2011; Herculano-Houzel et al., 2013; 

Alfieri, Pino and Igaz, 2014; Liu et al., 2016).  

 

We did not observe statistical differences when compared cortical thickness 

in the anterior, medial or posterior motor cortex between genotypes (Figure 
3.3., p > 0.05, Wilcoxon test, unpaired). When we considered the sex of each 

mouse (50% per each genotype) we did not find significant change between 

FUSD14 mice and WT littermates (p > 0.05, Two-Ways-Anova, sex and 

genotype as covariates). 
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Figure 3.3. Cortical thickness in the 18-month-old FUSD14 mice. Cortical 

thickness was obtained by average of cingulum bundle to Pia mater, drawing 

a perpendicular line in each hemisphere. This measurement allows us to 

estimate a precise thickness of the cortex. We evaluated 6 FUSD14 mice (3 

males, 3 females) and 6 WT littermates (3 males, 3 females). The average 

distance ± SD of these measurements was plotted for the anterior, medial and 

posterior portion of the motor cortex in the FUSD14 mice and WT littermates 

of 18 months of age. 
 
Neurons in motor cortex 

We have identified cortical neurons in various brain regions of the motor cortex 

in the 18-month old FUSΔ14 mice and WT littermates.  

 

The brain areas studied here include motor cortex, which we divided into M1-

M2 (NeuN+) and Cg1-2 (NeuN+). We also quantified distinctive neuronal 
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populations in the layer V of M1 motor cortex: total neurons (NeuN+), CSMNs 

(NeuN+ CTIP2+) and neurons that are not CSMNs (NeuN+ CTIP2-). 

 

We observed that the neuronal density located in the M1-M2 cortex does not 

differ statistically between FUSΔ14 mice and WT littermates (Figure 3.4. and 

3.5., p > 0.05, Wilcoxon test, unpaired). A similar result was found for neurons 

located in the Cg1-2 regions in each genotype (Figure 3.4. and 3.5., p > 0.05, 

Wilcoxon test, unpaired). Overall density of neurons in the motor cortex in the 

FUSΔ14 mice did not change significantly when compared to WT littermates. 

 

Figure 3.4. Neuronal population in the motor cortex of 18-month-old 

FUSD14 mice. Neuronal population in M1-M2 and Cg1-2 motor cortex do not 

differ statistically between the FUSD14 mice and wildtype littermates. Motor 

cortex is defined here as the sum of M1-M2 + Cg1-2 brain areas. We evaluated 

6 FUSD14 mice (3 males, 3 females) and 6 WT littermates (3 males, 3 

females) of 18 months of age. Values are shown as the mean ± SEM. 
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Figure 3.5. Cortical neurons in the FUSD14 mice. Neurons located in M1-

M2 and Cg1-2 (NeuN+) were visualised by confocal microscopy and quantified 

by Volocity software. We evaluated 6 FUSD14 mice (3 males, 3 females) and 

6 WT littermates (3 males, 3 females) of 18 months of age. 
 

Neurons in layer V of M1 motor cortex 
Here we evaluated 3 populations of neurons in order to identify whether 

particular types of neurons were susceptible to the FUSD14 mutation. 

 

Neuronal density (total neurons or NeuN+) located in layer V of the M1 motor 

cortex in FUSΔ14 mice did not change significantly when compared to WT 

littermates (Figure 3.6., p > 0.05, Wilcoxon test, unpaired). A similar result 

was obtained for the population of NeuN+ CTIP2- neurons (Figure 3.6., p > 

0.05, Wilcoxon test, unpaired). The CSMNs density did not change statistically 

in these genotypes (figure 3.5, p > 0.05, Wilcoxon test, unpaired). 
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Figure 3.6. Neuronal population in the layer V of the M1 motor cortex. 
Neuronal populations in Layer V of M1 motor cortex do not differ statistically 

between the FUSD14 mice and wildtype littermates. We evaluated 6 FUSD14 

mice (3 males, 3 females) and 6 WT littermates (3 males, 3 females) of 18 

months of age. Values are shown as the mean ± SEM. 
 

 
 
 
 
 
 



 112 

 Neuron size in the motor cortex of the              
heterozygous FUSD14 mice   

 

We have evaluated distinctive, but interconnected, neuronal populations: 

Cortical neurons in motor cortex, neurons in Layer V of the M1 motor cortex 

and CSMNs. Average size of neurons in the motor cortex of the 18-month old 

heterozygous FUSD14 mice did not differ statistically from the WT littermates 

(Figure 3.7., p > 0.05, Wilcoxon test, unpaired). Similarly, average size of 

neurons in layer V of M1 motor cortex and CSMNs of both genotypes did not 

change significantly (Figure 3.7., p > 0.05, Wilcoxon test, unpaired). 

Figure 3.7. Size of neurons in the Motor cortex and Layer V. Neuronal size 

in motor cortex, layer V and CSMNs in the FUSD14 mice and wildtype 

littermates. We evaluated 6 FUSD14 mice (3 males, 3 females) and 6 WT 

littermates (3 males, 3 females) of 18 months of age. Values are shown as the 

mean ± SEM. 
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 Astrocytes in the motor cortex of the  
  heterozygous FUSD14 mice   

 

Astrocytes, in the healthy state, are star-like shaped cells that patrol the 

Central Nervous Tissue (CNS). In disease state, astrocytes increase in 

numbers and change morphologically in the CNS. We evaluated two aspects 

of astrocytes in Cg1-2 and M1-M2 motor cortex: density and size of astrocytes 

in 18-month old FUSD14 mice and WT littermates. The average density of 

astrocytes in M1-M2 and Cg1-2 of motor cortex of the 18-month old FUSD14 

mice did not differ statistically from the WT littermates (Figure 3.8. and 3.10., 

p > 0.05, Wilcoxon test, unpaired). Similarly, the average size of astrocytes in 

M1-M2 and Cg1-2 of motor cortex in both genotypes did not change 

significantly (Figure 3.9. and 3.10., p > 0.05, Wilcoxon test, unpaired). 

Microglial marker Iba-1 used in this study recognised resting and activated, 

but not phagocytic, microglia. In the sections analysed, it is possible, that an 

increased in the number of phagocytic microglia existed but were not studied. 
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Figure 3.8. Density of astrocytes in the Motor cortex. Density of astrocytes 

was evaluated in the motor cortex (M1-M2, Cg1-2) of FUSD14 mice and 

wildtype littermates. We evaluated 6 FUSD14 mice (3 males, 3 females) and 

6 WT littermates (3 males, 3 females) of 18 months of age. Values are shown 

as the mean ± SEM. 
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Figure 3.9. Size of astrocytes in Motor cortex. Size of astrocytes was 

evaluated in the motor cortex (M1-M2, Cg1-2) of FUSD14 mice and wildtype 

littermates. We evaluated 6 FUSD14 mice (3 males, 3 females) and 6 WT 

littermates (3 males, 3 females) of 18 months of age. Values are shown as the 

mean ± SEM. 
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Figure 3.10. Astrocytes and microglia in the motor cortex of the FUSD14 
mice. Astrocytes and microglia located in motor cortex of 18-month old 

FUSD14 mice and wildtype littermates. We evaluated 6 FUSD14 mice (3 

males, 3 females) and 6 WT littermates (3 males, 3 females). Insets: 

astrocytes and microglia from both genotypes are observed at higher 

magnification. Values are shown as the mean ± SEM. 

 
 
 

 Microglia in the motor cortex of the  
heterozygous FUSD14 mice   

 

Microglia are immune-cells resident in the Central Nervous System. We 

evaluated two aspects of microglia in Cg1-2 and M1-M2 motor cortex: density 

and size of microglia in 18-month old FUSD14 mice and WT littermates. 

Microglia are very sensitive cells that change their shape in a disease state or 

inflammation. 
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Average density of microglia in M1-M2 and Cg1-2 of motor cortex of the 18-

month old FUSD14 mice did not differ statistically from WT littermates (Figure 
3.11., p > 0.05, Wilcoxon test, unpaired). Similarly, average size of microglia 

in M1-M2 and Cg1-2 of motor cortex in both genotypes did not change 

statistically (Figure 3.12., 3.9., p > 0.05, Wilcoxon test, unpaired). 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.11. Density of Microglia in the Motor cortex. Density of microglia 

in the motor cortex (M1-M2, Cg1-2) of FUSD14 mice and wildtype littermates. 

We evaluated 6 FUSD14 mice (3 males, 3 females) and 6 WT littermates (3 

males, 3 females) of 18 months of age. Values are shown as the mean ± SEM. 
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Figure 3.12. Density of microglia in Motor cortex. Density of microglia in 

the motor cortex (M1-M2, Cg1-2) of FUSD14 mice and wildtype littermates. 

We evaluated 6 FUSD14 mice (3 males, 3 females) and 6 WT littermates (3 

males, 3 females) of 18 months of age. Values are shown as the mean ± SEM. 

 

 

 Overall motor cortex pathology of the  
heterozygous FUSD14 mice 

 

We have evaluated neurons, astrocytes and microglia in the 18-month old 

FUSD14 mice and WT littermates. We found that the FUSD14 mutation does 

not lead to significant statistical changes in the variables measured. It is 

possible, however, that an undergoing cellular or molecular process is 

occurring due to the FUSD14 mutation.  
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We have performed individual statistical analysis for each of the variables 

analysed. However, here we analysed all the variables together, and their 

interactions, to evaluate whether their synergy helps us to differentiate the two 

genotypes. 

 

We showed a series of plots as part of PCA analysis in R/R Studio package. 

These plots are: “Scree” plot (Figure 3.13A), “Cos” plot (Figure 3.13B) and 

PCA plot (Figure 3.13C). We have used all the variables presented above as 

density of neurons, CSMNs, astrocytes and microglia in M1-M2, Cg1-2 and 

layer V. We also included in our analysis the size of these cells in every of the 

brain areas analysed.  

 

The scree plot shows the percentage of variance explained in 10 dimensions. 

The sum of this dimensions is 100 or the total variance in the data. In Figure 
3.13A, we notice dimension 1 explains 25.3% of all variance in our data. 

Dimension 2 explains 16.7% of the variance. These two dimensions explain 

nearly half of the variance observed in all our database. 

 

The “Cos” plot shows the quality of representation of each variable in the PCA 

plot (Figure 3.13B). We can observe here that the number and size of 

microglia in the Cg1-2 and motor cortex are highly represented in the 

dimension 1 and 2. Furthermore, astrocytes in motor cortex and neuronal 

density are well represented too in dimension 1 and 2. This suggested that 

these variables, and their interactions, explain nearly half of the variance 

observe in the “Scree plot” (Figure 3.13A). 

 

We have observed that dimensions 1 and 2 explain nearly 50% of the variance 

in our dataset. We performed a PCA plot per each mouse, and found that both 

genotypes behave similarly (Figure 3.13C). The plot comes from analysing all 

the variables in dimension 1 and 2, and it is showed by individuals. The WT 

individuals are more centrally distributed and the mutant FUSD14 mice 
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overlapped in most cases. There are some FUSD14 mice that behave 

differently but they are too few to have an obvious impact in the PCA plot. 

  

Figure 3.13. Overall analysis of the motor cortex pathology in the FUSD14 
mice. Scree plot shows the percentage of explained variance in each 

dimensions (A). The Cos plot shows the quality of representation of each 

variable in dimension 1 and 2 (B). C represents a PCA plot by individuals. We 

evaluated 6 FUSD14 mice (3 males, 3 females) and 6 WT littermates (3 males, 

3 females) of 18 months of age. IBA = microglia, MCX= motor cortex, M1.M2 

=M1-2 motor cortex. 
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 Oligodendrocyte in the heterozygous   
        FUSD14 mice 

 

Oligodendrocytes are the cells producing myelin in the Central Nervous 

System. We evaluated oligodendrocyte population in the grey and white 

matter in the ventral horn of the spinal cord of the 18-month old FUSD14 mice 

and WT littermates. 

 

Oligodendrocytes were identified by positive staining of Olig2 and appeared 

similar in both genotypes (Figure 3.15.). The population of oligodendrocytes 

in the spinal cord (grey and white matter) of the 18-month-old FUSD14 mice 

did not differ statistically from WT littermates (Figure 3.14., p > 0.05, Wilcoxon 

test, unpaired).  

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14. Oligodendrocytes in the spinal cord of FUSD14 mice. Density 

of oligodendrocytes in the motor cortex (M1-M2, Cg1-2) of FUSD14 mice and 

wildtype littermates. We analysed five sections per mouse, grey and white 

matter of each hemisphere. Five mice per genotype were analysed. Values 

are shown as the mean ± SEM. 
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Figure 3.15. Oligodendrocytes in the ventral horn of the FUSD14 mice. 
Oligodendrocytes appeared normal in the grey and white matter of both 18-

month old FUSD14 mice and wildtype littermates.  Insets: oligodendrocytes of 

both genotypes. We evaluated 5 FUSD14 mice and 5 WT littermates of 18 

months of age. 

 

 

 Ubiquitin in the heterozygous FUSD14 mice 
 

Ubiquitin aggregates are found in the cytoplasm of motor neurons in ALS 

mouse models and elderly WT mice (Özdinler et al., 2011; Vinsant et al., 

2013a). We observed cytoplasmic ubiquitin aggregates in the spinal motor 

neurons in both FUSD14 mice and WT littermates of 18 months of age (Figure 
3.16.). When compared, we did not observe statistical difference between 

genotypes (Figure 3.16., p > 0.05, Wilcoxon test, unpaired).  

 

 
 
 



 123 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16. Ubiquitin aggregates in the ventral horn of the FUSD14 mice. 
Ubiquitin aggregates were observed in the cytoplasm of the spinal motor 

neurons of the 18-month old FUSD14 mice and WT littermates. The bar plot 

shows the number of ubiquitin aggregates in each spinal motor neuron. We 

evaluated 5 FUSD14 mice and 5 WT littermates of 18 months of age. Magenta 

= motor neuron nucleus, fsFUS = frameshift FUS in the FUSD14 mice. Values 

are shown as the mean ± SEM. The ubiquitin aggregates were quantified by 

Dr. Devoy.  Image was developed by Dr. Devoy and taken from (Devoy et al., 

2017). 
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3.4. Conclusions 
 

I stained the motor cortex and spinal cord for relevant markers of ALS and 

found no significant changes in the in the 18-month old FUSΔ14 mice. 

However, it is possible to analyse pathology in a more comprehensive manner 

and comparing to other ALS strains where upper motor neurons are affected. 

 

• Populations of neurons and glia in the motor cortex do not change in 

the 18-month-old FUSD14 mice. 

• The size of neurons and glia in the motor cortex do not change in the 

18-month-old FUSD14 mice. 

• Population of oligodendrocytes in the spinal cord does not change in 

the 18-month-old FUSD14 mice. 

• Ubiquitin aggregates are not increased in the 18-month-old FUSD14 

mice. 

 

3.5. Limitations 
 

In chapter 3, I evaluated the motor cortex and spinal cord pathology in the 18-

month-old FUSD14 mice. The cell types analysed include neurons, 

corticospinal motor neurons and glia. We did not observe significant changes 

for any of the cell types analysed when comparing WT and FUSD14 strains. 

These results may be partly explained by some technical limitations of the 

study. 

 

- Small number of mice analysed. We analysed 6 WT and 6 FUSD14 

mice, where sex was equally represented (i.e. n=3 males and 3 

females). Although, we did not detect sex-differences in this cohort, this 

may be partly due to the small number of mice of the same sex (3WT 

and 3 FUSD14 (males), 3WT and 3 FUSD14 (females). 

- We analysed the CD11b marker for microglia, GFAP for astrocytes and 

OLIG2 for oligodendrocytes. These markers are widely used in 
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research but phagocytic microglia express CD68 highly, and 

oligodendrocytes synthesise myelin basic protein (MBP) and 2',3'-

Cyclic-nucleotide3'-phosphodiesterase (CNPase) during disease 

states [1–4]. This suggests that we did not capture the complete profile 

of these cell types in our studies. For instance, changes in MBP and 

CD68 may be observed during pathology without seen alteration in 

OLIG2 or CD11b expression [2,4]. 

 

- When evaluating the corticospinal motor neurons (CTIP2 positive 

neurons), we only analysed three sections of the motor cortex in the 

FUSΔ14 strain. Other studies counted the absolute number of this 

neuronal type after injecting a dye tracer in the spinal cord (retrolabeling 

of corticospinal motor neurons) [5]. We were not able to performed a 

retrolabelling experiment. 
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Chapter 4.  
Muscle fibretyping in 
the FUSD14 mouse 
model 
 

4.1. Introduction 
 

Muscle fibre typing refers to the identification of the types of fibre in a muscle. 

