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Abstract  

Although amyotrophic lateral sclerosis (ALS) typically presents in mid to late life, there 

is increasing evidence in patients and mouse models for a protracted preclinical period of 

motor neuron vulnerability and damage before clinical onset. We hypothesized that the 

seeds for the development of ALS may be sown shortly after conception and motor 

neuron vulnerability is induced in the perinatal period of life, leading to subsequent 

neuronal dysfunction and degeneration. The goal of this study was to identify the earliest 

gene expression patterns in the vulnerable lower motor neurons at very early and key 

developmental ages in the superoxide dismutase 1 (SOD1)G93A mouse model of ALS.  We 

have implemented and fully characterised HB9:GFP reporter mouse to unambiguously 

identify and isolate the spinal alpha motor neurons for transcriptomic profiling using 

RNA sequencing, pathway analysis and target validation.  

Isolation of HB9:GFP+  spinal motor neurons using FACS was employed at embryonic 

day 12.5 (E12.5), E17.5, postnatal day 3 (P3) and P8 in SOD1G93A mice and control 

littermates.  Purification of enriched motor neurons was only successful from E12.5 mice. 

At E17.5, P3 and P8 samples were enriched in glial cells. Gene expression profile of 

HB9:GFP+ spinal motor neurons from E12.5 SOD1G93A mice revealed significant 

dysregulation of RNA processing genes, consistent with key pathological pathways in 

ALS. Dysregulation of Gria2, an AMPA receptor subunit gene, implicated in Ca2+ 

mediated excitotoxicity was confirmed by real-time qPCR and immunohistochemical 

analyses in motor neurons from embryonic SOD1G93A mice and induced pluripotent stem 

cell lines of ALS patient carrying SOD1 mutations. We propose that dysregulation of the 

AMPA receptor may lead to mitochondrial pathology induced by increased Ca2+ influx 

and the intracellular increase of free radicals which confers an early susceptibility of 

spinal motor neurons to excitotoxicity in ALS.  

In summary, this study provides the first insights into gene expression profiles of motor 

neurons from SOD1G93A mice in utero. Importantly, our data identified dysregulation of 

RNA processing and the AMPA-mediated excitotoxicity receptor subunit as early as 

E12.5 which may account for an early, and likely a causal event in triggering selective 

motor neuron vulnerability in ALS, arguing for administration of early interventions 

using anti-excitotoxic therapeutic approaches in ALS.  
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1.1 Motor neuron disease  

Motor neurons (MNs) are critical for controlling and executing voluntary movements on 

which vertebrate life depends. These neurons convey electrochemical information from 

the motor cortex to skeletal muscles, allowing the organism to perform actions, including 

swallowing, walking, speaking and breathing. There are two main types of motor neurons 

based on the location of their cell bodies; (i) upper motor neurons (UMNs) that originate 

from layer V of motor cortex which project to the brainstem and spinal cord, and (ii) 

lower motor neurons (LMNs) that are located in the brainstem and spinal cord which 

project and innervate target muscles1. Motor neuron disease (MND) refers to a spectrum 

of neurodegenerative disorders that causes progressive loss of these motor neurons, 

leading to fatal paralysis 2.  

Based on the degree of UMN or LMN involvement, MND can be broadly classified into 

different variants. Patients exhibiting symptoms of both upper and lower motor neuron 

degeneration are diagnosed with amyotrophic lateral sclerosis (ALS) 2. Motor neuron 

disorders with purely UMN degeneration signs without affecting LMNs are termed as 

primary lateral sclerosis (PLS), while degeneration of purely LMNs without UMN signs 

are classified as progressive muscular atrophy (PMA; Figure 1.1). PMA and PLS are rare 

variants of MND. 

 

 

 

 

Figure 1.1 Spectrum of motor neuron disease.  
PMA and PLS constitute the ends of a spectrum of LMN and UMN involvement 
respectively. Intermediate phenotypes are considered to be different clinical variants of 
ALS.  

 

 

 

 

ALS PMA PLS LMN-predominant UMN-predominant 
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1.2 Amyotrophic lateral sclerosis  

ALS was first reported by the French neurologist Jean-Martin Charcot in 1869, hence 

initially this disease was known as Charcot’s sclerosis 3.  ALS is also known as Lou 

Gehrig’s disease in the United States named after the famous baseball player, stricken 

with ALS in the 1930s. ALS is adult-onset disease, characterised by the progressive 

degeneration of UMNs and LMNs that results in fatal paralysis. There are no effective 

treatments or cure for ALS to date. However, Riluzole is the only approved drug capable 

of slowing progression and in subset of patients, may increase survival by an average of 

3-18 months. Recently, Edaravone has also been shown to slow disease progression in a 

subgroup of ALS patients, without impacting survival 4,5. 

1.2.1 Clinical features of ALS 

While the hallmark of ALS clinical features is UMN and LMN signs, there is significant 

clinical heterogeneity in patients. This clinical heterogeneity results from variability in 

the anatomical site of symptom onset, age of onset and rate of disease progression.  