Various types of muscle fibres are found in mice and they can be broadly 

divided into two groups: fast-twitch and slow-twitch fibres. The most abundant 

fibretype defines the physiological and biochemical properties of a skeletal 

muscle (Schiaffino and Reggiani, 2011). In mice, the biggest type of fibre, fast-

twitch fibres, is innervated by the α-spinal motor neuron. The δ-spinal motor 

neuron, on the other hand, innervates the smallest type of fibre, the slow-twitch 

type (Kanning, Kaplan and Henderson, 2010). In ALS-SOD1, the biggest 

fibretype degenerates early in the course of the disease (Frey et al., 2000; Pun 

et al., 2006). 

 

In this chapter, I aim to describe and quantify the types of fibres located in the 

tibialis anterior (TA), extensor digitorum longus (EDL) and soleus muscles in 

the 3-, 12- and 18-month old FUSΔ14 mice and their wildtype littermates. 

These three muscles are located in the hindlimbs of mice and have been 

extensively studied due to their different susceptibilities in ALS pathogenesis 

(Frey et al., 2000; Fischer et al., 2004; Pun et al., 2006; Sleigh, Burgess, et 

al., 2014; Martineau et al., 2018). Furthermore, the TA and EDL muscles are 
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both abundant in fast-twitch fibres which are known to degenerate in the early 

stages of ALS (Schiaffino and Reggiani, 2011). The soleus muscle, on the 

other hand, is usually spared in this motor neuron disease (Schiaffino and 

Reggiani, 2011). 

 

 Muscle pathology in ALS mice 
 

In this section, I describe three different ALS mouse models whose fibretype 

alterations have been previously characterized. Fundamental findings are 

highlighted for comparison to the FUSD14 strain later in this chapter. 

 

SOD1 mice 

Atrophy of the muscle fibres have been reported in the SOD1 G93A transgenic 

mice with high expression of human mutant protein SOD1 (Fischer et al., 2004; 

Pun et al., 2006; Loeffler et al., 2016). This SOD1 G93A transgenic strain 

carries about ~ 25 copies of the mutant human gene.  

 

Most studies used the ATPase reaction method to classify muscle fibres as 

either slow-twitch or fast-twitch (Atkin et al., 2005). The immunohistochemical 

method identifies fibre I (slow-twitch), and multiple fast-twitch fibretypes (IIa, 

IIx and IIb). However, longitudinal studies to identify distinct fibretypes using 

antibodies have not yet been performed in any of the SOD1 G93A mouse 

strains. This immunostaining method allows for the identification of four distinct 

fibretypes, their relative abundance as well as shifting remodelling process 

occurring in a given muscle.  

 

Hegedus J. et al., demonstrated that type IIb fibres are preferentially affected 

in the TA (fast muscle) in the 60-day old SOD1 G93A transgenic mouse 

(Hegedus et al., 2008). At 120 days of age, fibretypes IIx and IIa were also 

reported to be affected, suggesting that fast-twitch fibres are affected first 

(Hegedus et al., 2008). As ALS symptoms progress in the SOD1 G93A mice, 

there is a fibretype transition from fast-fatigable IIb to fast-fatigable IIx or fast-



 128 

resistant IIa (Hegedus et al., 2008). The soleus (slow muscle) is only 

moderately affected in advanced stages of the disease in SOD1 G93A mice 

(Hegedus et al., 2008). Atrophy of the muscle and hypertrophic fibres have 

also been reported in the TA of the 120-day-age SOD1 G93A transgenic 

mouse (Hegedus et al., 2008).  

 

A variant of the SOD1 G93A mouse is the SOD1 G93Adl strain (Acevedo-

Arozena et al., 2011). This strain was developed in the B6 background and 

carries a deletion of the SOD1 G93A transgene array, thereby lowering mutant 

SOD1 protein expression to 8-10 copies (Acevedo-Arozena et al., 2011). At 

24 weeks of age, only the EDL muscle presented with motor unit loss in the 

SOD1 G93Adl mouse (Acevedo-Arozena et al., 2011). However, by 34 weeks 

of age, the EDL, TA, and soleus muscles all featured reduced motor units and 

fatigability (Acevedo-Arozena et al., 2011). Altogether, these results suggest 

that fast-twitch muscles, such as the EDL and TA muscles, are affected first 

before slow-twitch muscle like the soleus. The 34-week-old SOD1 G93Adl B6 

mouse was also reported to feature a shift to a more oxidative state, as 

indicated by intense succinate dehydrogenase (SDH) staining in the TA 

muscle (Acevedo-Arozena et al., 2011).  

 

In summary, both SOD1-ALS mouse models showed that fast-twitch muscle 

are affected first before slow-twitch muscles. However, more detailed studies 

are necessary to investigate whether this pathology is due to fibre typing loss 

or a true shift in the properties of the muscle fibres. 

 

TDP43 mice 
The TDP43 M337V mice developed progressive motor phenotype and NMJ 

pathology from 6 months of age (Gordon et al., 2019). This ALS mouse carries 

a human Bacterial Artificial Chromosome (BAC) contained in the Tardbp 

mouse gene (Gordon et al., 2019). The TDP43 M337V mice did not present 

type I or type II muscle fibre loss in the soleus or TA muscle at 18 months of 

age, as determined by the ATPase reaction method (Gordon et al., 2019). 
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However, fibretype grouping was also observed, suggesting that some muscle 

remodelling process has occurred (Gordon et al., 2019). 

FUS mice 

The FUS-ΔNLS mouse is a novel knock-in ALS model that expresses FUS 

protein lacking a nuclear localization signal (NLS) in the C-terminal region 

(Scekic-Zahirovic et al., 2016). Both heterozygous and homozygous (FUS-

ΔNLS) variants exhibit FUS cytoplasmic mislocalization and spinal motor 

neuron loss (Scekic-Zahirovic et al., 2016). Interestingly, the knockout Fus-/- 

mice die shortly after birth without motor neuron loss (Scekic-Zahirovic et al., 

2016, 2017). Picchiarelly et al., observed that the total number of fibres in the 

EDL muscle did not vary significantly between newborn homozygous FUS-

ΔNLS mice and their WT littermates (Picchiarelli et al., 2019). Similarly, no 

significant differences in the total number of fibres in the TA muscle were found 

between 1-month old knockout Fus-/- mice and their WT littermates 

(Picchiarelli et al., 2019). These results suggest that neither a single copy of 

the NLS mutated human FUS gene nor a complete knockout of the mouse Fus 

gene is sufficient to result in muscle fibre depletion in mouse EDL and TA 

muscles (Picchiarelli et al., 2019). 

 
Based on this literature review, it has become apparent that fibretyping studies 

with respect to ALS pathogenesis remain scarce. Furthermore, fibretypes 

have not yet been extensively investigated in ALS-FUS mouse models. Our 

research with the FUSΔ14 mouse model is an important opportunity to 

investigate whether this partially humanized mouse model, with endogenous 

FUS expression, exhibits fibretype loss or a shift to a more oxidative state.   

 

 

 Consideration when comparing fibretyping     
in humans and mice 

 

Fibretypes are typically classified by the major type of myosin isoform gene 

(MYH) that they express: type I, IIa, IIx and IIb. Fibretype IIb is present in mice 

but not in humans, while fibretypes I, IIa and IIx are found in both humans and 
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mice (Schiaffino and Reggiani, 2011). Often, the abundance of a fibretype in 

a given muscle is estimated using small areas of transverse sections. 

However, fibretypes tend to cluster in certain muscle areas, making this 

estimation strategy very inaccurate. Consequently, obtaining the absolute 

number of fibres in a transverse section is necessary for the objective 

comparison of fibretype variations in disease. 

 

Muscle fibres are primarily differentiated based on two criteria: (1) speed of 

muscle contraction and (2) method of adenosine triphosphate (ATP) 

production (Schiaffino and Reggiani, 2011). Type IIb fibres exhibit the fastest 

muscle contraction time and rely primarily on glycolysis to produce ATP 

(Schiaffino and Reggiani, 2011). Type IIx fibres are biochemically very similar 

to type IIb fibres– the only difference being the slightly slower muscle 

contraction time of the former. Despite their similarities, it remains unknown 

whether type IIx fibre in humans compensates the function of both fibre IIx and 

IIb in mice. 

 

In both humans and mice, the composition of fibres is plastic and can be 

altered with age, nutrition, exercise, and disease events (Loeffler et al., 2016). 

Type I and type IIa fibres typically make up the oxidative red muscles, such as 

the soleus muscle, whereas type IIx and type IIb fibres are usually more 

predominant in glycolytic white muscles such as the TA and EDL muscles 

(Dupuis and Loeffler, 2009; Loeffler et al., 2016).  

 

In ALS mouse models, the TA and EDL muscles degenerate in the early 

stages of disease while the soleus muscle is mostly spared (Dupuis and 

Loeffler, 2009; Moloney, de Winter and Verhaagen, 2014). Composition and 

abundance of the fibretypes in the muscles analysed in this study are similar 

between humans and mice. This suggests that we can translate our results 

from the FUSD14 mouse model to human studies of ALS. However, more 

studies are still needed to understand whether or not the mechanisms behind 



 131 

fibretype degeneration absent in humans can still be studied in current mouse 

models of ALS. 

 

4.2. Aims 
 

• Quantify fibre I type population in TA, EDL and soleus muscles in the 

FUSD14 mice 

• Quantify fibre IIa type population in TA, EDL and soleus muscles in the 

FUSD14 mice 

• Quantify fibre IIx type population in TA, EDL and soleus muscles in the 

FUSD14 mice 

• Quantify fibre IIb type population in TA, EDL and soleus muscles in the 

FUSD14 mice 
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4.3. Results 
 
 

 Establishment of fibretype quantification  
  method 

 

We used a combination of immunohistochemical and manual methods to 

identify distinctive fibretypes in TA, EDL and soleus muscles in the 3-, 12- and 

18-month-old FUSD14 heterozygous mice and WT littermates. We evaluated 

12-15 mice per timepoint with least 6 mice per each genotype. Both sexes 

were considered in the study. 
 

A detailed description of fibretype immunofluorescence and quantification 

method are provided in Chapter 2. Fibretype identification was performed by 

immunohistochemical staining of myosin heavy chain in transversal sections 

of the medial portion of the skeletal muscles in the 3- and 12-month old 

FUSD14 mice and WT littermates. The quantification method was carried out 

manually using CellCounter ImageJ/FIJI Plugin. First, we identified the borders 

of individual fibres using dystrophin marker in the 3-, 12- and 18-month old 

FUSD14 mice and WT littermates. Second, we counted the number of types I, 

IIa and IIb fibres due to multiple staining immunofluorescence. Third, we 

calculated the relative percentage of each fibretype in TA, EDL and Soleus 

muscles. 

 

The FUSΔ14 mouse was analysed at three different time points: 3,12 and 18 

months of age. 3 months of age was chosen to rule out any developmental 

defect due to the FUSΔ14 mutation. At 12 months of age the FUSΔ14 mice 

had a motor phenotype and L3-L4 spinal motor neuron loss (Devoy et al., 

2017). FUSΔ14 mice of 18 months of age presented a mild ALS phenotype 

(Devoy et al., 2017). 
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Figure 4.1. TA muscle stained for distinctive fibretype. A) Fibre I, IIa, IIx 

and IIb type were stained in TA muscle. Fibretypes were identified by 

immunolabelling using distinctive antibodies. B) Fibre I, IIa and IIb are shown 

here with blue, green and red staining, respectively. Fibre IIx was identified by 

negative staining of the other fibres. Sections showed here are representative 

figures and corresponded to transverse sections of the medial portion of the 

TA muscle of an 18-month-old WT mouse. 
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 Fibretype shift during the lifespan of the  
heterozygous FUSΔ14 mouse model 

 

Fast-twitch fibres have a gradient of value for muscle contraction time, speed 

of fatigue and ATP consumption where type IIb >IIx >IIa (Schiaffino and 

Reggiani, 2011). Slow-twitch fibre, or type I, has the lowest contraction time, 

speed of fatigue and ATP consumption (Schiaffino and Reggiani, 2011). 

Interestingly, type I and IIa are both oxidative while IIx and IIb fibres use the 

glycolytic pathway (Schiaffino and Reggiani, 2011; Talbot and Maves, 2016). 
Soleus is an oxidative and slow muscle made up of around ~ 90% of fibre I 

and IIa while TA or EDL are composed mainly by type IIx and IIb fibre. Type I 

fibre in TA or EDL is ~ 1% (Talbot and Maves, 2016). 
 

 
 3 months 12 months 18 months 
 WT FUSΔ14 WT FUSΔ14 WT FUSΔ14 

Soleus 861±37 789±66 841±59 832±57 554±36 507±100 

EDL 765±87 837±75 877±58 869±62 752±63 637±70 

TA 2470±208 2654±172 2605±241 2412±250 2308±212 2257±206 

 
Table 4.1. Absolute number of fibres in the FUSΔ14 mice. Mean ± SEM of 

total fibres are reported for TA, EDL and Soleus in FUSΔ14 mice and WT 

littermates of 3, 12 and 18 months of age. We evaluated 12-15 mice per 

timepoint, at least 6 mice per each genotype. Mice of both sexes were equally 

represented. 
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Soleus 
The FUSΔ14 mice and WT littermates of 3, 12 and 18 months of age had 

predominant type I and IIa fibres while types IIx and IIb were most abundant 

in EDL and TA (Table 4.2. and Figure 4.2.). Both genotypes showed that the 

percentage of type I fibre in soleus slightly increases as the mice become older 

but it remains relatively constant throughout the mouse lifetime in the TA and 

EDL muscle (Table 4.2. and Figure 4.2.). In contrast, type IIa fibres in the 

soleus tends to reduce slightly during the lifetime of mice of both genotypes 
(Table 4.2. and Figure 4.2.).  

 

TA and EDL 
TA and EDL are glycolytic muscles. Type I fibres in TA and EDL remained 

constant throughout the lifespan of both genotypes (Table 4.2. and Figure 
4.2.). Type IIa fibres slightly increased in EDL but tended to reduce in TA 

through the lifetime of both genotypes. Type IIb fibres, on the other hand, 

remained relatively constant in both EDL and TA through the lifetime of both 

genotypes (Table 4.2. and Figure 4.2.). We did not observe statistical 

differences in the frequency of fibretypes between genotypes in any of the 

timepoints analysed (Table 4.2. and Figure 4.2., p > 0.05, Wilcoxon test, 
unpaired).  
 

Overall, we observed that mice of both genotypes through their life transitioned 

to a more oxidative state in Soleus muscle (Figure 4.3., 4.4., and 4.5.). In 

contrast, TA and EDL muscles became more glycolytic through the lifetime of 

mice of both genotypes (Figure 4.3., 4.4., and 4.5.). These changes are likely 

to be due to aging process in both FUSΔ14 mice and WT littermates. 
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Table 4.2. Percentages of distinctive fibretypes in the FUSΔ14 mice. 
Mean ± SEM are reported for fibres I, IIa, IIx and IIb type for TA, EDL and 

Soleus in FUSΔ14 mice and WT littermates of 3,12 and 18 months of age. We 

evaluated 12-15 mice per timepoint, at least 6 mice per each genotype. Mice 

of both sexes were equally represented. 
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Figure 4.2. Fibretypes density in the FUSΔ14 mice. “y” axis represents 

timepoint analyzed of FUSΔ14 mice and WT littermates. “x” axis refers to the 

percentage of the fibretype observed in a particular muscle. 3 WT, 3 FUSD14, 

12 WT, 12 FUSD14, 18 WT and 18 FUSD14 refer to mice of 3, 12 and 18 

months old, both genotypes. The density plots represent the relative 

abundance of distinctive fibres along the lifetime of both FUSΔ14 mice and 

WT littermates. No statistical changes where observed in the fibretype mean 

between FUSΔ14 mice and WT littermates of 3, 12 and 18 months of age. 

 
 

 Fibretype frequency in the hindlimb   
        muscles of the FUSΔ14 mouse model  

 
 

We have obtained the percentage of each fibretype in EDL, TA and Soleus 

muscles in the 3, 12, and 18-month old FUSΔ14 mice and WT littermates 

(Figure 4.3., 4.4., and 4.5.). FUSΔ14 mice and WT littermates of 3, 12 and 18 

months of age did not have different type I, IIa, IIx and IIb fibre percentage in 

TA, EDL and Soleus (Figure 4.3., 4.4., and 4.5.). It is important to notice that 

at 3, 12 and 18 months of age, sections analysed did not appear different 

suggesting that when heterozygous and on this genetic background, the 

FUSΔ14mutation is not sufficient to induce obvious phenotype in the muscles 

TA, EDL and soleus. 
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Figure 4.3. Relative frequency of fibretypes in 3-month old mice. Fibre I, 

IIa, IIx and IIb type were evaluated in EDL, TA and Soleus muscles. Fibretypes 

were identified by immunolabelling using distinctive antibodies. Fibre I, IIa and 

IIb are shown here with blue, green and red staining. Fibre IIx was identified 

by negative staining of the other fibres. Sections showed here are 

representative figures and corresponded to transverse sections of the medial 

portion of the muscle. 

TA    WT    FUSΔ14 

EDL 

Soleus 
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Figure 4.4. Relative frequency of fibretypes in 12-month old mice. Fibre I, 

IIa, IIx and IIb type were evaluated in EDL, TA and Soleus muscles. Fibretypes 

were identified by immunolabelling using distinctive antibodies. Fibre I, IIa and 

IIb are shown here with blue, green and red staining. Fibre IIx was identified 

by negative staining of the other fibres. Sections showed here are 

representative figures and corresponded to transverse sections of the medial 

portion of the muscle. 

TA    WT    FUSΔ14 

EDL 

Soleus 
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Figure 4.5. Relative frequency of fibretypes in 18-month old mice. Fibre I, 

IIa, IIx and IIb type were evaluated in EDL, TA and Soleus muscles. Fibretypes 

were identified by immunolabelling using distinctive antibodies. Fibre I, IIa and 

IIb are shown here with blue, green and red staining. Fibre IIx was identified 

by negative staining of the other fibres. Sections showed here are 

representative figures and corresponded to transverse sections of the medial 

portion of the muscle. 

TA    WT    FUSΔ14 

EDL 

Soleus 
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4.4. Conclusion 
 

I stained the lower limbs muscles TA, EDL and soleus to evaluated the 

fibretype frequency in the 3, 12, 18-month old FUSΔ14 mice. I found no 

difference in the fibretype frequency at any timepoint analysed in the 

FUSΔ14 strain. 

 

• Fibre I, IIa, IIx and IIb type do not change in the 3-, 12- and 18-month-

old FUSD14 mice. 

• FUSD14 mutation does not lead to fibretype shifting phenotype in our 

FUS-ALS mice. 

 

4.5. Limitations 
 

In chapter 4, I evaluated the fibretype composition of the TA, EDL and soleus 

muscles in the 3, 12 and 18-month-old FUSD14 mice. The fibretypes (I, IIa, IIb 

and IIx) were identified by immunofluorescence and their numbers were 

obtained manually using Image-J. We did not observe significant changes for 

any of the fibretypes analysed when compare WT and FUSD14 strains at 3, 

12 and 18 months of age. These results may be partly explained by some 

technical limitations found during the study. 

 

- We only evaluated the number of fibretypes I, IIa, IIb and IIx but not their 

morphological characteristics. Some studies evaluated the cross-sectional 

area (CSA) of fibretypes [6–8]. CSA may be a good indicator of loss of 

muscle tone [7,9].  

- We detected individual fibretypes using specific antibodies against a 

variety of myosin heavy chain (MHC) proteins. However, during disease 

state fibretypes may express multiple MHC protein; thus, these fibretypes 

are known as “hybrids”. Such hybrid fibretypes are sometimes associated 

with mild muscular pathology. We did not evaluate hybrid fibretypes [10].  
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Chapter 5.  
Automatic NMJ analysis 
in ALS and CMT2D 
mouse models 
 

 

5.1. Background 
 
 

The neuromuscular junction (NMJ) is a chemical synapse between a spinal 

motor neuron and its target muscle fibre. In disease NMJ denervation is a 

complex process that involves progressive axonal retraction and 

morphological changes in the pre- and post-synaptic NMJ component (Sleigh, 

Burgess, et al., 2014). In studying these processes, although manual NMJ 

analysis has been long-established, some automatic approaches have been 

recently developed (Jones et al., 2016). However, these novel NMJ 

approaches lack the automatic objective identification of NMJ innervation 

status, which is based on the degree of overlapping between the pre- and 

post-synaptic NMJ structures. To overcome this, we have developed a novel 

pipeline ‘NMJ analyser’, to automatically identify and analyse NMJs in a high-

throughput manner. The NMJ analyser is able to detect automatically subtle 

morphological changes and objectively categorizes NMJs according to their 

innervation status. 

 

In chapter 5, I will describe and quantify NMJs from multiple ALS mice and a 

CMT2D mouse model. Analysis of various mouse models may give a 

comprehensive understanding of the NMJ morphological changes and 

innervation status occurring across different motor neuron pathologies. I use 
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a Python-based script coupled with a machine learning algorithm to both 

quantify morphological changes and innervation status occurring in NMJs.  

 
 

 Current methods of NMJ analysis 
 

Manual NMJ analysis  
Manual NMJ analysis is the gold standard method to identify NMJ innervation 

status (NMJIS). NMJs can be found as fully or partially innervated when the 

presynaptic axon overlaps the motor endplate to some degree (Sleigh, 

Burgess, et al., 2014). When the motor endplate is vacant due to an axonal 

retraction, the NMJ is considered denervated (Sleigh, Burgess, et al., 2014). 

The degree of overlapping between the pre-synaptic site and motor endplate 

is plastic and calculated by eye; thus, no objective measurements are 

performed using the manual NMJ method. NMJIS varies across different labs, 

affecting cross-study comparison. Multiple studies consider different degrees 

of overlapping for fully or partially innervated NMJs (Mitchell et al., 2013; Qiu 

et al., 2014; Sleigh, Burgess, et al., 2014; Sharma et al., 2016). Although the 

NMJIS is widely used in mouse NMJ studies, currently there is no automatic 

method for NMJIS automatic identification.  

 

Automatic NMJ analysis 
Automatic NMJ analysis is a novel and alternative method for highly accurate 

morphological quantification of the pre-synaptic site and motor endplate 

component. Recently, NMJ-morph has been developed as a novel and 

interactive resource for morphological analysis of NMJs in mice and human 

(Jones et al., 2016, 2017). NMJ-morph is based upon the image J platform to 

quantify NMJ morphological features in mice and human reliably (Jones et al., 

2016). NMJ-morph, besides its originality, only detects morphological 

parameters in the NMJs (Jones et al., 2016). Despite recent advances, the 

field lacks a convergent, automatic and high-throughput analysis of both NMJ 

morphology and NMJIS.  
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 Computational analysis of NMJ 
 

The NMJs are the connecting structure between the nervous tissue and the 

locomotor system (Wu, Xiong and Mei, 2010; Li, Xiong and Mei, 2018). 

However, immunofluorescence and confocal microscopy allow multiple 

staining of NMJ proteins to analyse its morphology, leading to better 

understanding of the spatial distribution of these components. Using 

computational approaches, we may detect automatically morphological 

patterns of NMJ degeneration across different mouse models (Cusack et al., 

2015). Although computational approaches usually require sophisticated 

computation power, their workflows should have a simple coding system and 

be easy to run and process (Cusack et al., 2015). Furthermore, the coding 

system should be written in an open programming language like Python. To 

the best of my knowledge, no computational model with these characteristics 

is available to analyse NMJ morphology together to NMJIS. 
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5.2. Aims 
 

• Establishment of “NMJ analyser” for automatic NMJ analysis 

• Quantify NMJ innervation in the SOD1 G93A mouse model 

• Quantify NMJ innervation in the FUSΔ14 mouse model 

• Quantify NMJ innervation in the TDP43 M323K mouse model 

• Quantify NMJ innervation in the Gars C201R mouse model 

• Establishment of high throughput screening for automatic NMJ analysis 

using NMJ analyser 
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5.3. Results 
 

 Justification for developing a novel   
        approach for NMJ analysis 

 

NMJ analyser is a versatile tool, built in Python language to carried out 

analysis of neuromuscular junction in a comprehensive manner. Other 

attempts to analyse neuromuscular junctions are the “manual NMJ method” 

and NMJ-morph. The manual method is performed by eye and it relies on the 

examiner´s ability to objectively differentiate between NMJ innervation status. 

Manual NMJ method, although faster, does not correlate the innervation status 

to their morphological NMJ features. Thus, the manual method only analyses 

a single aspect of neuromuscular junction degeneration. 

 

NMJ-morph is a semi-automatic approach to analyse the NMJ morphological 

features, using Image-J platform. NMJ-morph works on maximum intensity 

projection images of en-face NMJs, which represent a small population of 

neuromuscular junction in a given muscle. NMJ-morph relies on manual 

thresholding for individual NMJs leading to various setups during analysis. 

Mean fluorescence intensity of individual pre- and post-synaptic NMJ are not 

captured. Thus, cross-comparison studies may not be reliable if fluorescence 

intensity diverge between experiments. Furthermore, NMJ-morph does not 

analyse the innervation status studying, as the manual method, a single 

aspect of neuromuscular junction degeneration. 
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A novel and automatic platform to analyse NMJs must be versatile, easy to 

customise and written in a free language for further improvement. A critical 

aspect of image analysis lies on the detection of 3D structures with irregular 

shape, not on the 2D maximum projection image. Morphological analysis 

performed on 2D stacked images do not capture the entire NMJ structure 

faithfully. Furthermore, cross-comparison studies are expected to be 

comparable if thresholding and mean fluorescence intensity (MFI) do not 

diverge significantly. If not, a method of normalization must be available. NMJ-

morph, although an important tool for NMJ morphological analysis, lacks of 

these characteristics as thresholding is performed manually and MFI are not 

conceived. More importantly, NMJ-morph only analyses en-face NMJs leaving 

behind the great majority of others synapse structure.  

 

An alternative approach is needed for the automatic NMJ analysis. We 

propose a novel system to analyse NMJs automatically “NMJ analyser”. This 

novel approach was developed after testing that NMJ-morph is adequate to 

study the morphological characteristics of a reduced number of NMJs, but not 

all. In muscles, NMJs wrap the muscle fibres acquiring multiple 3D shapes 

when visualise by immunofluorescence. Furthermore, the NMJ innervation 

state needs to be correlated to their respective morphological characteristics.  
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Thus, NMJ analyser takes a more accurate and comprehensive approach of 

two biologically relevant aspects of neuromuscular field, that is, analysing 

together the innervation status with a strong method to capture the 

morphological features of NMJs. A detail workflow of our script to select and 

detect the morphological NMJ features are described in Appendix 2. 

Table 5.1. Comparison between different approaches for NMJ analysis. 

* Time required for NMJ analyser is dependent of the input images. It considered the total time 

of manual method, automatic morphological capturing and output verification. 

* NMJ innervation status is obtained visually. NMJ-morph has analysed wildtype NMJ samples 

only and NMJ innervation status has not been defined. Further explanation can be found for 

coverage definition in Appendix 1. 

 Manual 

method 

NMJ-morph NMJ analyser 

NMJ innervation 

status (*) 

Yes No Yes 

Type of NMJs All en-face only  All 

2D/3D analysis 3D  2D (maximum intensity 

projection) 

3D (z-stack) 

Thresholding NA Manual, subjective Automatic, objective 

Bordering 

approach 

NA NA Requires to capture morphological features 

using different perspectives 

Staining 

intensity 

NA NA Obtained for pre- and post-synaptic NMJ 

Time required* Fast Faster (1/5 when 

compared to manual 

morphological analysis) 

Slow (~2.5 times). Highly dependent if NMJs 

can be clearly differentiate one from another 

Computational 

power 

NA Low Heavy 
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Figure 5.1.  Neuromuscular junction in lumbrical muscle of 45-day-old 

mouse. A) low magnification image of a full lumbrical muscle stained with pre-

synaptic NMJ (green) and motor endplate (red, alpha-bungarotoxin). B) high 

magnification image of stained neuromuscular junction showing the classical 

pretzel-like shape. 
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 Establishment of “NMJ analyser” for   
automatic NMJ analysis 

 
 

 

NMJ analyser is a customised Python script to identify pre-synaptic site and 

motor endplate morphological features. Then, these morphological 

parameters are input into a machine learning algorithm to predict the NMJ 

innervation status accordingly. NMJ analyser was developed in collaboration 

with Dr. Carole Sudre from KCL and can be obtained in the Github database 

for software development: https://github.com/alanmejiamaza/NMJ-

analyser.git. 

 

We developed the NMJ analyser to identify a number of morphological 

parameters in the NMJs such as volume ("m3), surface ("m2), length ("m), 

shape factor, 3D shape amongst others. The complete list and descriptions of 

each parameter are found in Appendix 1.  

 

Our Python script is open and simple to modify making our code ideal for future 

innovations. The machine learning algorithm was developed in R/RStudio, an 

open and intuitive platform to automatically identify NMJIS using the 

parameters obtained by our Python script. Grossly, NMJ analyser takes 

advantage of the manual and automatic methods to correlate morphological 

NMJ features to NMJIS. NMJ analyser workflow consists of six integrated 

steps (Figure 5.2.) described as follows: 
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Step 1: manual method 
We used the traditional manual method to classify NMJs into full, partial or 

denervated innervation state (Sleigh, Grice, et al., 2014). NMJs located in the 

lumbrical muscles were analysed by manual inspection and classified as “fully 

innervated” when the presynaptic axon completely overlapped the motor 

endplate. We considered 60% overlap as cutoff for ‘fully innervated’ NMJ 

(Sleigh, Burgess, et al., 2014). A “partially innervated” NMJ was defined as 

such when some portion of the motor endplate was devoid of the presynaptic 

axon, while NMJs without axon innervation, or vacant, were classified as 

“denervated”. NMJs with 20% overlapping were considered “partially 

innervated” (Sleigh, Burgess, et al., 2014).  

 

We evaluated NMJs from three ALS mouse models: SOD1 G93A, FUSΔ14 

and TDP43 M323K. We also analysed the Gars C201R mice which is a mouse 

model of CMT2D (Table 5.2.).  Additionally, NMJs from these mouse models 

were manually assessed and visually discriminated in Volocity software. After 

automatic analysis, NMJs were fully confirmed using ITK-SNAP, a free viewer 

for 3D objects. The final number of NMJs analysed is found in Table 5.2. 
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Table 5.2. Number of NMJs analysed using NMJ analyser in the three 
ALS mouse models and CMT2D mouse model. Gars C201R and SOD1 

G93A mice were all males; TDP43 M323K were females and FUSΔ14 mice 

had both sexes. 

 

Step 2: data acquisition 
We obtained confocal z-stack images with planes separated by 1.45 "m. We 

imaged ~10 fields, frame 1.2, accounting for approximately 200 NMJs in every 

lumbrical muscle. The samples imaged represented ~50% of the total NMJ 

number in a lumbrical muscle. Z-stacks containing NMJs that are 

superimposed one to another are not considered for automatic analysis 

representing ~40% of NMJ initially counted manually. Thus, we only 

considered NMJs that were clearly differentiated from others. This step is 

 Number of NMJs counted 
WT SOD1 G93A Total 

 
 

SOD1 G93A 

1 month 5 mice, 

1318 NMJs 

5 mice, 

1111 NMJs 

10 mice, 

2429 NMJs 

1.5 month 5 mice, 

225 NMJs 

5 mice, 

313 NMJs 

10 mice, 

538 NMJs 

3.5 month 4 mice, 

286 NMJs 

9 mice, 

750 NMJs 

13 mice, 

1036 NMJs 

FUSΔ14 3 months 4 mice, 

145 NMJs 

4 mice, 

89 NMJs 

8 mice, 

234 NMJs 

12 months 4 mice, 

177 NMJs 

4 mice, 

132 NMJs 

8 mice, 

309 NMJs 

TDP43 M323K 12 months 5 mice, 

91 NMJs 

5 mice, 

95 NMJs 

10 mice, 

186 NMJs 

Gars C201R 1 month 6 mice, 

388 NMJs 

6 mice, 

408 NMJs 

12 mice, 

796 NMJs 

Total NMJs 33 mice, 

2630 NMJs 

38 mice, 

2898 NMJs 

71 mice, 

5528 NMJs 
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critical since our NMJ analyser may not be able to identify individual NMJs 

when they are very close. A detail workflow of our script to select and detect 

the morphological NMJ features are described in Appendix 2. 

 

We used Volocity software to visualise single NMJs and confirm their position 

in the 3D stack. Without this step, NMJ analyser may give outputs that clearly 

diverge from the NMJ population parameters. Using a z-stack, we were able 

to analyse NMJs in any orientation making our method superior to automatic 

methods that studied only en-face NMJs. We analysed every plane of a z-

stack image because it represents the NMJ structure more faithfully compared 

to a maximum intensity projection approach. Finally, z-stacks were 

decomposed into single planes images (SPI) and then saved into .tiff and .jpeg 

format for automatic analysis with NMJ analyser. The full list of parameters 

measured is found in Appendix 1. 

 

Step 3: data validation 
Data output by NMJ analyser needed to be validated to confirm it correctly 

captured the NMJ morphology. We used a commercial software called 

Volocity to validate the volume, surface and length of the pre-synaptic site and 

motor endplate of the NMJs. Other parameters were not possible to validate 

due to the inability of available commercial software like Volocity to capture 

them.  

 

ITK-SNAP is an interactive viewer to navigate on the features of 3D objects. 