The degeneration of UMNs results in classic clinical ALS features of impaired voluntary 

movement, increased muscle spasticity and brisk reflexes. In contrast, loss of LMNs is 

manifested by muscle denervation leading to weakness, fasciculations and atrophy 6. 

LMN involvement can be diagnosed using electrophysiological tests. Assessment of 

UMN symptoms currently relies on clinical examination and utilization of high-

resolution imaging 7,8. 

In 75% of patients, the manifestation of ALS starts with asymmetrical weakness in a limb, 

referred to as spinal-onset ALS. In about 20% of patients with ALS, the weakness starts 

in bulbar muscles, with dysarthria, dysphagia and tongue fasciculations, leading to slow 

and highly dysfunctional speech and swallowing, often accompanied by the accentuation 

of emotional reflexes 9 (Figure 1.2). The remaining patients have a concurrent onset of 

spinal and bulbar dysfunction 10. 

Additionally, approximately 50% of ALS patients present with cognitive deficits, while  

15% of patients develop frontotemporal dementia (FTD) 8,9,11. FTD primarily affects the 

frontal and temporal lobes of the brain, these areas of the brain are generally associated 

with personality, behaviour and language. In FTD, the loss of cortical neurons in the 

frontal and temporal cortices causes the symptoms 12. 
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Figure 1.2 Involvement of upper and lower motor neurons in ALS. 
UMNs (green circles) are located in the motor cortex and LMNs (orange circles) are 
located in the brainstem and spinal cord. The degeneration of UMNs and LMNs result in 
classic clinical ALS features which are listed. Modified from Swinnen and Robberecht, 
2014 9. 
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1.2.2 Epidemiology of ALS 

ALS affects around 5-6 per 100,000 people worldwide 13. ALS is generally more common 

in men than in women (3:2) with an overall lifetime risk of developing the condition 

1:350 for men and 1:400 for women 14. There is a wide range of age of symptom onset in 

ALS.  The average age of onset is approximately 65 years old based on most population-

founded studies (Figure 1.3). ‘Juvenile ALS’ refers to those with symptom onset before 

25 years of age, typically in association with a positive family history and slow 

progression. ‘Young-onset’ ALS refers to patients younger than an arbitrary cut-off age 

of 45 years old 15.  Median survival from symptom onset is 3–5 years. However, some 

variants of ALS demonstrate prolonged survival 16,17. Most epidemiological studies have 

shown a correlation between increasing age and ALS, but age alone is not sufficient to 

cause ALS.  

1.2.3 Aetiology of ALS 

The majority (~90%) of ALS cases are sporadic (SALS) in which disease occurs with no 

family history, and the cause of the disease is unknown. Sporadic ALS is considered to 

be a complex disorder, in which genetic, environmental factors and aging combine to 

increase the risk of developing the condition (Figure 1.4) 18,8. About 10% of ALS cases 

are inherited through families, known as familial ALS (FALS). FALS presents as a result 

of a mutation in one of several genes and largely as a dominant trait and frequently shows 

high penetrance. The clinical phenotype of FALS is virtually identical to that of the 

sporadic form of the disease.  
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Figure 1.3 Epidemiology of ALS. 
ALS onset peaks at age of 60-70 years old. ALS risk is higher in men than women. Image 
is adapted from Logroscino . et al, 2005 19. 
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Figure 1.4 Aetiology of ALS.  
ALS is an adult-onset disease. Prior to clinical symptoms, it is hypothesised that there is 
a susceptibility phase, when an individual is exposed to important risk factors including 
environmental contribution, genetic components and aging which can contribute to 
developing ALS. The Y-axis indicates the state of motor neurons health, with maximal 
health at the top and x-axis is burden of ALS risk factors. Clinical function rapidly 
declines after the onset of symptoms. The image is modified from Al-Chalabi .et al, 
201318. 
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1.2.3.1 Sporadic ALS 

Many environmental factors have been implicated in the development of SALS including 

the effects of viral infection, intense exercise, smoking, toxins, pesticides, and military 

service 20. Unlike the inherited factors that are expressed from birth, environmental 

exposure constantly changes and interacts with genes that cannot be traced easily. Hence, 

environmental risk factors for ALS are difficult to conclusively identify. However, one 

of the most convincing links to ALS may be dietary consumption of the neurotoxic amino 

acid β-methyl-amino-L-alanine (BMAA). BMAA is produced by cyanobacteria in the 

roots of Cycas micronesica 21 and is concentrated in cycad seeds. People of Guam 

traditionally consumed fruit bats that had ingested these cycad seeds, and as a 

consequence had a 50-100 times greater incidence of ALS compared to the rest of the 

world 21,22. Also, another convincing study on over 500,000 people revealed smoking 

cigarettes may double the risk of ALS 23.  

Although SALS is not inherited, studies have identified de novo mutations linked to the 

disease, suggesting genetic changes may be important in both inherited and sporadic 

forms of ALS. Four most common SALS-linked genes include SOD1 24, FUS 25, 

TARDBP 26, and C9ORF72 27,28 (Figure 1.5).  