We used NMJ centre of mass in ITK-SNAP viewer to verify that assigned 

values by NMJ analyser were correct. Thus, ITK-SNAP helped to further 

confirm NMJ analyser identify single NMJ as 3D object.  
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Step 4: data correlation 
This step consisted of defining a matrix to input the validated data into the 

machine learning algorithm. The matrix first column corresponded to the data 

obtained in step 1 (manual NMJ analysis). Thus, we included NMJIS of all 

NMJs analysed. The following columns corresponded to the morphological 

parameters obtained in step2 (data acquisition using Python script). The 

matrix was built to correlate (1) NMJIS to their corresponding morphological 

values (2) obtained in step 2 and validated in step 3.  

 

Step 5: machine learning 
A machine learning algorithm script was built in R/RStudio. Here, the matrix 

containing the validated data was divided into two parts: training data and 

predictive data. First, the training data consisted of 80% of the total dataset to 

be used for training purpose. In this step the algorithm “learns” how to correlate 

and identify certain morphological parameters to their corresponding NMJIS. 

Then, multiple machine learning algorithms were tested to define which is 

more suitable for our dataset. Next the trained dataset was used to predict the 

NMJIS in the remaining 20% of the dataset.  

 

Training dataset 
The training step is necessary for the ML algorithm to learn how to correlate 

the morphological parameters to their corresponding NMJIS. The machine 

learning algorithm looked for specific morphometric parameters, or trends, that 

accurately represented the NMJIS. This step is usually done using 80% of the 

database.  

 

After the machine learnt how to correlate morphological parameters to the 

NMJIS, we tested a number of machine learning algorithms to find which better 

suited our database. We tested five machine learning algorithms:  

- Support vector machine (SVM) 

- K-nearest neighbors algorithm (Knn) 

- Random forest algorithm (rf) 
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- Classification and regression trees algorithm (cart) 

- Latent Dirichlet allocation (lda) 

 

Predictive dataset 
The trained dataset was used to predict the NMJIS in the remaining 20% of 

the dataset. The results from the predicted and the observed NMJIJ are 

compared. 

 
Step 6: data analysis 

Data analysis and visualization were performed in R/RStudio platform. 

Pipelines for graphic visualization and statistical analysed can be found in 

https://github.com/alanmejiamaza/NMJ-analyser.git. 

 

Overall, we have provided the first combined platform for automatic analysis 

of NMJ morphology and NMJIS in mouse models. This novel approach may 

be an important resource to studying NMJs in mice systematically, un-biasedly 

and in high-throughput manner, to further our understanding of pathological 

processes in motor neuron diseases. 
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 SOD1 G93A mice 
 

The SOD1 G93A mouse model overexpresses the human mutant SOD1 

protein that is causal for ALS (Gurney et al., 1994).  We carried out 
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experiments in the lumbrical muscles on male SOD1 G93A mice and wildtype 

littermates at 1, 1.5, 3.5 months of age (Table 5.2.). Lumbrical muscles were 

chosen for their simplicity in anatomy so leading to uniform immunostaining. 

Furthermore, this muscle is easy to collect and can be whole mounted and 

imaged. 

 

Manual NMJ analysis in the SOD1 G93A mice 
We observed that 1-month old SOD1 G93A mice and WT littermates 

presented plaque-to-pretzel transition and pretzel-like shape NMJs (Figure 
5.3.).  Plaque-to-pretzel transition is characterized by multiple perforations in 

the motor endplate, a feature of immature NMJs (Figure 5.3.). The motor 

endplate and presynaptic staining were solid and intense in both genotypes 

(Figure 5.3.). No obvious NMJ fragmentation was observed (Figure 5.3.). 
Manual NMJ analysis showed that 1-month old SOD1 G93A mice and WT 

littermates had almost exclusively fully innervated NMJs (99% in WT vs 98% 

in mutant mice, Figure 5.3.). Partially innervated and denervated NMJs were 

as little as 0.5% or less of the total NMJ population studied (Figure 5.3.). 
Manual NMJ analysis did not show statistical difference in the innervation 

status when compared 1-month old SOD1 G93A mice and WT littermates 

(Figure 5.3., p> 0.05, Wilcoxon test signed-rank, unpaired).  

 

1.5-month old SOD1 G93A mice and WT littermates presented in most cases 

with pretzel-like shaped NMJs (Figure 5.4.). We observed a high percentage 

of fully innervated NMJs in both the 1.5-month old SOD1 G93A mice and WT 

littermates (97% in WT vs 94% in mutant mice, Figure 5.4.). Partially 

innervated and denervated NMJs were a small percentage of the total NMJs 

studied but higher when compared to the 1-month old mice. As found in the 1-

month-old mice, manual NMJ analysis did not have statistical difference when 

compared to the innervation status between 1.5-month old SOD1 G93A mice 

and WT littermates (Figure 5.4., p> 0.05, Wilcoxon test signed-rank, 

unpaired).  
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A 3.5-month timepoint was chosen for analysis as SOD1 G93A mice of this 

age had an evident ALS-like phenotype (Fischer et al., 2004). 3.5-month old 

WT littermates presented >95% fully innervated NMJs similarly to 1- and 1.5-

month old WT mice. However, 3.5-month old SOD1 G93A mice had fully 

innervated NMJs significantly reduced to ~50% when compared to WT 

littermates (Figure 5.5., p< 0.001, Wilcoxon test signed-rank, unpaired). 

Mutant mice of 3.5 months of age presented denervated NMJs due to axonal 

retraction, fragmentation of pre- and post-synaptic NMJ (Figure 5.5.) 
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 Figure 5.3. Manual NMJ analysis of 1-month old SOD1 G93A mice. (A) 

bar plot with percentage of fully, partially or denervated NMJs in 1-month old 

SOD1 G93A mice and WT littermates. No statistical difference was observed 

between these genotypes, p>0.05, Wilcoxon signed-ranked test, unpaired. (B) 

representative confocal immunostaining of 1-month old SOD1 G93A mice and 

WT littermates. NMJs from both genotypes presented full and clear innervation 

pattern with plaque-to-pretzel transition (white arrows) and fully mature NMJs 

(orange arrows). Axon terminal was stained with anti-synaptic vesicle 2 protein 

and anti-neurofilament (SV2+2H3, green) and the motor endplate with α-

bungarotoxin (α-BTX, red). We evaluated NMJs in lumbrical muscles of 5 

SOD1 G93A mice and 5 WT littermates, only male. Ruler is in "m.	

A 

B 



 161 

Figure 5.4. Manual NMJ analysis of 1.5-month old SOD1 G93A mice. (A) 

bar plot with percentage of fully, partially or denervated NMJs in 1.5-month old 

SOD1 G93A mice and WT littermates. (B) representative confocal 

immunostaining of 1.5-month old SOD1 G93A mice and WT littermates. NMJs 

from both genotypes presented full and clear innervation pattern with plaque-

to-pretzel transition (white arrow) and fully mature NMJs (orange arrow). Axon 

terminal was stained with anti-synaptic vesicle protein and anti-neurofilament 

(SV2+2H3, green) and the motor endplate with α-bungarotoxin (α-BTX, red). 

We evaluated NMJ in lumbrical muscles of 5 SOD1 G93A mice and 5 WT 

littermates, only male. Ruler is in "m. 

A 

B 
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Figure 5.5. Manual NMJ analysis of 3.5-month old SOD1 G93A mice. (A) 

bar plot with percentage of fully, partially or denervated NMJs in the 3.5-month 

old SOD1 G93A mice and WT littermates. Significant reduction of fully 

innervated NMJs was found in the 3.5-month old SOD1 G93A mice B) NMJs 

from both genotypes presented full and clear innervated NMJs (white arrow) 

but denervated NMJs are clearly observed in the mutant mice (orange arrow). 

Axon terminal was stained with anti-synaptic vesicle protein and anti-

neurofilament (SV2+2H3, green) and the motor endplate with α-bungarotoxin 

(α-BTX, red). We evaluated 9 SOD1 G93A mice and 4 WT littermates, only 

male. Ruler is in "m.	

A 

B 
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Validation of NMJ analyser in the SOD1 G93A mice 

The NMJ analyser can detect multiple morphological parameters (Appendix 
1). We initially validated our data output by comparing the volume ("m3) of 

both pre-synaptic NMJ and motor endplate using NMJ analyser vs Volocity. 

We observed that the pre-synaptic NMJ and motor endplate volume by NMJ 

analyser and Volocity modelled a linear regression at every time point 

analysed (Figure 5.6.). Pearson correlation coefficient for pre-synaptic NMJ 

and motor endplate were high, reaching statistical significance in all cases 

(Figure 5.6.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6. Correlation plots of pre-synaptic NMJ and motor endplate by 
NMJ analyser and volocity. Strong linear correlation is observed between 

data output by NMJ analyser and volocity. Correlation plots were performed 

for the 1, 1.5- and 3.5-month old data from NMJ analyser and volocity in mice 

of both genotypes. NMJs evaluated were 2429 (1 month), 538 (1.5 month) and 

1038 (3.5 months). Scatter plot were developed in R/RStudio. R = Pearson 

correlation coefficient, p=p-value.  
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Volocity Volocity 

Volocity Volocity Volocity 

R =0.71, p<2.2℮-16 
R =0.88, p<2.2℮-16 R =0.87, p<2.2℮-16 

R =0.82, p<2.2℮-16 R =0.92, p<2.2℮-16 R =0.92, p<2.2℮-16 
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Automatic analysis of NMJ morphology in the SOD1 G93A mice 
NMJ analyser can detect multiple morphological parameters using the 

morphological information contained in the 3D stack. This novel approach 

allows us to obtain a precise capture of the NMJ morphology. The complete 

list of NMJ morphological parameters detected by NMJ analyser is found in 

Appendix 1. 
 
We used violin plots to compare multiple morphological NMJ parameters of 

SOD1 G93A mice and WT littermates of 1, 1.5 and 3.5 months of age (Figure 
5.7). We found significant reduction in the volume, coverage, length, surface 

and compactness of the presynaptic NMJ component of 3.5-month old SOD1 

G93A mice when compared to WT littermates (Figure 5.7, T-test with adjust 

p value, p-adjusted < 2.2℮-08 in all cases). The volume and length of motor 

endplates were found to be similar in the 3.5-month old SOD1 G93A mice and 

WT littermates using NMJ analyser and further confirmed by Volocity (Figure 
5.7., T-test with adjust p value, p-adjusted > 0.05). Compactness was found 

to be relatively similar in both genotypes (Figure 5.7.). Interestingly, shape 

factor was found to be significantly increased in the motor nerve of the 3.5-

month old SOD1 G93A mice (Figure 5.7.).  
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Figure 5.7. Violin plots of multiple morphological parameters of the 
SOD1 G93A mice of 1, 1.5 and 3.5 month of age. Multiple NMJ parameters 

were identified using NMJ analyser. Significant changes were observed in 

volume, compactness, length of motor nerve. Significant changes were found 

when both components were analysed together, such as coverage and IoU. 

Coverage was defined as the parameter referring to the overlapping of pre- 

and its post-synaptic NMJ; IoU is a parameter referring to intersection or 

overlapping of pre- and its post-synaptic NMJ. NMJs evaluated were 2429 (1 

month), 538 (1.5 month) and 1038 (3.5 months). * p-adjusted < 2.2℮-08. Violin 

plots were developed in R/RStudio. 
 

* 
* 

* 
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SOD1 G93A 
NMJ component Parameter 1 month 1.5 month 3.5 month 
 
 
 
 
 
Motor endplate 

Bounds (x,y,z)  a     

cc-size b    

Compactness c    

Eigen (x,y,z) d    

Fragmentation    

Mean intensity    

Shape factor e    

Length (!m)    

Surface f    

Volume (!m3)    

Voxels    

 
 
 
 
 
Pre-synaptic 
NMJ 

Bounds (x,y,z)  a    

cc-size b    

Compactness c    

Eigen (x,y,z) d    

Fragmentation    

Mean intensity    

Shape factor e     

Length (!m)    

Surface f    

Volume (!m3)    

Voxels    

 
 
Both 

Coverage    

Distance g    

Hausdorff distance h    

Intersecting voxel    

IoU i    

Ratio volume/surface j    
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Table 5.3. Full list of canonical morphological parameters measured in 
the SOD1 G93A mice of 1, 1.5 and 3.5 months of age. Parameters that 

remain unchanged were colored blue. Red and green colors suggest a 

significant change (green = reduce, red = increase). When it is blank the NMJ 

analyser could not define the parameter. 
a Bounds were calculated for X, Y and Z axis of each pre- and post-synaptic 

NMJ component.  
b five component size parameters were obtained for each pre- and post-

synaptic NMJ component.  
c two compactness parameters were obtained for each pre- and post-synaptic 

NMJ component: compactness with dilated and eroded surface.  

d eigen was calculated for X, Y and Z axis for each pre- and post-synaptic NMJ 

component 
e three type of shape factor were calculated for each pre- and post-synaptic 

NMJ component.  

f six types of surface were obtained for each pre- and post-synaptic NMJ 

component.  

g average distance between each pre-synaptic NMJ and motor endplate 

i intersecting area between pre-synaptic NMJ and motor endplate 
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 FUSΔ14 mice 
 

The NMJs from lumbrical muscles were analysed in the FUSΔ14 mice and WT 

littermates of 3 and 12 months of age. This novel mouse strain was analysed 

in its heterozygous state to determine the impact of mutant FUS in the NMJs 

located in the lumbrical muscles, in analogy to the human FUS-ALS disease 

environment. A 3-month timepoint was chosen to rule out any developmental 

defect due to the FUSΔ14 mutation. The 12-month timepoint was chosen as 

mutant FUSΔ14 mice presented an early ALS-like phenotype. 

 

Manual NMJ analysis in the FUSΔ14 mice 
We observed that 3-month old FUSΔ14 mice and WT littermates had pretzel-

like shape NMJs (Figure 5.8.). NMJs were intensively stained with full 

overlapping of presynaptic NMJ and motor endplate (Figure 5.8.). No obvious 

fragmentation of NMJs was observed in both genotypes (Figure 5.8.). Manual 

NMJ analysis showed that 3-month old FUSΔ14 mice and WT littermates had 

almost exclusively fully innervated NMJs (99% in WT vs 98% in FUSΔ14 mice, 

Figure 5.8.). Partially innervated NMJs in the FUSΔ14 mice of 3 months of 

age were relatively similar when compared to WT littermates (Figure 5.8.). 
Manual NMJ analysis did not show significant difference in the innervation 

status when compared 3-month old FUSΔ14 mice and WT littermates (Figure 
5.8., p> 0.05, Wilcoxon signed-ranked test, unpaired).  
 

NMJs from 12-month old FUSΔ14 mice and WT littermates were similar in 

shape and staining (Figure 5.9.). We observed that most NMJs remained as 

fully innervated in both genotypes (97% in WT vs 94% in mutant mice, Figure 
5.9.). Partially innervated NMJs in the FUSΔ14 mice of 12 months of age were 

relatively higher when compared to WT littermates. Manual NMJ analysis did 

not show statistical difference when comparing the innervation status of 12-

month old FUSΔ14 mice and WT littermates (Figure 5.9., p> 0.05 Wilcoxon 

signed-ranked test, unpaired).  
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Figure 5.8. Manual NMJ analysis of 3-month old FUSΔ14 mice. (A) bar plot 

with percentage of fully, partially or denervated NMJs in the 3-month old 

FUSΔ14 mice and WT littermates. No statistical difference was observed 

between these genotypes. (B) representative confocal immunostaining of 3-

month old FUSΔ14 mice and WT littermates. NMJs from both genotypes 

presented full and clear innervation. The axon terminal was stained with anti-

synaptic vesicle protein and anti-neurofilament (SV2+2H3, green) and the 

motor endplate with α-bungarotoxin (α-BTX, red). We evaluated NMJ in 

lumbrical muscles of 4 FUSΔ14 mice and 4 WT littermates. Ruler is in "m. 

A 

B 
FUSΔ14 
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Figure 5.9. Manual NMJ analysis of 12-month old FUSΔ14 mice. (A) bar 

plot with percentage of fully, partially or denervated NMJs in the 12-month old 

FUSΔ14 mice and WT littermates. No statistical difference was observed 

between these genotypes. (B) representative confocal immunostaining of 12-

month old FUSΔ14 mice and WT littermates. NMJs from both genotypes 

presented full and clear innervation. The axon terminal was stained with anti-

synaptic vesicle protein and anti-neurofilament (SV2+2H3, green) and the 

motor endplate with α-bungarotoxin (α-BTX, red). We evaluated NMJ in 

lumbrical muscles of 4 FUSΔ14 mice and 4 WT littermates. Ruler is in "m.	
	

A 

B FUSΔ14 
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Validation of NMJ analyser in the 3- and 12-month old FUSΔ14 mice 
Initially, we compared the data output by “NMJ analyser” and volocity (Figure 
5.10A., and 5.11A). We found strong correlation between the endplate and 

motor nerve volume obtained by volocity and NMJ analyser in the FUSΔ14 

mice of 3 and 12 months of age (Figure 5.10A., and 5.11A).  
 

We used violin plots to compare multiple morphological NMJ parameters of 

FUSΔ14 mice and WT littermates of 3 and 12 months of age (Figure 5.10B., 
and 5.11B). We found that motor endplate morphological parameters in the 3-

month old FUSΔ14 mice did not change significantly when compared to WT 

littermates (Figure 5.10B., T-test with p-adjusted > 0.05).  

 

Compactness and shape factor of the motor nerve were significantly increased 

in the 12-month old FUSΔ14 mice (Figure 5.11B., T-test with p-adjusted < 

0.01 for compactness, T-test with p-adjusted < 6.7℮-003 for shape factor).  

Interestingly, the coverage which is the volume of the pre-synaptic NMJ as a 

percentage of the motor endplate was significantly reduced in the 12-month 

old FUSΔ14 mice (Figure 5.11B., T-test with p-adjusted < 6.6℮-03). Other 

parameters such as volume, surface and length, among others, were found to 

be similar in both genotypes (Figure 5.11B.). These results obtained with NMJ 

analyser and manual NMJ analysis suggest that NMJs in the 12-month old 

FUSΔ14 mice are in a very initial process of structural change. 
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Figure 5.10. Correlation plots of pre-synaptic NMJ and motor endplate 
and multiple NMJ parameters in the 3-month old FUSΔ14 mice. A) Strong 

linear correlation is observed between data output by NMJ analyser and 

volocity. B) Volume ("m3), surface and compactness, among others, were 

evaluated using NMJ analyser. Violin plots were developed in R/RStudio. 

NMJs evaluated were for WT (145 NMJs) and FUSΔ14 mice (89 NMJs). Violin 

plots were developed in R/RStudio. 

 

 
 
 

A 

B 
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The complete list of canonical parameters measured is found in Table 5.4. 
Automatic analysis of NMJ morphology in the FUSΔ14 mice 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.11. Correlation plots of pre-synaptic NMJ and motor endplate 
and multiple NMJ parameters in the 12-month old FUSΔ14 mice. A) Strong 

linear correlation is observed between data output by NMJ analyser and 

volocity. B) Violin plots of various NMJ morphological parameters in the motor 

endplate and NMJ pre-synaptic NMJ in the 12-month old FUSΔ14 mice. Violin 

plots were developed in R/RStudio. NMJs evaluated were for WT (177 NMJs) 

and FUSΔ14 mice (132 NMJs). * p-adjusted < 0.01 for compactness, * p-

adjusted < 6.7℮-03 for shape factor and * p-adjusted < 6.6℮-05 for coverage. 

Violin plots were developed in R/RStudio. 

A 

B 

* * * 
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FUSΔ14 mice 
NMJ component Parameter 3 months 12 months 
 
 
 
 
 
Motor endplate 

Bounds (x,y,z)  a   

cc-size b   

Compactness c   

Eigen (x,y,z) d   

Fragmentation   

Mean intensity   

Shape factor e   

Length ("m)   

Surface f   

Volume ("m3)   

Voxels   

 
 
 
 
 
Pre-synaptic NMJ 

Bounds (x,y,z)  a   

cc-size b   

Compactness c   

Eigen (x,y,z) d   

Fragmentation   

Mean intensity   

Shape factor e   

Length ("m)   

Surface f   

Volume ("m3)   

Voxels   

 
 
Both 

Coverage   

Distance g   

Hausdorff distance h   

Intersecting voxel   

Ratio volume/surface j   
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Table 5.4. Full list of canonical morphological parameters measured in 
the FUSΔ14 mice of 3 and 12 months of age. Parameters that remain 

unchanged were colored blue. Red and green colors suggest a significative 

change (green = reduce, red = increase). When it is blank the NMJ analyser 

could not define the parameter. 
a Bounds was calculated for X, Y and Z axis of each pre- and post-synaptic 

NMJ component.  
b five component size parameters were obtained for each pre- and post-

synaptic NMJ component.  
c two compactness parameters were obtained for each pre- and post-synaptic 

NMJ component: compactness with dilated and eroded surface.  

d eigen was calculated for X, Y and Z axis for each pre- and post-synaptic NMJ 

component 
e three type of shape factor were calculated for each pre- and post-synaptic 

NMJ component.  

f six types of surface were obtained for each pre- and post-synaptic NMJ 

component.  

g average distance between each pre-synaptic NMJ and motor endplate 

i intersecting area between pre-synaptic NMJ and motor endplate 
i intersecting area between pre-synaptic NMJ and motor endplate 
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 TDP43 M323K mice 
 

The NMJs of TDP43 M323K mice of 12 months of age and WT littermates 

were analysed using manual and automatic approaches. Previous studies 

have shown that TDP43 M323K mice of 24 months of age presented a motor 

phenotype and spinal motor neuron loss (Fratta et al., 2018). 

 
Manual NMJ analysis in the TDP43 M323K mice 
The NMJs observed in both genotypes had a mature pretzel-like shape 

(Figure 5.12.). Pre- and post-synaptic components stained intensely with no 

NMJ fragmentation observed in the TDP43 M323K mice and WT littermates 

by manual analysis. Virtually all NMJs of both genotypes were fully innervated 

(99% in mutant vs 100% WT, Figure 5.12.). No statistical difference was found 

when the NMJIS of both genotypes were compared (Figure 5.12., p> 0.05, 

Wilcoxon signed-ranked test, unpaired).  
 
Automatic analysis of NMJ morphology in the TDP43 M323K mice 
We used violin plots to compare multiple morphological NMJ parameters of 

TDP43 M323K mice and WT littermates of 12 months of age (Figure.5.13). 
We found significant reduction in the compactness of the motor nerve using 

NMJ analyser in the 12-month old TDP43 M323K mice (Figure.5.13A, p-

adjusted< 1.91℮-03, Ttest, unpaired). Interestingly, the “ccgr”, a parameter 

defining the number of “island” or fragments in the motor nerve were found to 

be reduced in the 12-month old TDP43 M323K mice (Table 5.5. p-adjusted< 

0.0216, Ttest, unpaired). The motor endplate compactness was slightly 

reduced 12-month old TDP43 M323K mice but it did not reach statistical 

significance (Figure.5.13B, p-adjusted < 0.083, Ttest, unpaired).). The 

intersection over union area of both NMJ components (IoU) was increased in 

the mutants suggesting that a bigger surface of contact between them (Table 
5.5. p-adjusted< 6.6℮-05, Ttest, unpaired). The complete list of canonical 

parameters measured is found in Table 5.5. 
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Figure 5.12. Manual NMJ analysis of 12-month old TDP43 M323K mice. 
(A) bar plot with percentage of fully, partially or denervated NMJs in 12-month 

old between these genotypes. (B) representative confocal immunostaining of 

12-month old TDP43 M323K mice and WT littermates. NMJs from both 

genotypes presented full pretzel-like shape (white arrow) and clear innervated 

NMJs. The axon terminal was stained with anti-synaptic vesicle protein and 

anti-neurofilament (SV2+2H3, green) and the motor endplate with α-

bungarotoxin (α-BTX, red). We evaluated NMJ in lumbrical muscles of 5 

TDP43 M323K mice and 5 WT littermates. Ruler is in "m. 

A 

B 
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Figure 5.13. Correlation plots of pre-synaptic NMJ and motor endplate 
and multiple NMJ parameters in the 12-month old TDP43 M323K mice. A) 

Linear correlation is observed between data output by NMJ analyser and 

volocity. B) Surface, shape factor, length and compactness were evaluated 

using NMJ analyser. Violin plots were developed in R/RStudio. NMJs 

evaluated were for WT (91 NMJs) and TDP43 M323K mice (95 NMJs). * p-

adjusted < 1.91℮-03 for compactness of motor nerve. Violin plots were 

developed in R/RStudio. 
 

A 

B 
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TDP43 M323K 
NMJ component Parameter 12-months old 
 
 
 
 
 
Motor endplate 

Bounds (x,y,z)  a  

cc-size b  

Compactness c  

Eigen (x,y,z) d  

Fragmentation  

Mean intensity  

Shape factor e  

Length ("m)  

Surface f  

Volume ("m3)  

Voxels  

 
 
 
 
 
Pre-synaptic NMJ 

Bounds (x,y,z)  a  

cc-size b  

Compactness c  

Eigen (x,y,z) d  

Fragmentation  

Mean intensity  

Shape factor e  

Length ("m)  

Surface f  

Volume ("m3)  

Voxels  

 
 
Both 

Coverage  

Distance g  

Hausdorff distance h  

Intersecting voxel  

IoU i  
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Table 5.5. Full list of canonical morphological parameters measured in 
the TDP43 M323K mice of 12 months of age. Parameters that remain 

unchanged were colored blue. Red and green colors suggest a significant 

change (green = reduce, red = increase). When it is blank the NMJ analyser 

cannot define the parameter. 
a Bounds was calculated for X, Y and Z axis of each pre- and post-synaptic 

NMJ component. p-adjusted < 0.06 

b five component size parameters were obtained for each pre- and post-

synaptic NMJ component.  
c two compactness parameters were obtained for each pre- and post-synaptic 

NMJ component: compactness with dilated and eroded surface.  p-adjusted < 

0.08 

d eigen was calculated for X, Y and Z axis for each pre- and post-synaptic NMJ 

component 
e three type of shape factor were calculated for each pre- and post-synaptic 

NMJ component.  

f six types of surface were obtained for each pre- and post-synaptic NMJ 

component.  

g average distance between each pre-synaptic NMJ and motor endplate 

i intersecting area between pre-synaptic NMJ and motor endplate 
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 Gars C201R mice 
 

The NMJs of Gars C201R mice of 1 month of age and WT littermates were 

analysed using manual and automatic approaches. Previous studies have 

shown that Gars C201R mice undergo NMJ denervation as early as 1 month 

of age (Sleigh, Burgess, et al., 2014).  

 
Manual NMJ analysis in the Gars C201R mice 
The NMJs observed in both genotypes were transitioning to a mature pretzel-

like shape (Figure 5.14.). Pre- and post-synaptic NMJ components stained 

intensely with fragmentation observed in the Gars C201R mice but not in the 

WT littermates (Figure 5.14.).  We observed a significant increase of the 

partially innervated NMJs in the Gars C201R mice compared to the WT 

littermates (Figure 5.14. p < 0.001, Wilcoxon test signed-ranked test, 

unpaired).  
 

Validation of NMJ analyser in the Gars C201R mice 
Here we compared the volume ("m3) of both pre-synaptic NMJ and motor 

endplate using NMJ analyser vs Volocity (Figure 5.15.). Pearson correlation 

coefficient were highly significant in both cases, R=0.77, p<2.2℮-16 for motor 

endplate and R=0.74, p<2.2℮-16 for the pre-synaptic volume (Figure 5.15.).  
 

We also compared the coverage and motor endplate shape factor using the 

output of NMJ analyser and volocity (Figure 5.15.). The coverage was defined 

as the volume of the pre-synaptic NMJ component as a percentage of the 

motor endplate (Appendix 1). Shape factor was defined as how close the 

object resembles a 3D sphere. It is also a numerical description of the shape 

of a 3D object. We observed that either shape factor or coverage output by 

NMJ analyser and Volocity followed a strong linear correlation: R=0.91, 

p<2.2℮-16 for motor endplate and R=0.88, p<2.2℮-16 for the pre-synaptic 

volume (Figure 5.15.). 
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Figure 5.14. Manual NMJ analysis of 1-month old Gars C201R mice. (A) 

bar plot with percentage of fully, partially or denervated NMJs in 1-month old 

Gars C201R mice and WT littermates. Statistical reduction of fully innervated 

NMJs was found in the 1-month old Gars C201R mice (* p<0.001, Wilcoxon 

signed-ranked test, unpaired). (B) representative confocal immunostaining of 

12-month old Gars C201R mice and WT littermates. NMJs from both 

genotypes presented full and clear innervation. The axon terminal was stained 

with anti-synaptic vesicle protein and anti-neurofilament (SV2+2H3, green) 

and the motor endplate with α-bungarotoxin (α-BTX, red). We evaluated NMJs 

in lumbrical muscles of 6 Gars C201R mice and 6 WT littermates. Ruler is in 

"m. 

* 
A 
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Figure 5.15. Correlation plot of multiple parameters by NMJ analyser and 
volocity. Strong linear correlation is observed between data output by NMJ 

analyser and volocity. Correlation plots were performed for Gars C201R mice 

and WT littermates together. Plots corresponded to an analysis of 796 NMJs. 

Scatter plot were developed in R/RStudio. R = Pearson correlation coefficient, 

p=p-value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 184 

Automatic analysis of NMJ morphology in the Gars C201R mice 
We used violin plots to compare multiple morphological NMJ parameters of 

Gars C201R mice and WT littermates of 1 month of age (Figure 5.16. and 
5.17.). These parameters were fragmentation index, volume, surface, 

compactness, length, shape factor of the pre- and post-synaptic NMJ 

components (Figure 5.16. and 5.17.). We found significant decreases in the 

volume, surface and compactness of the NMJ components of the Gars C201R 

mice (Figure 5.16. and 5.17.). Shape factor was significantly increased in both 

NMJ components of the Gars C201R mice (Figure 5.17.). Fragmentation of 

the pre-synaptic NMJ endplate was significantly increased in the Gars C201R 

mice (Figure 5.16). Overall, we found significant changes in both NMJ 

components of the Gars C201R (Table 5.6.). The complete list of canonical 

parameters measured is found in Table 5.6. 

 
Figure 5.16. Violin plots of morphological parameters using NMJ 
analyser. Fragmentation, volume and surface of pre-synaptic NMJ and motor 

endplate were evaluated in the Gars C201R mice and WT littermates of 1 

month of age. Significant differences were found for all parameters measured 

except fragmentation of the motor endplate. Violin plots were developed in 

R/RStudio. * p-adjusted =2.2℮-05. 

* * 

* * * 
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Figure 5.17. Violin plots of morphological parameters using NMJ 
analyser. Compactness, length and shape factor of pre-synaptic NMJ and 

motor endplate were evaluated in the Gars C201R mice and WT littermates of 

1 month of age. Significant differences were found for compactness and shape 

factor but not for length. Violin plots were developed in R/RStudio. * p-adjusted 

=2.2℮-05. 
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Gars C201R 
NMJ component Parameter 1 month old 
 
 
 
 
 
Motor endplate 

Bounds (X, Y and Z) a  

cc-size b  

Compactness c  

Eigen (x,y,z) d  

Fragmentation  

Mean intensity  

Shape factor e  

Length ("m)  

Surface f  

Volume ("m3)  

Voxels  

 
 
 
 
 
Pre-synaptic NMJ 

Bounds (x,y,z)  a  

cc-size b  

Compactness c  

Eigen (x,y,z) d  

Fragmentation  

Mean intensity  

Shape factor e  

Length ("m)  

Surface f  

Volume ("m3)  

Voxels  

 
 
Both 

Coverage  

Distance g  

Hausdorff distance h  

Intersecting voxel  

IoU i  
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Table 5.6. Full list of canonical morphological parameters measured in 
the Gars C201R mice of 1 month of age. Parameters that remain unchanged 

were colored blue. Red and green colors suggest a significative change (green 

= reduce, red = increase). When an entry is blank, the NMJ analyser could not 

define the parameter. 
a Bounds was calculated for X, Y and Z axis of each pre- and post-synaptic 

NMJ component.  
b five component size parameters were obtained for each pre- and post-

synaptic NMJ component.  
c two compactness parameters were obtained for each pre- and post-synaptic 

NMJ component: compactness with dilated and eroded surface. Compactness 

with dilated surface. 

d eigen was calculated for X, Y and Z axis for each pre- and post-synaptic NMJ 

component 
e three type of shape factor were calculated for each pre- and post-synaptic 

NMJ component.  

f six types of surface were obtained for each pre- and post-synaptic NMJ 

component. Six surface types decreased. 

g average distance between each pre-synaptic NMJ and motor endplate 

i intersecting area between pre-synaptic NMJ and motor endplate 

j surface/volume ratio of the pre-synaptic NMJ 
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5.4. Integrated NMJ analysis across MND              
 mouse models 

 

NMJ analyser successfully identified structural changes in motor endplate and 

pre-synaptic nerve terminal in ALS and CMT2D mouse models. The SOD1 

G93A mice were in pre-onset (1, 1.5 month) and disease state (3.5 month), 

while the 1-month old GARS C201R had a very mild phenotype, characterised 

by increased of almost exclusively partially innervated NMJs. Thus, using NMJ 

analyser we study NMJ with different innervation state. 