1.2.3.2 Familial ALS 

The first genetic cause of ALS, was identified in 1993 through linkage analysis, affecting 

the gene, SOD1 gene. Since then, over ~50 additional genes associated with ALS have 

been identified which are listed (Table 1.1).  The most common FALS-linked genes are 

SOD1 24, FUS 25, TARDBP 26, and C9ORF72 27,28 (Figure 1.5). The following section 

describes an overview of major ALS-linked mutations. 
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Figure 1.5 Contribution of four main genes associated with ALS. 
The majority of ALS cases have an unknown cause (sporadic ALS; 90%). In 10% of ALS 
cases, disease is transmitted in families which is known as familial ALS. Mutations in 
SOD1 account for 20% of FALS cases. 
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Table 1.1 Monogenic causes of ALS. 
Gene name Gene Functional Processes % of 

FALS  
Reference 

SOD1 Superoxide dismutase 1 Antioxidant activity 20% 24 

ALS2 Alsin Cell division rare 29 

DCTN1 Dynactin Axon transport 1-2% 30 

SETX Senataxin DNA/RNA metabolism <1 % 31 

SPG11 Spatacsin Axon/ dendritic transport rare  32 

VAPB Vesicle associated 
membrane protein 2B 

Unfolded protein response, 
Ca2+ regulation 

<1 % 33 

ANG Angiogenin rRNA transcription 1% 34 

TARDBP TAR DNA binding protein 
43 

DNA binding, RNA 
processing, axon transport 

5% 26,35 

FUS Fused in sarcoma DNA/RNA processing 5% 25,36 

FIG4 Polyphosphoinositide 
phosphatase 

Membrane-bound 
phosphoinositides function 

<1 % 37 

OPTN Optineurin Autophagy, mitophagy <4 % 38 

ATXN2 Ataxin 2 Endocytosis, mTOR signalling <1 % 39 

VCP Valosin-containing protein Mitophagy 1-2% 40 

UBQLN2 Ubiquilin 2 Ubiquitin proteasome system, 
autophagy 

<1% 41 

SIGMAR1 Sigma non-opioid 
intracellular receptor 1 

Biogenesis of lipid, regulation 
of ion channels 

<1% 42 

CHMP2B Chromatin modifying 
protein 2B 

Endosomal trafficking <1% 43 

PFN1 Profilin 1 Actin polymerization <1% 44 

ERBB4 v-erb-b2 avian erythroblastic 
leukemia viral oncogene 

homolog 4 

Development and axon 
guidance 

<1% 45 

HNRNPA1 Heterogeneous nuclear 
ribonucleoprotein 

mRNA processing and 
splicing 

<1% 46 

MATR3 Matrin 3 Transcription <1% 47 

TUBA4A Tubulin Alpha 4a Microtubule regulation <1% 48 

ANXA11 Annexin A11 Calcium-dependent protein 
binding 

<1% 49 

C9ORF72 Chromosome 9 open reading 
frame 72 

Autophagy 20-40 
% 

27,28 

CHCHD10 Coiled-coil-helix Oxidative phosphorylation 2% 50 

SQSTM1 Sequestosome 1 Ubiquitin proteasome system, 
autophagy 

<1% 51,52 

TBK1 TATA-Box Binding Protein 
Associated Factor 15 

Autophgy rare 53 
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1.2.3.2.1 SOD1 mutation 

Mutations in Cu–Zn superoxide dismutase 1 (SOD1) account for approximately 20% of 

FALS cases and <1% of sporadic cases. To date, over 170 mutations across all five exons 

in the SOD1 gene have been identified 54. Most mutations are point mutations, however, 

several deletions, insertions and truncation have also been described 55. SOD1 is a 

ubiquitously expressed antioxidant enzyme that converts naturally occurring reactive 

oxygen species (ROS) superoxide radicals to molecular oxygen and hydrogen peroxide, 

thereby protecting cells from oxidative stress. Initially, it was assumed that mutations in 

SOD1 abrogated dismutase activity, thus inhibiting its protective role against oxidative 

stress. However, genetic knockout of SOD1 in mice did not cause overt motor neuron 

degeneration, thus the loss-of-function hypothesis was not favoured; instead, mutations 

in SOD1 may cause a toxic gain-of-function. Although the precise nature of this toxicity 

remains to be determined, evidence suggests that mutant SOD1- mediated toxicity may 

be associated with cytoplasmic aggregation of misfolded SOD1 55. Formation of these 

cytoplasmic inclusions leads to numerous defects including, oxidative stress, 

mitochondrial damage, endoplasmic reticulum (ER) stress, axonal transport failure and 

excitotoxicity. 