 

We previously identified a number of morphological features in NMJs that 

significantly changed in mutant strains. However, a large percentage of these 

parameters did not reach statistical significance, but their synergy may 

contribute to the overall NMJ innervation status. We then challenged our 

method to test whether NMJ analyser was able to correlate and classify NMJ 

innervation status according to their quantitative morphological data. PCA plot 

of the NMJIS and all morphological parameters studied (except Hausdorff 

distance and fragmentation in motor nerve) showed three clear populations 

(Figure 5.18). Denervated NMJs cluster adjacent to the fully innervated 

population (Figure 5.18). Partially innervated NMJs clustered between the 

fully innervated and denervated NMJs (Figure 5.18). We also noticed that a 

portion of denervated NMJs colocalise with fully innervated NMJs confirming 

that some morphological parameters remained unchanged regardless the 

NMJIS (Figure 5.18). 
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Figure 5.18. PCA plot of morphological parameters by NMJ innervation 
status using NMJ analyser. Morphological parameters, except Hausdorff 

distance and motor nerve fragmentation, were input to categorize NMJs 

according to their innervation status. The morphological parameters belong to 

NMJs from SOD1 G93A mice of 1, 1.5 and 3.5 months of age, FUSΔ14 mice 

of 3 and 12 months of age, 1-month old Gars C201R and 12-month old TDP43 

M323K mice. NMJs plotted: fully, N = 5302; partial, N=183; denervated, 

N=371. PCA plots were developed in R/RStudio.  

 

We then investigated the behaviour of NMJ populations collected from mice of 

similar age. We divided the NMJ population in 1-3.5 month (“group 1”, 3-month 

old FUSΔ14, 1-, 1.5- and 3.5-month old SOD1 G93A and 1-month old Gars 

mice) and 12 months of age (“group 2”, FUSΔ14 and TDP43 M323K mice of 

12 months of age). This segmentation in the NMJ analysis was based on the 

idea that young mice (<3 months old) have a considerable population of 

immature and not fully formed NMJs.  
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We observed that NMJIS can be easily identified in the group 1(Figure 5.19A). 

The population of denervated NMJs deviated from the partial or fully innervate 

one (Figure 5.19A). Similar results were observed in the group 2, where the 

NMJ population of the FUSΔ14 and TDP43 M323K mice are clearly separated 

but few partially and denervated NMJs were identified (Figure 5.19B).  

 

 
 
 
 
 
 
 

 
 
 
Figure 5.19. PCA plots of morphological parameters by NMJ innervation 
status using NMJ analyser in young and adult mice. Morphological 

parameters, except Hausdorff distance and motor nerve fragmentation, were 

input to categorize NMJ according to their innervation status. A) The 

morphological parameters belong to NMJs from SOD1 G93A mice of 1, 1.5 

and 3.5 months of age, FUSΔ14 mice of 3 and 1-month old Gars C201R. B) 

The morphological parameters belong to NMJs from FUSΔ14 mice and 

TDP43 M323K of 12 months of age. NMJs plotted: Total number of NMJs 

plotted: fully, N = 5302; partial, N=183; denervated, N=371. PCA plots were 

developed in R/RStudio.  

 

 

 

 

A B 
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We then decided to test whether NMJ analyser can differentiate NMJs by 

genotype at every timepoint analysed (Figure 5.20). For simplicity and better 

visualization, we decided to divide the NMJ population into three groups: 

“group 1” (SOD1 G93A and Gars C201R mice of 1 month and WT littermates, 

Figure 5.20A), “group 2” (SOD1 G93A of 3.5 months of age and 3-month old 

FUSΔ14 mice and WT littermates, Figure 5.20B) and “group 3” (FUSΔ14 and 

TDP43 M323K mice of 12 months of age and WT littermates, Figure 5.20C). 

Additionally, we plotted all mutant NMJs in a single plot (Figure 5.20D). 
 

NMJs from 1-month old mice clustered together (Figure 5.20A) indicating that 

most of them are in fully innervated state. At 3-3.5 months of age, genotypes 

can be clearly distinguished as a great proportion of NMJs are in denervated 

state (SOD1 G93A mice, Figure 5.20B). The 3-month old FUSΔ14 strain had 

almost exclusively fully innervated NMJs.  

 

Similarly, the NMJ population from 12-month old mice were mostly in the fully 

innervated state (Figure 5.20C). However, the TDP43 M323K and FUSΔ14 

strain can be differentiated (Figure 5.20C). Finally, we compared NMJs from 

all mutant strains without WT littermates (Figure 5.20D). We found NMJ 

populations from distinctive and unrelated mutant strains can be identified 

using NMJ analyser. Interestingly, TDP43 M323K strain clearly deviated from 

the other genotypes. Thus, NMJ analyser can be used for cross-study 

longitudinal comparison and high-throughput NMJ analysis. 
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Figure 5.20. PCA plots of morphological parameters by genotype using 
NMJ analyser. Morphological parameters, except Hausdorff distance and 

motor nerve fragmentation, were input to categorize NMJ according to their 

innervation status. Figure A, B and C, except D, used WT NMJs. A) the 

morphological parameters belong to NMJs from SOD1 G93A mice of 1 month 

of age and 1-month old Gars C201R. B) the morphological parameters belong 

to NMJs from SOD1 G93A mice of 3.5 months of age and 3-month old 

FUSΔ14 mice. C) the morphological parameters belong to NMJs from 

FUSΔ14 mice and TDP43 M323K of 12 months of age. D) the parameters 

belong to all mutant strains. NMJs plotted: Total number of NMJs plotted: fully, 

N = 5302; partial, N=183; denervated, N=371. PCA plots were developed in 

R/RStudio.  
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Contribution of individual parameter to the NMJ shape 
We decided to investigate which parameter contributes the most to the 

behaviour of NMJ populations. As we found few denervated and partially 

innervated NMJ in the mutant strains, except for the 3.5-month old SOD1 

G93A mice, we divided our analysis into two groups: young and adult mice.  

 

Our analysis was based on a large number of parameters that can be 

decomposed into 10 dimensions (PCA is a bidimensional plot). We analysed 

the contribution of each “dimension” to the PCA composite plot (Figure 5.21A, 

“Scree plot”). We observed that around ~50% of the variance observed in 

either in the young or adult group can be explained in the first two dimensions 

(Figure 5.21A). Then, we identified which morphological parameters 

contribute to the “dimension 1 and 2” in each group (Figure 5.21B, “Corrplot”). 

We identified that compactness, surface, length and volume of motor endplate 

and pre-synaptic nerve terminal contribute to the variation in dimension 1 and 

2 in the young group. Similarly, the variation observed in the adult group is 

similar to the young group, except for motor endplate shape factor. Thus, NMJ 

shape in either young or adult mice is given by the same morphological 

parameters. 
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Figure 5.21. Scree and corrplots of young and adult mice using NMJ 
analyser. Morphological parameters, except Hausdorff distance and motor 

nerve fragmentation, were input to categorize NMJ according to age of mice. 

A) scree plots of the contribution of dimension to the PCA plot. B) contribution 

of each morphological parameter in each dimension. The parameters belong 

to all mutant strains. If the variation of a dimension is explained by multiple 

morphological parameters, lighter their blue intensity. If the variation in a 

dimension is explained by a single, or few, parameters, the intensity is higher. 

NMJs plotted: Total number of NMJs plotted: fully, N = 5302; partial, N=183; 

denervated, N=371. Plots were developed in R/RStudio. Dim = Dimension. 

“Red” refers to motor endplate and “gr” to pre-synaptic NMJ. 

Young Adult Total 

Young 

Adult 

Total 

A B 
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We have successfully demonstrated that NMJ shape is strictly related to the 

morphological parameters. During NMJ degeneration, structural changes are 

reported but it is still unknown whether this process is mutation-specific or a 

conserved degenerative process. Thus, we investigated whether distinctive 

mutant strains follow a similar pattern of NMJ degeneration. For this, we used 

mutant strains: FUSΔ14 and TDP43 M323K of 12 months of age, SOD1 G93A 

of 3.5 months of age and 1-month old Gars C201R mice (Figure 5.22.). The 

Scree plot for each strain demonstrated that dimension 1 and 2 explained 

>50% of the variation (Figure 5.22.). 
 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5.22. Scree plots of mouse mutant strains using NMJ analyser. 
Morphological parameters, except Hausdorff distance and motor nerve 

fragmentation, were input to categorize NMJ according to mutation. A = 1-

month old Gars, B = 3.5-month old SOD1 G93A, C = 12-month old FUSΔ14 

and D = TDP43 M323K of 12 months of age. NMJs plotted: Total number of 

NMJs plotted: fully, N = 5302; partial, N=183; denervated, N=371. Plots were 

developed in R/RStudio. “Red” refers to motor endplate and “gr” to pre-

synaptic NMJ. 
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Overall, we found that the morphological parameters that contribute to the 

biggest changes in the NMJs, that is dimension 1 and 2” are similar in 

distinctive mutant strains. Interestingly, those parameters contributed to the 

overall NMJ shape in similar degree. Those morphological parameters in 

dimension 1 are: compactness, shape factor, length (or skeletal length), 

surface and volume for the motor endplate and nerve terminal in all mutant 

strains (Figure 5.23, dimension 1). Interestingly, compactness seemed to be 

a more important morphological contributor to the NMJ shape in FUSΔ14 and 

TDP43 M323K mice (Figure 5.23, dimension 2).  
 
Parameters located in dimension 3-5 contribute in small degree to the overall 

NMJ shape (Figure 5.23, dimension 3-5). However, they may be the first to 

change when mutation occurs. Coverage and IoU (intersection of pre- and 

post-synaptic NMJ) contributed to the overall NMJ shape although in small 

degree in dimension 3 and 4 principally (Figure 5.23, dimension 3-4). Finally, 

NMJs presented a relatively conserve pattern of NMJ degeneration, 

regardless of disease-state, NMJIS and age of mice. 
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Figure 5.23. NMJ from distinctive mutant strains degenerate similarly. 
Morphological parameters, except Hausdorff distance and motor nerve 

fragmentation, were input to categorize NMJs according to mutation.  NMJs 

from 3.5-month old SOD1 G93A, 12-month old FUSΔ14 were plotted.  Dim = 

Dimension. “Red” refers to motor endplate and “gr” to pre-synaptic NMJ. Plots 

were developed in R/RStudio. 

Gars C201R SOD1 G93A FUSΔ14 TDP43 
M323K 
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5.5.         Machine learning  
 

We collected NMJ morphological parameters to detect subtle structural 

changes and identify pattern of NMJ denervation. Then, we focused on 

whether NMJ innervation status can be detected automatically using NMJ 

analyser. Initially we divided our database into two: training set (80% of our 

database) and the testing model (20% of our database). The training dataset 

was used to identify the correct machine learning algorithm and predict the 

behavior of our database. We tested the NMJ analyser with five machine 

learning algorithms using the training dataset (Figure 5.24A). We observed 

that nonlinear “svm” and “rf” algorithms performed better scores using our 

database (Figure 5.24B). Then, we tested these two algorithms to make 

predictions about the NMJ innervation status using the testing dataset (20% 

of the dataset) (Figure 5.24 and 5.25.). We observed that svm algorithm gave 

better results with high degree of sensitivity and specificity for fully innervated 

and denervated NMJs (Figure 5.25., confusion matrix).  
 
We observed that SVM algorithm performed better with our sample set. 

Sensitivity and specificity to detect and predict denervated NMJs were 80% 

and 99% respectively. Similarly, sensitivity and specificity predictions of fully 

innervated NMJs were 99% and 60%. Finally, predicted partially innervated 

NMJs had a sensitivity of 0% and specificity of 100%. Overall, we concluded 

that machine learning approach using SVM algorithm is a promising method 

to for automatic NMJ analysis. 
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Figure 5.24. Algorithms for machine learning using NMJ analyser. A) 

dotplot of accuracy and kappa value for five machine learning algorithms. lda 

= Latent Dirichlet allocation; cart = classification and regression trees 

algorithm; knn= K-nearest neighbors algorithm; svm= Support vector machine 

and rf = Random forest algorithm. Kappa is an interrater variability parameter. 

Number of resampling =100 to refit our database model. Plots were developed 

in R/RStudio. 
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Figure 5.25. Confusion matrix using svm algorithm. Confusion matrix was 

performed on the 20% of the dataset (testing dataset or testing model) using 

the svm algorithm. Confusion matrix predicts NMJ innervation status with high 

confidence. svm= Support vector machine, Kappa is an interrater variability 

parameter. Number of resampling =100 to refit our database model. Plot was 

developed in R/RStudio. 

 
 
 
 
 
 

 



 201 

5.6. Conclusions 
 

We have developed a robust and sensitive automatic method, “NMJ analyser” 

to extract NMJ morphological features and identified their innervation status. 

This is the first time that an automatic method for NMJ analysis and 

identification of NMJIS has been developed. 

 

• NMJ analyser captures morphological features of motor nerve and 

pre-synaptic nerve terminal. 

• Morphological parameters can be used to cluster NMJ population from 

mice of various age, carrying distinctive mutations and different 

disease status. 

• Subtle changes in motor nerve compactness were observed in the 12-

month old FUSΔ14 and TDP43 M323K mice. 

• Gars C201R mice showed structural changes in the motor endplate 

and pre-synaptic axon 

• Synergy of subtle morphological changes impact the NMJ shape 

• Machine learning can differentiate between genotype and NMJ 

innervation status. 
 

5.7. Limitations 
 

In chapter 5, we developed a novel and automatic method for NMJ analysis 

named “NMJ-Analyser”. We evaluated NMJ-Analyser using three ALS mouse 

models (SOD1 G93A, FUSΔ14 and TDP43 M323K) and a CMT2D strain (Gars 

C201R). NMJ-Analyser is a reliable method but falls short in the following 

aspects. 

- NMJ-Analyser requires python for proper functioning. Python is a common 

programming language but it is sometimes unknown in the biology field. 

Thus, an evaluator requires some programming knowledge to use NMJ-

Analyser. We will tackle this by providing a detailed manual/tutorial of how 
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to run NMJ-Analyser in the repository 

“https://github.com/alanmejiamaza/NMJ-analyser.git.”. 

 

- The duration of analysis using NMJ-Analyser is strictly dependent on the 

computer capacity. Using an average computer, a set of images per 

experiment (~10,000 raw images) may take overnight. If using a compute 

cluster, NMJ-Analyser output can be obtained in minutes. 

 

- We used a machine learning approach to predict NMJ innervation status. 

Using the machine learning approach, we obtained low sensitivity (overall 

~75%) but high specificity (overall ~90%) when predicting the NMJ 

innervation status. This result can be partly explained by the low number 

of partial and denervated NMJs compared to fully innervated. Both the 

partial and denervated NMJs were ~15% of total NMJs analysed while the 

remaining were fully innervated NMJs. 

 

- The output of NMJ-Analyser required deep statistical knowledge. It is 

preferable to use R/RStudio to compute statistical analysis and to plot the 

data in various ways. For instance, the p-value obtained had to be 

adjusted due the large number of NMJs analysed. When comparing two 

populations, it is suggested to draw violin plots and use the Wilcoxon rank-

test followed by a p-value adjustment method. If normalization is required, 

we recommend using the cumulative distribution function following by a 

Kolmogorov Smirnov test to compare WT and mutant genotypes. 

 

- Some parameters of NMJ-Analyser output were validated using a 

commercial software, for example, for the volume, length and coverage of 

nerve terminal and motor endplate. These three parameters are the basic 

functions for further morphological identification of objects. For instance, 

the volume and surface corresponded to a 3D rendering of the individual 

images, the length was obtained using the skeletonize function 

(centrelines of an object) and the coverage is a mathematical relation 
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between nerve terminal and motor endplate. Thus, other parameters like 

shape factor and compactness were based on the 3D rendering and 

skeletonize functions. We believe that NMJ-Analyser picked subtle 

changes reliably because the basic parameters were validated and the 

other parameters were based on the basic functions. 

 

- It is preferable to use R/RStudio to compute statistical analysis and to plot 

the data in various ways. For instance, the p-value obtained has to be 

adjusted due the large number of NMJs analysed.  

 

- NMJ-Analyser is dependent of the quality of the staining. If the staining 

varies across a single batch, the values assign to the NMJs may be 

incorrect. Thus, the examiner needs to be careful when inputting the 

images. 

 

- Post-processing images (see Appendix 2) is a very important step to 

identify potential errors in the output of NMJ-Analyser. We observed that 

NMJs separated by less than ~15-20"m were not adequately recognised 

as a single entity by our pipeline, leading to incorrect assignment of values 

(for example, two motor endplates that are physically close can be 

assigned as one). We suggest that every image should have less than 10 

NMJs. 
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Chapter 6. Discussion 
 

6.1. Background  
 

In this study we have completed the phenotyping of the FUSΔ14 mice. We 

analysed the CNS and peripheral muscle pathology in the FUSΔ14 strain. 

Furthermore, we developed an automatic method to analyse NMJs in a high 

throughput manner. We evaluated automatically a number of morphological 

features in NMJs and their innervation status in mouse models with various 

degrees of disease. 

 

Currently, NMJ innervation status is obtained manually with sometimes 

obscure and poorly explained counting method. Thus, the development of a 

faster, unbiased and automatic method to evaluate NMJs is of great 

importance in the neuromuscular field. 
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6.2. CNS pathology in the FUSΔ14 mice  
 

Brain pathology 
The heterozygous FUSΔ14 mice of 18 months of age presented a mild 

phenotype with ~20% spinal motor neuron loss and motor aberrations (Devoy 

et al., 2017). However, besides the pathology observed in the hindlimbs and 

spinal motor neurons, we did not find significant changes in the population of 

CSMNs and glial cells in the motor cortex of the 18-month age FUSΔ14 mice. 

Furthermore, size of CSMNs and glial cells in the 18-month age FUSΔ14 mice 

did not deviate significantly from WT littermates.  

 

The transgenic ΔNLS-FUS mouse model with endogenous level of mutant 

FUS protein had motor cortex pathology (Shiihashi et al., 2016). This ΔNLS-

FUS strain of 12 months of age had reduced number of NeuN+ neurons in the 

prefrontal cortex associated with prominent gliosis (Shiihashi et al., 2016).   

 

Interestingly, the ΔNLS-FUS mice were developed in C57BL6/J and 

expression of mutant FUS was under control of a Thy1 promoter. Our FUSΔ14 

mice, on the other hand, were developed in C57BL6/N background and the 

mutant FUS protein is under the control of endogenous Fus promoter (Devoy 

et al., 2017). Our FUSΔ14 mice, like the ΔNLS-FUS strain, have a truncated 

NLS-domain (Devoy et al., 2017). Besides these two mouse models 

expressing mutant FUS proteins at endogenous level, the pathology found in 

both strains may arise from the gain of function of the human FUS protein 

(Shiihashi et al., 2016; Devoy et al., 2017). However, the pathology observed 

in the FUSΔ14 mice was primarily observed in the spinal cord and peripheral 

muscles but not in the brain, while the ΔNLS-FUS phenotype was prominent 

in the brain cortex. 

 

The mouse model overexpressing the WT human FUS protein had motor 

cortex pathology (WT hFUS strain) (Mitchell et al., 2013). This heterozygous 

strain presented perinuclear hFUS inclusions in the motor cortex although 
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hFUS did not colocalise with ubiquitin (Mitchell et al., 2013). Our FUSΔ14 

strain had mutant FUS mislocalization in the spinal motor neurons only (Devoy 

et al., 2017). Interestingly, no gliosis was observed in the motor cortex in the 

WT hFUS strain (Mitchell et al., 2013). Similarly, the transgenic FUS-R521C 

and FUS-R521G mice presented dendritic and synaptic defects but no loss of 

CTIP2+ neurons (Qiu et al., 2014). However, these ALS mice overexpressing 

WT human or mutant FUS mouse strains had prominent spinal motor neuron 

loss associated to gliosis reaching up to 60% in the WT hFUS strain (Mitchell 

et al., 2013). Knock-in FUS mouse with CTIP2+ neuron loss has not been 

reported. 

 

Overall, these results suggested that motor cortex pathology is observed when 

the phenotype is strong and accompanied by motor deficits, as observed in 

some transgenic ALS-FUS mouse models. Furthermore, Fus is a dose-

sensitive gene giving a stronger phenotype when two alleles are mutated 

(Mitchell et al., 2013; Scekic-Zahirovic et al., 2016; Devoy et al., 2017).  

 

Spinal cord pathology 
The importance of the role(s) of oligodendrocytes in ALS has arisen recently 

(Ferraiuolo et al., 2016; Philips et al., 2013; Philips and Rothstein, 2014). The 

FUSΔ14 strain is similar to the FUSΔNLS mice: both express mutant protein 

at endogenous levels, both are regulated by mFus promoter and develop 

progressive ALS-like phenotypes in heterozygous state (Scekic-Zahirovic et 

al., 2016; Devoy et al., 2017). However, the heterozygous FUSΔNLS mice 

expressing endogenous level of mutant protein presented an increase of 

oligodendrocyte population in the white matter of the spinal cord associated 

with ubiquitin aggregates but not P62 (Scekic-Zahirovic et al., 2017). However, 

our FUSΔ14 mice of 18 months of age had no significant changes in 

oligodendrocyte population in the white nor grey matter of the spinal cord. 

Furthermore, we did not find statistical difference in the P62 or ubiquitin 

aggregates in surviving spinal motor neurons (Devoy et al., 2017). 

Interestingly, the FUSΔNLS had reduced mRNA in myelin-related genes while 
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FUSΔ14 presented alteration in genes related to mitochondrial and ribosomal 

functions (Devoy et al., 2017; Scekic-Zahirovic et al., 2017).  

 

These results suggested that the two ALS-FUS mouse models carrying a very 

similar FUS mutation might lead to a phenotype in only one of them. Intrinsic 

mice strain variabilities and genome manipulation may explain this difference 

in genotype. The FUSΔNLS mice presented alteration in myelin-related 

proteins while the FUSΔ14 strain had alteration in ribosomal and mitochondrial 

proteins (Scekic-Zahirovic et al., 2016, 2017). 

 

Oligodendrocyte pathology has been reported in human ALS-FUS (Mackenzie 

et al., 2011). Mackenzie et al. found that FUS inclusions were present in 

oligodendrocytes, not in astrocytes or microglia, in post-mortem brain tissue 

of ALS-FUS patients (Mackenzie et al., 2011). Oligodendrocyte alterations 

have been also reported in non-ALS-FUS human patients and SOD1 G93A 

mice (Kang et al., 2013; Philips et al., 2013). The SOD1 G93A mice presented 

degeneration of oligodendrocytes in the grey matter of the spinal cord 

associated with poor maturation process (Kang et al., 2013). Post-mortem 

spinal cord tissue from sporadic ALS patients had oligodendrocyte inclusions 

positive for TDP43 protein (Philips et al., 2013).  

 

Overall, FUS aggregates can be observed in oligodendrocytes regardless of 

the human ALS type. The FUSΔNLS mice had an increased population of 

oligodendrocytes in the white, but not grey, matter with no protein aggregates 

associated (Scekic-Zahirovic et al., 2017). In human ALS-FUS, however, 

oligodendrocytes presented FUS inclusions (Mackenzie et al., 2011). 
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6.3. Muscle pathology in the FUSΔ14 mice  
 

Muscle fibretyping 
Muscle fibretyping has been classically performed with an ATPase 

histochemical reaction (Schiaffino and Reggiani, 2011; Talbot and Mavez, 

2016). However, this method can only differentiate between slow type I and 

fast-twitch fibres. Thus, the fibretype IIa, IIx and IIb are not evaluated 

individually (Schiaffino and Reggiani, 2011). We investigated muscle 

fibretyping following an immunohistochemical approach to detect specific fibre 

I, IIa, IIx and IIb type. 
 
We studied the fibretype composition in the TA, EDL and soleus muscle from 

FUSΔ14 mice of 3, 12 and 18 months of age. At 3, 12 or 18 months of age, 

we did not observe significant changes between fibretype composition in the 

fast-twitch (EDL and TA) or slow-twitch muscle (soleus). These results 

suggest no changes in fibretype composition in the FUSΔ14 mice regardless 

the stage of disease. Interestingly, deficits in axonal transport of endosomes 

was not present in the FUSΔ14 mice of 3, 12 or 18 months of age (Sleigh et 

al., 2019).  

 

The total number of fibres in EDL muscle in the heterozygous knock-in 

FUSΔNLS mice did not differ significantly from WT littermates (Picchiarelli et 

al., 2019). Similarly, the knock-out FUS mice of 1 month of age did not have 

significant differences in the total number of fibres of TA muscle when 

compared to WT littermates (Picchiarelli et al., 2019). Interestingly, motor 

endplate numbers were reduced in the heterozygous knock-in and knock-out 

FUSΔNLS mice (Picchiarelli et al., 2019). The knock-in FUS mice expressing 

human mutant FUS P525L, but not FUS R521C, presented reduction in the 

TA fibre diameter at end-disease stage only (Sharma et al., 2016).  

 

These results suggested that neither a single copy of the truncated FUS 

protein nor a complete knockout of the mouse Fus gene is sufficient to lead to 
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muscle fibre depletion in mouse EDL and TA muscles. However, atrophy of 

the muscles or reduction in the muscle fibres area can be observed as an early 

clue of muscle degeneration. 

 

Transgenic mice overexpressing human WT FUS presented muscle atrophy 

in the end-stage of disease but no fibretype switching by immunostaining or 

histochemical staining were identified (Mitchell et al., 2013). TA and EDL 

muscle had reduced tetanic force, increased muscle relaxation and reduced 

motor units but only when two copies of human WT FUS were present (Mitchell 

et al., 2013). Similarly, the transgenic mice overexpressing human FUS 

R521G and WT FUS under the control of a CAG promoter presented 

Gastrocnemius muscle atrophy and pyknotic cells associated but no changes 

in fibretype composition were reported (Sephton et al., 2014). 

 

Based on the literature review, it has become apparent that fibretyping studies 

with respect to human ALS pathogenesis remain scarce. Furthermore, 

fibretyping has not yet been extensively investigated in ALS-FUS mouse 

models.  
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6.4. NMJ pathology  
 

Neuromuscular junction in the SOD1 G93A  
The SOD1 G93A mice have progressive and preferential denervation of NMJs 

in the fast-twitch muscle (Pun et al., 2006; Dupuis and Loeffler, 2009; Loeffler 

et al., 2016).  We carried out manual and automatic NMJ longitudinal analysis 

in the fast-twitch lumbrical muscle in the SOD1 G93A mice of 1, 1.5 and 3.5 

months of age. Significant changes in NMJIS were observed in the SOD1 

G93A mice of 3.5 months of age, the end-stage of disease. The fully 

innervated NMJs were reduced by ~50% in the SOD1 G93A strain compared 

to WT littermates. This result is supported by other studies where at least 

~50% of NMJ in fast-twitch muscles (medial gastrocnemius, TA and EDL) are 

denervated in the end-stage of disease of the SOD1 G93A mice (Frey et al., 

2000; Fischer et al., 2004; Schaefer, Sanes and Lichtman, 2005; Pun et al., 

2006; Vinsant et al., 2013b).  

 

Using manual NMJ analysis in the lumbricals, we did not observe obvious 

changes in the NMJIS of the SOD1 G93A mice of 1 and 1.5 month of age (1% 

and 3.5% denervated NMJs in 1 and 1.5 months respectively). Fischer et al. 

found that virtually all NMJ are fully innervated in the medial gastrocnemius 

and TA muscle of the SOD1 G93A strain of 28 days of age (Fischer et al., 

2004). Other studies have found significant changes in EDL in the SOD1 G93A 

strain (~8%) of 1.5 months of age (Kalmar, Edet-Amana and Greensmith, 

2012). Furthermore, Fischer et al. found ~50% of NMJs were in a denervation 

process (~40% denervated and 10% partial innervated) in gastrocnemius and 

TA in the SOD1 G93A strain of 47 days of age (Fischer et al., 2004). A possible 

explanation for this apparent difference in NMJIS found around 45 days is the 

muscle used in each study and the method of NMJ manual analysis.  
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This is the first time that a longitudinal analysis of NMJ morphology is 

performed in the SOD1 G93A mice. Comprehensive analysis of the 

morphological features of pre- and post-synaptic NMJ in the SOD1 G93A mice 

remain scarce.  

 

Automatic NMJ analysis showed that the pre-synaptic NMJ undergoes a 

greater degeneration process when compared to the motor endplate in the 

SOD1 G93A mice of 3.5 months of age.  We found significant reduction in 

various presynaptic key morphological parameters in the 3.5-month old SOD1 

G93A mice. For example, reduction in size of the pre-synaptic NMJ is 

associated with reduction in length, surface and shape factor. Taken together, 

the pre-synaptic NMJ undergoes profound morphological changes that lead to 

complete axonal retraction such as denervated NMJs in the 3.5-month old 

SOD1 G93A mice. Furthermore, the lumbrical muscles are an important and 

versatile muscle to study NMJs. 

 
Early structural changes in NMJs of FUSΔ14 and TDP43 M323K mice 
Neuromuscular junction in the FUSΔ14 mice 
Devoy et al. reported NMJ degeneration in lumbrical muscles in the 

heterozygous FUSΔ14 mice of 18 months of age (Devoy et al., 2017). The 

NMJ degeneration was accompanied by motor unit loss in EDL and motor 

neuron loss (~20%) at this timepoint (Devoy et al., 2017). The fully innervated 

NMJs were reduced to 58% compared to 85% in WT littermates (Devoy et al., 

2017). We decided to investigate earlier timepoints to detect subtle changes 

in NMJs of FUSΔ14 mice of 3 and 12 months of age. 

 

The FUSΔ14 mice of 3 months of age did not have significant morphological 

changes in the NMJs nor NMJIS. However, parameters describing the overall 

3D structure of the motor nerve, compactness and shape factor, were 

significantly reduced in the 12-month age FUSΔ14 mice. Reduction of 

compactness in the motor nerve may suggest an initial compartmentalization 



 212 

process. The shape factor, which describes the shape of an 3D object, may 

indicate a possible remodelling process in the motor nerve.  

 

Early loss in synaptophysin, a presynaptic protein, has been reported in the 

transgenic mice overexpressing human WT FUS, “hFUS mice” (Mitchell et al., 

2013; So et al., 2018). The homozygous hFUS mice presented reduction in 

synaptophysin staining at postnatal day 15 associated with significant increase 

of denervated NMJs (So et al., 2018). At P15, the hFUS mice did not have 

spinal motor neuron loss (So et al., 2018). Here we did not detect reduction in 

the staining of presynaptic markers but an alteration in the overall 3D shape 

of the motor nerve.  

 

We also detected a significant decrease in the NMJ coverage in the 12-month 

of age FUSΔ14 mice suggesting that the portion that is devoid of axonal nerve 

input in the motor endplate is bigger in the FUSΔ14 strain compared to WT 

littermates. Overall, these results may suggest an early remodelling process 

in the NMJ structure in the 12-month old FUSΔ14 mice. This is the first time 

that morphological changes are reported in an ALS-FUS mouse model. 

 

Neuromuscular junction in the TDP43 M323K 
The TDP43 M323K mice recapitulated some classical features of human ALS 

pathology including spinal motor neuron loss (Fratta et al., 2018). We 

investigated the NMJ innervation state in the lumbrical muscles in 

homozygous 12-month old TDP43 M323K female mice. We did not find 

significant changes in the NMJ innervation state in the 12-month old TDP43 

M323K animals. However, similar to the FUSΔ14 mice we detected significant 

reduction in the motor nerve compactness. The compactness in the motor 

endplate did not reach statistical significance (p-adjusted=0.08). 

 

Knock-in TDP43 Q331K mice carrying a mutation in the low-complexity 

domain did not have NMJ denervation at 5, 18 nor 23 months of age (White et 

al., 2018). However, heterozygous transgenic TDP43 Q331K mice with 
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mutations in the low complexity domain of TDP43 had NMJ denervation at 10 

months of age without staining changes in the pre-synaptic NMJ and motor 

endplate (Arnold et al., 2013).  

 

Interestingly, the homozygous transgenic TDP43 M337V mice with expression 

of mutant protein below endogenous levels had reduced motor endplate area 

at 9 months and NMJ denervation at 12 months of age (Gordon et al., 2019).  

 

NMJ remodelling is thought to be an event previous to NMJ dismantling 

(Rudolf et al., 2014; Willadt, Nash and Slater, 2018). NMJ remodelling is 

usually a cyclical process involving continuous protrusion and retraction of the 

motor nerve (Rudolf et al., 2014; Willadt, Nash and Slater, 2018). This 

remodelling process can be associated with increased in size (as protrusion), 

forming new branches in the motor nerve terminal, fragmentation and fold 

reduction of the motor endplate (Dupuis and Loeffler, 2009; Li, Lee and 

Thompson, 2011). NMJ dismantling is secondary to the remodelling process 

in aging and disease state (Rudolf et al., 2014; Slater, 2017). In ALS, NMJ 

dismantling can be associated with mitochondrial uncoupling in the nerve 

terminals (Loeffler et al., 2009; Dupuis and Loeffler, 2009).  

 
We did not find differences in NMJ innervation status between 12-month old 

TDP43 M323K and WT littermates. Thus, it is possible that NMJ remodelling 

is occurring in the TDP43 M323K strain, before changes of NMJ innervation 

status. The reduction of compactness in the pre-synaptic NMJ may be an early 

sign of NMJ denervation. It is the first time that this parameter is reported in 

an ALS-TDP43 mouse model. 

 
Neuromuscular junction in the Gars C201R 
We found a significant increase in the partially innervated NMJs from 

lumbricals in the Gars C201R mice of 1 month of age. Similarly, Sleigh et al. 

reported that Gars C201R mice of 1 month of age had a significant increase 
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in the partially innervated NMJ associated with poly-innervation process and 

reduction in motor endplate perforations (Sleigh, Grice, et al., 2014).  