Several transgenic rodent models based on various mutant isoforms of SOD1 have been 

developed 56. The disease progression course is different depending on the nature of 

mutation and expression level of the SOD1 transgene. The most commonly used model 

was first developed by Gurney and colleagues in 1994 and it is based on the 

overexpression of human SOD1 containing a substitution of glycine (G) to alanine (A) at 

position 93 (SOD1G93A) 57. SOD1G93A mice recapitulate the clinical and pathological 

features of ALS and hence, it has been used reliably in many studies. Indeed, significant 

insights into ALS pathogenesis were gained by study of this mouse model. Postnatal day 

60 is commonly known as the pre-symptomatic stage in SOD1G93A mice when there is 

molecular dysfunction in motor neurons, but these mice do not show any clinical 

symptoms yet. SOD1G93A mice develop hindlimb tremor and muscle weakness around 90 

days of age (symptomatic stage) and die by 150 to 180 days of age  (end stage) with 

hindlimb paralysis 56 (Figure 1.6). Both sporadic and inherited SOD1-linked ALS are 

clinically indistinguishable and thought to share common pathological processes 58.  
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Figure 1.6 Time course of disease stages in SOD1G93A mice. 

Presymptomatic stage in SOD1G93A mice is P60 and P90 is the age of clinical onset. At 
P120, SOD1G93A mice develop complete hindlimb paralysis which known as the end stage. 
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1.2.3.2.2 TDP-43 and FUS mutations  

Mutation in the TARDBP gene encoding TDP-43, was first identified in 2008 26,35. 

Mutations in TDP-43 represent 3-4% of FALS cases. Later reports identified TDP-43 

mutations in >1% of SALS and FTD patients which suggest a pathogenic link between 

ALS and FTD. Soon after the discovery of mutations in TDP-43, FUS mutations were 

identified as a cause of 4% of FALS cases, 1% of SALS patients, and also FTD patients 
25,36.  Thus, TDP-43 and FUS mutations are a rare cause of ALS.  

TDP-43 and FUS share similar structure and functions. They both are nuclear proteins 

however, under disease conditions, they redistribute from the nucleus to cytoplasm. They 

both play a role RNA biogenesis and nuclear-cytoplasmic shuttling of RNA 59. 

Cytoplasmic TDP-43 inclusions are found in affected neurons in 97% ALS cases 60 and 

cytoplasmic FUS pathology is also widely reported in affected neurons in SALS 61. 

1.2.3.2.3 C9orf72 mutation 

A major breakthrough in ALS research occurred in 2011 with the discovery of 

hexanucleotide GGGGCC repeat expansions in the C9orf72 gene. C9orf72 repeat 

expansions were identified in ~40% of FALS patients, up to 4–8% of SALS patients, and 

in ~12% FTD patients. The vast majority of healthy individuals have ~11 hexanucleotide 

repeats in the C9orf72 gene. In ALS patients, the hexanucleotide expansion can be 100-

1,000s of repeats 27. Three potential, but non-exclusive, neurodegeneration mechanisms 

have been proposed for mutant C9orf72: (i) loss of function of the C9orf72 protein, (ii) 

toxic gain-of-function from sense and antisense C9orf72 repeat RNA foci or (iii) toxic 

gain-of-function from abnormally expressed dipeptide repeats (DRPs). DPRs most 

commonly form neuronal cytoplasmic inclusions which are positive for the ubiquitin-

binding protein p62 and negative for TDP-43 62. 

1.2.4 Mechanisms of ALS pathogenesis 

The discovery of causative gene mutations in FALS and generation of corresponding ALS 

models led to uncovering potential mechanisms underlying neurodegeneration in ALS. 

Despite ubiquitous expression of these mutant gene products, motor neurons are the most 

affected cells in ALS. The current pathogenic mechanisms implicated in ALS are 

summarised in Figure 1.7 (Figure 1.7) and described in detail below. 
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Figure 1.7 Summary of key pathological mechanisms implicated in ALS. 
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1.2.4.1 Protein misfolding and aggregation  

In SOD1-related FALS and SALS patients, mutant SOD1 proteins fail to fold correctly. 

Misfolded SOD1 accumulates and forms ubiquitinated cytoplasmic inclusions (protein 

aggregates) in motor neurons of these patients 63-65. Similarly, proteins encoded by rare 

ALS causative genes including UBQLN2 , OPTN , VCP and PFN1 are present in protein 

inclusions of FALS, as well as SALS patients 66. Accumulation of these ubiquitinated 

protein aggregates in motor neurons and surrounding glial cells in both the spinal cord, 

and brain regions including the frontal and temporal cortices and cerebellum is a 

prominent pathology of ALS 67. The exact mechanism which causes these ALS-linked 

misfolded proteins to aggregate is still unknown. 

TDP-43 forms the major component of ubiquitinated inclusions in FALS and SALS 

patients 60,68. Wild-type TDP-43 is found in aggregates within the cytoplasm of spinal 

motor neurons, hippocampal and frontal cortical neurons and glial cells in all SALS 

patients and the vast majority of SOD1-negative FALS patients 69,70.  In C9orf72-linked 

patients, distinctive intranuclear distinctive cytoplasmic inclusions derived from 

dipeptide repeats, SQSTM1 and UBQLN-positive cytoplasmic and nuclear inclusions 

have been shown 71. FUS-positive inclusions have been observed in mutant FUS-

mediated FALS and SALS patients, which are stress granules and are not TDP-43-

positive 72,73. Stress granules in FUS-mediated ALS, form due to aggregation of RNA-

binding proteins 74.  

In mutant SOD1 mouse models, misfolded SOD1 aggregates are found in both motor 

neurons, as well as astrocytes. Formation of aggregates occurs early in disease and 

increases during disease progression stages 75,76.  

1.2.4.2 Impaired protein degradation  

Motor neurons rely on two major pathways of protein degradation for removal of protein 

aggregates: the ubiquitin-proteasome system (UPS) and autophagy-associated lysosomal 

degradation. The UPS mostly enable the degradation of ubiquitinated and short-lived 

proteins, while the autophagy mechanism targets damaged organelles and long-lived 

proteins. Although the precise role of autophagy in the pathogenesis of ALS is still not 

well understood, multiple lines of evidence supports the fact that defects in autophagic 

flux may contribute to motor neuron degeneration in ALS 77. Several genes mutated in 

ALS encode proteins involved in autophagy, including mutations in TBK1, 
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SQSTM1/p62, OPTN, UBQLN2, VCP, and C9orf72, the most common genetic cause of 

ALS. In addition, increased levels of autophagy markers were reported in SALS and 

FALS post-mortem samples 78,79, which suggests that autophagy dysfunction represents 

an important pathogenic mechanism in ALS. 

In motor neurons of SOD1G93A mice, increased abundance and accumulation of 

autophagosomes are observed, suggesting impaired autophagy 80,81 and rationalising the 

use of autophagy enhancing agents in ALS. 

1.2.4.3 Excitotoxicity  

During glutamatergic neurotransmission, glutamate released from the presynaptic neuron 

activates ionotropic and metabotropic glutamate receptors. Activation of these glutamate 

receptors cause in Na+ and Ca2+ ions influx into the cell, leading to generation of an action 

potential. Excitotoxicity is the pathological process by which motor neurons degenerate 

due to excessive stimulation of glutamate receptors such as AMPA (a-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl-D-aspartate). Under normal 

conditions, intracellular Ca2+ level is tightly regulated, however, after excessive 

stimulation of glutamate receptors, destabilisation of intracellular Ca2+ homeostasis 

occurs. This activates a cascade of cytotoxic biochemical events, including activation of 

several enzymes, including phospholipases, endonucleases, and proteases such as calpain. 

These processes damage motor neuron structures, such as components of the 

cytoskeleton, membrane, and DNA through the generation of free radicals. Strong 

evidence for the role for excitotoxicity is that Riluzole acts as an anti-excitotoxic 

mechanism 82,83. Riluzole inhibits the release of glutamate by blocking voltage-dependent 

sodium channels on glutamatergic nerve terminals 84. Further evidence supporting the 

importance of excitotoxicity includes; individuals with ALS have raised levels of 

glutamate in their cerebrospinal fluid (CSF) 85 and hyperexcitability of both upper and 

lower motor neurons has been reported in ALS patients 86. 

AMPA receptors are composed of four subunits, GluR1, GluR2, GluR3, and GluR4. Only 

the GluR2 subunit is Ca2+ impermeable, while the other subunits are Ca2+ permeable. 

Motor neurons express lower levels of the GluR2 subunits relative to other types 87, which 

may render them more permeable to Ca2+ influx and thus, more vulnerable to excitotoxic 

injury. The impermeability to Ca2+ of GluA2-containing AMPA receptors is due to the 

presence of edited GluR2 mRNA resulting in the change of a CAG codon (Q) into a CGG 
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(R) codon. It was shown that the editing efficiency of GluR2 mRNA was reduced in the 

ventral grey matter of most ALS patients, suggesting GluR2 RNA editing failure may 

also contribute to excitotoxicity in ALS 87-89.  

1.2.4.4 RNA metabolism  

RNA processing is a highly complex and tightly regulated pathway in cells which 

includes RNA transcription, pre-mRNA splicing, editing, transport, translation, and 

degradation. Disruption RNA processing has been implicated broadly in ALS. Multiple 

ALS linked genes have been shown to be associated with RNA processing, including the 

RNA-binding proteins TDP-43 and FUS. Other implicated genes involved in RNA-

processing pathways in ALS, including C9ORF72, ANG, SETX, hnRNPA1, MATR3, and 

ATXN2. 

Within the nervous system, TDP-43 binds to >6,000 pre-mRNAs and affects the levels 

and splicing patterns of ∼600 mRNAs. ALS patient brain and spinal cord samples are 

characterized by the accumulation of cytoplasmic TDP-43 aggregates accompanied by a 

mislocalisation of nuclear TDP-43 within affected neurons and glia 90,91 which then cause 

dysregulation in expression of many genes. Similar to TDP-43, FUS is also a DNA/RNA-

binding protein and contain an RNA-recognition motif. FUS plays an important role in 

RNA processing and splicing regulation by directly binding to RNA25,48. Furthermore, 

RNA transcribed from C9ORF72 repeat expansions accumulates in RNA foci in 

C9ORF72 patient tissues and becomes toxic 92. The formation of RNA foci binds to RNA-

binding proteins, causes their mislocalisation and interferes with their normal function 93, 

resulting in the dysregulation of RNA processing 94.  