 

We studied a number of morphological parameters in the NMJs from lumbrical 

muscles in the Gars C201R mice of 1 month of age. Motor nerve terminals 

and motor endplates in the Gars C201R mice of 1 month of age significantly 

changed when compared to WT littermates. Both NMJ components 

degenerated in similar degree. We observed for the first time that volume, 

surface and compactness decreased greatly in both NMJ components in the 

Gars C201R mice of 1 month of age. Sleigh et al. reported that Gars C201R 

mice of 1 month of age had no significant changes in the motor endplate area 

(Sleigh, Grice, et al., 2014). This apparent discrepancy may be due to the 

method used: Sleigh et al. analysed stack images while we studied the 3D 

structures of NMJ components (Sleigh, Grice, et al., 2014). The “stack 

approach” tends to normalize the NMJ area (or surface) leading to potential 

hiding of subtle changes in the object measured. The “stack approach “works 

mostly in cases where endplates face the plane of the analyser (en-face 

orientation). Thus, our approach represents a great opportunity to investigate 

NMJ structures more carefully. 

 

Interestingly, the shape factor and fragmentation are increased primarily in the 

pre-synaptic NMJ suggesting that a complete process of remodelling in the 1-

month old Gars C201R mice is occurring. No other study has quantified 

morphological changes in the NMJs of Gars C201R mice. 

 

Overall, NMJ analyser is able to detect subtle structural changes in either the 

motor endplate or motor nerve terminal before NMJIS is evident by eye. Thus, 

using NMJ analyser may help to identify earlier morphological changes 

occurring in the NMJs during disease state. Our method is based on a free-

programming language that can be improve to increase the range of 

parameters. Furthermore, our method analyses the 3D NMJ structure in a 

high-throughput and un-biased manner. 
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6.5. Integrated NMJ analysis in mouse  
models of neuromuscular diseases 

 

We have successfully demonstrated that NMJ analyser detects automatically 

and confidently a number of morphological parameters in ALS mice and a 

CMT2D mouse model. Using NMJ analyser, we identified early and subtle 

structural changes before manual NMJ analysis in the 12-month old FUSΔ14 

and TDP43 M323K mice. Importantly, NMJ analyser can be used to identify 

NMJs according to their innervation status. The population of denervated 

NMJs cluster separately from fully innervated NMJs regardless of the 

mutation. Thus, morphological data can be used to predict the NMJIS in an 

automatic, un-biased and systematic manner. Strikingly, using a machine 

learning approach we were able to identify NMJIS with a high level of 

accuracy, sensitivity and specificity. 

 

We used the manual NMJ analysis, the gold standard method, to identify 

NMJIS in ALS mice and CMT2D mouse model. SOD1 G93A were in early and 

late disease state, while the GARS C201R had a very mild phenotype, 

characterised by increased of almost exclusively partially innervated NMJs. 

Thus, using NMJ analyser we were able to find different clusters of NMJ 

populations where fully innervated and denervated NMJs are separated. 

Interestingly, NMJ analyser can differentiate between the NMJ population from 

the 12-month old FUSΔ14 and TDP43 M323K mice. The FUSΔ14 and TDP43 

M323K mice were in an initial process of NMJ dismantling without changes in 

the NMJIS. However, NMJ dismantling is a dynamic process and it is possible 

that intrinsic neuromuscular mechanism compensate initially the NMJ 

morphological changes (Slater, 2008).  

 

An important question remains unanswered: do the NMJ morphological 

changes lead to NMJ dismantling and then denervation? Currently there is no 

biological support for this statement. NMJ dismantling is thought to be the 

initial process of NMJ degeneration (Loeffler et al., 2009). More studies are 
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needed to find out whether NMJ morphological changes are enough to change 

quantal release of acetylcholine (Slater, 2008, 2017). Slater et al. has 

suggested that profound abnormalities in the NMJ folds may be associated 

with a reduction in the transmission efficacy (Slater, 2008).  The identification 

of pre- or post-synaptic proteins involved in the scaffold and NMJ size are of 

great importance to understand the initial process of NMJ morphological 

changes (Willadt, Nash and Slater, 2016; Slater, 2017). 

 

The NMJ analyser is a powerful tool to study NMJs comprehensively. 

However, it is time consuming particularly in the confocal usage. NMJ analyser 

requires a great computational power together with programming skills. Until 

recently, NMJ analysis was performed mostly manually impacting meta-

analysis, cross-study comparison using different mice mutation. We firmly 

believe that NMJ analyser is an efficient tool that can identified morphological 

features and NMJIS confidently and systematically. Overall, NMJ analyser 

demonstrated its superiority in analysing the NMJ morphology together with 

NMJIS. 
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6.6. Final conclusions 
 

We continued to analyse the phenotype of the FUSΔ14 mice and developed 

a novel automatic method for NMJ analysis. We investigated the effect of 

FUSΔ14 mutation on muscle fibretyping, corticospinal motor neurons and 

oligodendrocytes. NMJ analyser was developed to study morphological 

changes and NMJ status automatically using different mouse models of ALS 

and a CMTD2D mice. 

 

• The FUSΔ14 mutation does not lead to CSMNs and gliosis pathology 

in the motor cortex of the heterozygous FUSΔ14 mice. 

• The FUSΔ14 mutation does not lead to changes in the oligodendrocyte 

population and ubiquitin aggregates in the spinal cord of the 

heterozygous FUSΔ14 mice. 

• The FUSΔ14 mutation does not lead to changes in the fibretype 

composition of TA, EDL and soleus muscles along to 18 months of the 

heterozygous FUSΔ14 mice. 

• NMJ analyser detects multiple morphological parameters confidently 

and automatically. 

• NMJ analyser classifies NMJ according to their innervation status in a 

confident, automatic and systematic manner 

• NMJ morphological changes occur in a conserve manner regardless of 

the mutation. 

• NMJ analyser detects morphological changes before manual NMJ 

method. 

• Early NMJ remodelling occurs in the 12-month old FUSΔ14 mice and 

TDP43 M323K. 

• Gars C201R mice had NMJ morphological changes in the pre-synaptic 

nerve and motor endplate. 
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Appendix 1 
 

Parameters measured using NMJ 
analyser 
 
We have defined the following parameters for motor endplate (refers as “red”) 

pre-synaptic terminal (refers as “green or gr”). 

 
bounds_y, bounds_x or bounds_z 
Parameter referring to the longest dimension of the pre- and post-synaptic 

NMJ in the axis Y, X and Z respectively. It is also known as dimensions of the 

bounding box in the object to measure. 

 

cc-dist 
Parameter referring to the mean distance between connected components. If 

pre- or post-synapse is a unique and solid 3D object the cc-distred is 0. cc-

distred is an integer number (⩾ 1) if pre- or post-synapse consists of two or 

more fragments or components. 

 

cc-dist_0 
Parameter referring to the minimal size of connected components. We have 

defined as 75 voxels as the minimum size for a component of pre- or post-

synaptic NMJ. This parameter is required due to potential aggregation of 

fluorescence marker or false positive staining. 
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cc-dist_1 
Parameter referring to the maximal size of connected components. We have 

defined as 75 voxels as the maximum size for a component of pre- or post-

synaptic NMJ. This parameter is required due to potential aggregation of 

fluorescence marker or false positive staining. 

 

cc-dist_2 
Parameter referring to the mean size of connected components.  

cc 
Number of components in each pre- or post-synaptic NMJ. 

 

centre of mass_0 
Parameter referring to the centre of mass in Y axis. It is also known as centroid 

in an object with relatively uniform density. The centre of mass is the average 

position of the pre- or post-synaptic NMJ. 

 

centre of mass_1 
Parameter referring to the centre of mass in X axis. The centre of mass is the 

average position of the pre- or post-synaptic NMJ. 

 
centre of mass_2 
Parameter referring to the centre of mass in Z axis. The centre of mass is the 

average position of the pre- or post-synaptic NMJ. 

 
Compactness_0 
Parameter referring to the compactness of the object using dilated surface. It 

consists on adding voxels in the edge or boundaries of the pre- or post-

synaptic NMJ object. It is defined as (()*+ ,!"#$%&'!()*"+'"-) 
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Compactness_1 
Parameter referring to the compactness of the object using eroded surface. It 

consists on erasing voxels in the edge or boundaries of the pre- or post-

synaptic NMJ object. It is defined as (()*+ ,!"#$%&'!()*"+'"-) 
 
fragmentation or fragmentation index 
Parameter referring to the number of components or fragments observed in 

the pre- or post-synaptic NMJ object. It is defined as [1 − 1/22]. When the pre- 

or postsynaptic NMJ is integer, the fragmentation is 0.  

 

mean_intensity 
Parameter referring to the mean intensity of pre- or post-synaptic NMJ object. 

Mean intensity parameter ranges from 0 (black) to total 255(white). 

 

shape_factor_0 
Parameter referring to the shape of the pre- or post-synapse object 

independent of their size. Shape factor_1 was calculated dividing the surface 

of the equivalent sphere of pre- or post-synapse object by the number of 

components on the surface.  

 
shape_factor_1 
Parameter referring to the shape of the pre- or post-synapse object 

independent of their size. Shape factor_1 was calculated dividing the surface 

of the equivalent sphere of pre- or post-synapse object by count of faces on 

the surface.  

 
shape_factor_2 
Parameter referring to the shape of the pre- or post-synapse object 

independent of their size. Shape factor_1 was calculated dividing the volume 

of pre- or post-synapse object by the number of elements on the surface. 
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skeleton_length 
Parameter referring to the length of the pre- or post-synaptic NMJ. It is defined 

as the major distance between two axes of the object. 

 

surface_0 
Parameter referring to the inner surface of the pre- or post-synaptic NMJ. It is 

defined as the number of voxels belonging to the internal border. 

 
surface_1 
Parameter referring to the inner surface of the pre- or post-synaptic NMJ. It is 

defined as the number of voxels belonging to the internal border. 

 
surface_2 
Parameter referring to the external surface of the pre- or post-synaptic NMJ. 

It is defined as the number of voxels belonging to the external border. 

 
surface_3 
Parameter referring to the external surface of the pre- or post-synaptic NMJ. 

It is defined as the number of voxels belonging to the external border. 

 
surface_dilated_0 
Parameter referring to the surface of the pre- or post-synaptic NMJ. It is 

defined as the count of voxels from the dilated surface. 

 

surface_dilated_1 
Parameter referring to the surface of the pre- or post-synaptic NMJ. It is 

defined as the count of voxels from the eroded surface. 

 
Volume_0 
Parameter referring to the voxels of pre- or post-synaptic NMJ. It is defined as 

the count of voxels from the 3D volume. 
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Volume_1 
Parameter referring to the 3D volume of pre- or post-synaptic NMJ.  

 

IoU  
Parameter referring to intersection or overlapping of pre- and its post-synaptic 

NMJ.  

 
ave_dist 
Parameter referring to the average distance between the pre- and post-

synaptic NMJ.  

 
haus_dist 
Hausdorff distance between the pre- and post-synaptic NMJ. Hausdorff 

distance is defined as the closeness measure when comparing binary images, 

or its portion after optimal alignment in an Euclidian metric system. 

 

n_intersection 
Parameter referring to intersection or overlapping of pre- and its post-synaptic 

NMJ. It is defined as the count of intersection voxels. 

 
Coverage* 
Parameter referring to the relation of post-synaptic NMJ volume “covered” by 

the nerve terminal. It is defined as: 

	

2456*786 = (:4;<=6 >*6(?@7A+B2>4(+(?@7A+B2) ∗ 100 

 

*  

Coverage is a mathematical function between pre- and post-synaptic 

structures to evaluate how this relation evolves during NMJ pathology. NMJ-

morph uses the same mathematical definition but in maximum intensity 

projection (2D) NMJs. 
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-  Coverage is not NMJ overlapping (motor endplate occupancy). Three-

dimensional overlapping is more accurate as a measure of innervation 

status. Defining a fixed cut-off for every NMJ innervation status (for 

example, fully, partial and denervated) and correlating it to the 3D 

overlapping data would be an accurate measurement of occupancy. 3D 

overlapping has not been described yet. 

 

-  Changes in the NMJ innervation status (for example, 

fully⇾partial⇾denervated) are usually associated with decrease of either 

the pre- and/or post-synaptic structures. Coverage would be a good 

predictor of NMJ innervation status if a decrease of pre-synaptic synapse 

were observed alone during degeneration. Thus, if the volume of both 

NMJ structures is reduced in similar fashion, the coverage may remain 

constant. 

 

-  Coverage obtained from 3D structures correlates to innervation status only 

when the degree of degeneration is relatively high (>20%). Coverage may 

not a good predictor for subtle changes in NMJ innervation status. 

 

-  NMJ-analyser has defined the area of intersection (or intersection over 

union, IoU) between pre- and post-synaptic volume. IoU refers to the 

extension of the intersection or overlapping of the motor endplate by the 

nerve terminal. This parameter is slightly more sensitive than coverage 

but insufficient to predict NMJ innervation status confidently. 

 

-  We have observed that nearly ~12 parameters of pre- and post-synapse 

NMJ are promising to detect/predict the NMJ innervation status. This can 

be confirmed by Machine Learning when a large amount of well-defined 

NMJ innervation status data are available. 
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Appendix 2 
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Workflow of image morphological analysis using NMJ Analyser.  

Pre-processing (step 1)  

Morphological analysis of neuromuscular junctions requires images to be in 

an adequate format for pre-processing. Images required for automatic analysis 

must meet the following inclusion criteria:  

 

1) a single batch should contain both wildtype and mutant samples.  

2) In a single batch, no significant differences should occur in the mean 

fluorescence intensity (MFI) between slides containing wildtype samples. 

Thus, this will avoid the analysis of poorly stained sections within a batch. 

When comparing different batches, a method of normalization should be used 

that is based on the MFI of wildtype samples.  

3) NMJs can be clearly separated one from another. We observed that NMJs 

separated by less than ~15-20"m were not adequately recognised as a single 

entity by our pipeline, leading to incorrect assign of values (for example, two 

physically close motor endplates can be assigned as one). We suggest that 

every image should have less than 10 NMJs.  

4) NMJ staining should be strong enough that their morphological 

characteristics can be detected using a minimum threshold of 50. Ideal 

thresholding cut-off value is ~60.  

5) Stain precipitates can be wrongly assigned as an “NMJ structure” if they 

match the size/volume of an average NMJ. We have added a minimum and 

maximum size of objects to be analysed as well as a post-processing 

correction step, to avoid analysis of incorrect structures.  
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6) Z-stacks where the full structure of NMJs were captured can be analysed. 

If an NMJ is not complete, it could be avoided later in the post-processing step. 

Pre-processing (step 2)  

We input single raw images of pre- and post-synaptic NMJs. Every segment 

of the pre- and post-synaptic NMJ is assigned with a position in the 3D 

Euclidean space. Then, we used a concatenation algorithm to identify the 

correct physical position of NMJ structures. This step is crucial for identifying 

NMJs as individual entities. These steps are performed automatically. 

Processing (step 3)  

Thresholding is a cut-off step of intensity to define and differentiate the staining 

of NMJ structures from background. We recommend a minimum threshold of 

50. A binary step was performed to “convert” pixels to binaries “1” and “0” for 

automatic quantification. Pixels assigned values of “0” were part of the 

background, while those which are “1” were part of the structure of interest.  

 

Eroded and dilatation approaches are the most basic and common method for 

image analysis. The eroded and dilatation approaches are used to define the 

border of an object; thus, pixels are removed or added to the border of an 

object, respectively. The approach consists of finding neighbouring pixels with 

maximum (“1” for dilatation) and minimum values (“0” for erosion) and defining 

the border of an object. These approaches were used to obtain the exact 

size/volume of NMJ structures. These steps are performed automatically. 
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Measurement (step 4)  

Morphological features are captured for individual pre- or post-synaptic 

neuromuscular junctions and for parameters involving in interactions between 

these two components. The complete list of morphological parameters can be 

found in Appendix 1. 

 

Post-processing (step 5)  

NMJ analyser gives a large dataset that needs to be carefully analysed. Post-

processing is required to validate NMJ Analyser output using Volocity and ITK-

SNAP viewers. Volocity is a commercial software used to validate volume, 

length and surface parameters for each pre- or post-synaptic NMJ structure. 

It was also used to identified the NMJ innervation status.  

NMJ-Analyser assigns every pre and post-synaptic NMJ with a 3D position in 

the Euclidean space (X, Y, Z coordinates, step 2). These coordinates, which 

are unique for every NMJ, are used to visually identify the structures previously 

identified with ITK-SNAP. As stated in step 1, we may observe stain 

precipitates or incomplete NMJs in an image, so we need to avoid them from 

further analysis. This step is also necessary to confirm whether NMJs that 

were closed are assigned values as individual entities. Thus, ITK-SNAP was 

used to match the 3D position of an NMJ or another structure and further 

analyse those that are of interest. This step is crucial to compare 

morphological NMJ values correctly. 

 