1.2.4.5 Oxidative stress and reactive oxygen species 

Mitochondria are the primary site for production of ROS. ROS are formed as a natural 

by-product of the oxygen metabolism of and have important roles in cell signalling and 

homeostasis 95. However, uncontrolled leakage from the mitochondrial respiratory chain 

during stress leads to a dramatic increase in ROS levels. ROS are highly reactive and can 

lead to chain of radical reactions that increase the risk of damage to biological molecules 

such as proteins, membranes and DNA in a living organism 96. Several studies have 

detected increased ROS levels in the spinal cord and CSF of SALS and FALS patients 
97,98. Oxidative stress has been shown to cause aberrant disulphide cross-linking and 
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subcellular localisation of TDP-43 99, as well as accumulation of FUS in the cytoplasm 
100. 

Increased levels of H2O2 and oxidative damage to proteins and DNA have also been 

widely observed in SOD1 transgenic mice 101. 

1.2.4.6 Mitochondrial dysfunction  

Mitochondria provide a powerhouse that drives adenosine 5’-triphosphate (ATP) 

production. In addition to providing energy for the cell, these organelles are also essential 

for Ca2+ homeostasis and the regulation of apoptosis 102. Mitochondrial dysfunction and 

oxidative stress are interdependent, with mitochondria being the major sites of ROS 

generation and themselves also highly susceptible to oxidative stress. 

Biochemical abnormalities and reductions in energy metabolism have been observed in 

both FALS and SALS patients 103. Impaired activities of respiratory chain complexes in 

skeletal muscle and spinal cords of ALS patients have been shown, in association with 

depleted energy metabolism 104. Abnormal mitochondrial morphology have been 

observed in muscle biopsies from ALS patients 105. Additionally, CHCHD10 gene 

mutations, can lead to loss of mitochondrial cristae junctions, impaired mitochondrial 

genome maintenance, and interfere with apoptosis by preventing cytochrome c release 
106. Although it is unlikely that mitochondrial dysfunction acts as a primary contributor in 

initiating ALS, defects in mitochondrial physiology may play a role in accelerating the 

pathogenic processes 107.  

Several animal models of ALS have also shown defects in the axonal transport of 

mitochondria, which could contribute to the axonopathy at the neuromuscular junction 

(NMJ) 108. Morphological and ultrastructural abnormalities such as enlarged, vacuolated 

mitochondria with inner membrane defects and aberrantly arranged cristae are among the 

earliest signs of spinal motor neuron pathology in SOD1G93A and SOD1G37R mice 109,110. 

Dysfunction of oxidative phosphorylation and impaired calcium buffering have also been 

reported in cortical and spinal motor neurons of mutant SOD1 mice 111. 

1.2.4.7 ER Stress 

The ER is responsible for protein synthesis, post-translational processing, and folding of 

newly synthesized proteins. ER stress occurs as a result of disturbed homeostasis and 

accumulation of misfolded proteins. To re-establish homeostasis, ER activates the 
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unfolded protein response (UPR) signalling pathway facilitate the ER-associated 

degradation of misfolded proteins 112. The UPR is activated by three main stress sensors, 

including PKR-like ER kinase (PERK), inositol-requiring transmembrane 

kinase/endonuclease (IRE1), and activating transcription factor 6 (ATF6) 113,114. If the 

UPR fails to restore cell integrity, cell death signalling cascades are activated and the cell 

undergoes apoptosis 115. Numerous ALS-related proteins chronically active the UPR, 

including ALS-associated mutant forms of SOD1 116, TDP-43 117, C9orf72 118, FUS 119, 

and VAPB 120. Upregulation of UPR signalling and increased levels of ER chaperones 

cell death signals has been identified in sporadic ALS post-mortem tissue121. 

Evidence of ER stress has also been largely reported as an underlying mechanism of 

motor neuron vulnerability and denervation in SOD1 mice 122. Upregulation of UPR prior 

to the onset of symptoms in SOD1 rodents, highlights the essential role of ER stress in 

pathogenesis. 

1.2.4.8 Axonal disorganization and disrupted transport  

Motor neurons extend long axons to reach their targets, hence they are highly dependent 

on axonal transport for communication between the synapse and the cell body, to 

transport cargos, and to remove cellular debris for degradation. To meet this requirement, 

neurons transport all necessary components for translation (e.g., mRNA, ribosomes and 

translation factors) to distal sites for local protein synthesis 123. The major components of 

axonal transport are proteins, kinesins and dynein/dynactin complexes that move cargos 

along microtubule networks. Dynactin subunit 1 (DCTN1) is the largest subunit of the 

dynactin complex and acts as the link between macromolecular complexes and 

microtubules, and orchestrates recruitment of motor complexes to the microtubule 

network at the distal end 124. DCTN1 was found to be downregulated in SALS patients, 

resulting in a lower protein expression 125, suggesting depletion of this protein could be 

involved in the pathophysiological process. Mutations in DCTN1 have also been reported 

in ALS patients 30,126, however, their role in motor neuron degeneration is not clear yet.  

Reduced anterograde 127 and retrograde axonal transport has also been reported in ALS-

linked SOD1 mutant models months prior to neurodegeneration 128,129, implicating axonal 

transport defects early in the disease cascade. 
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1.2.4.9 Non-cell autonomy in ALS  

In addition to pathological events occurring cell-autonomously within motor neurons, 

mounting evidence suggests an essential contribution of other neuronal and non-neuronal 

populations in the disease. In particular, neuroinflammation-related events, 

oligodendrocyte dysfunction and phenotypic changes in astrocytes may underlie major 

aspects of pathogenesis. Under normal conditions, glial cells provide nutritional and 

trophic support to motor neurons, but in ALS, they exacerbate neurodegeneration in a 

non-cell autonomous fashion. These role of microglia, astrocytes, oligodendrocytes and 

Schwann cells are described below. 

1.2.4.9.1 Microglia in ALS 

Microglia are the main immune cells of the central nervous system (CNS) and comprise 

~12% of all cells. They are often described as either resting (i.e., ramified) or activated. 

Activated microglia retract their cellular processes and transform into an ameboid 

morphology, in response to external stimuli induced by various pathological conditions, 

such as trauma or infection 130. Microglia secrete a variety of molecules such as glutamate, 

free radicals, and TNF-a which are toxic to motor neurons and oligodendrocytes 131,132. 

Microglial activation is also linked to neuronal apoptosis in several diseases 133. In post-

mortem brain and spinal cord of ALS patients, activated microglia and expression of 

proteins associated with immune function are increased in the CNS 134 . In particular, 

there is elevated transcript and protein expression of the monocyte chemoattractant 

protein-1 (MCP-1) in SALS and FALS patients spinal cord tissue and CSF 135 . MCP-1 is 

one of the key chemokines that regulates recruitment and infiltration of monocytes and 

macrophages into the CNS. 

In SOD1G93A mice, enhanced microglial reactivity and levels of pro-inflammatory 

cytokines such as TNFα in spinal cord have been reported which precedes muscle 

denervation 136. Microglial proliferation (microgliosis) is a hallmark of ALS from the 

symptomatic stage onwards 136. 

1.2.4.9.2 Astrocytes	in	ALS		

Astrocytes are supportive glial cells that perform multiple homeostatic functions in CNS. 

The contribution of astrocytes to the pathology of ALS is mediated by a combination of 

loss of homeostatic functions and/or toxic functions 137. In ALS astrocytes lose their 
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beneficial functions and gain harmful roles. They change their shape and molecular 

expression patterns and entering what is referred to as reactive or activated state 138.  

Astrocytes normally provide neurotrophic support to motor neurons by releasing factors 

including glial-derived neurotrophic factor (GDNF) and transforming growth factor β1 

(TGF-β1). Increasing the levels of these neurotrophic factors has been shown to confer 

neuroprotection in ALS models 137. Astrocytes are also important in controlling and 

reducing extracellular concentrations of glutamate. Excess glutamate at the synaptic cleft 

results in excessive firing of neurons, thereby increasing the influx of Ca2+, which can be 

toxic to neurons. Astrocytes regulate glutamate homeostasis through two major glutamate 

transporters, GLT-1/EAAT2 and GLAST/EAAT1, which are expressed almost 

exclusively by astrocytes. Reduction of functional astrocytic glutamate transporters has 

been proposed to contribute to glutamate excitotoxicity found in ALS patients 139-141.  

In SOD1G93A mice, selective deletion of mutant SOD1 from astrocytes slowed disease 

progression, but not disease onset, highlighting important involvement of astrocytes in 

ALS 142.   

1.2.4.9.3 Oligodendrocytes and Schwann cells 

Oligodendrocytes and Schwann cells are responsible for myelination of axons in the CNS 

and peripheral nervous system (PNS), respectively 143. Degeneration of oligodendrocytes 

and their precursors has been linked with demyelination in both SALS and FALS patients 
144. Additionally, TDP-43 and FUS aggregates have also been described in the cytoplasm 

of oligodendrocytes from both FALS and SALS cases 145.  

In SOD1G93A mice, oligodendrocyte loss in the spinal cord occurs before symptoms and 

importantly, before motor neuron loss, implying that oligodendrocytes are associated 

with disease onset. During disease progression, motor neurons axons are only partially 

myelinated in SOD1G93A mice and SOD1G93A rats 144,146,147. 
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1.3  Early pathophysiological events in ALS 

Despite extensive research into the identification of disease-causing gene mutations and 

pathophysiology of ALS, the precise sequence of events that trigger the disease cascade 

in motor neurons is poorly understood. Another important question for the field is when 

do these pathological events begin in ALS patients and mouse models? 

Eisen and colleagues recently proposed that motor neuron  vulnerability in ALS may be 

conferred in the perinatal period of life, even beginning at conception 148. They suggested 

that a combination of genetic, epigenetic and exogenous factors, coupled with metabolic 

and oxidative stress associated with early motor neuron  development and connectivity 

may render cell vulnerability, thereby increasing the risk of ALS later in life (Figure 1.8). 

Furthermore, Eisen and co-workers suggested that ALS is associated with genetic 

variants present from the time of conception where 60% of risk is genetically determined, 

and 40% a consequence of environmental factors 148. This section describes the earliest 

known preclinical evidence of motor neuron dysfunction in ALS patients and mouse 

models. 

 

Figure 1.8 Motor neuron vulnerability may begin from conception in ALS. 

Motor neurons are susceptible to many potential insults, including neuroinflammation, 
excitotoxicity, mitochondrial dysfunction, excessive oxidative stress and environmental 
risk factors during perinatal stages of life, which can render motor neuron s vulnerable to 
neurodegeneration later in life. Image adapted from Eisen et al., 2014 148.  
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1.3.1 Evidence of preclinical period in ALS patients 

Although ALS is adult-onset disease, there is mounting evidence that the disease process 

in ALS initiates much earlier in life.  Studies of presymptomatic mutant SOD1 carriers 

(i.e., those with a SOD1 gene mutation) have employed methods, such as transcranial 

magnetic stimulation (TMS) to evaluate the functional status of the UMNs in ALS. TMS 

is a non-invasive procedure that uses magnetic fields to stimulate neurons and assesses 

the functional integrity of the motor cortex and its corticomotoneuronal projections149. 

Both SALS and asymptomatic SOD1 carriers showed increased cortical excitability 3–

10 months in advance of symptom onset determined by TMS 150,151, suggesting cortical 

dysfunction may occur early in ALS pathophysiology (Figure 1.9A).  

Furthermore, motor unit number estimation (MUNE) has been used to evaluate LMN 

functionality, before symptom onset. MUNE provides an approximate number of motor 

neurons innervating a muscle or group of muscles. Although, cross-sectional studies 

suggested no differences between SOD1 carriers and various control groups 152,153, 

longitudinal studies have reported a reduced MUNE several months preceding onset of 

clinical symptoms154, suggesting that motor neuron dysfunction and loss precedes disease 

onset (Figure 1.9B).  
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Figure 1.9 Evidence of motor neuron dysfunction during the preclinical period in 
ALS patients. 
(A) Pre-symptomatic SOD1 mutation carriers exhibit cortical hyperexcitability detected 
by threshold tracking transcranial magnetic stimulation. The motor evoked potential 
amplitude, expressed as a percentage of compound muscle action potential (CMAP) 
response, is significantly increased in SALS and FALS. (B) A reduction in motor unit 
number estimates (MUNE) detected by electromyography (EMG) before clinical onset. 
Progressive results of one case showing reduced MUNE over time in relation to handgrip 
strength and power before the onset of symptoms. Images are adapted from Vucic .et al, 
2013 155 (A) and Aggarwal and Nicholson,  2002 156 (B). 
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1.3.2 Evidence for preclinical pathology in mouse models of ALS 

Although it is not feasible to test preclinical ALS abnormalities at the cellular level in 

ALS patients, there is evidence for substantial preclinical motor neuron abnormalities in 

SOD1G93A mice. SOD1G93A mice manifest overt symptoms at around 90 days of age. 

Hindlimb tremor and weakness can be clearly demonstrated by the loss of grip strength 

and rotarod deficits. At this age approximately 40% of spinal motor neurons have been 

lost 56,157. At P70, there is abnormal retrograde transport and axonal mitochondria 

transport in spinal motor neurons 158. At P60, mice show activation of apoptotic markers, 

including p38 MAP kinase, neuronal nitric oxide synthase, AKT MAP kinase, and 

caspase 3, as well as death-signalling cytokines. Moreover, degeneration of susceptible 

subtype of motor neurons (α-MN) 159 and subtle motor deficits can be detected 160. At P49, 

motor neurons display signs of DNA damage 161 and at P40, astrogliosis in the ventral 

horn and spinal cord can be detected 162. Upregulation of UPR-related genes and proteins 

can be detected at P32 and peaks at P38 122. P30 marks the onset of microglial and 

astrocyte activation 163, Golgi fragmentation 164, SOD1 aggregation in motor neurons 

soma and axons 165 and retrograde transport deficits in vivo. At P20, muscle denervation 

can be detected 162 and at P14, swollen and vacuolated mitochondria are observed in spinal 

motor neurons 166. ER stress-management pathways are upregulated as early as P5 in the 

more vulnerable spinal motor neuron subpopulations  122. Slice preparations cultured from 

brains and spinal cords of SOD1G93A at embryonic (E) day 17 also showed abnormal 

electrical properties of motor neurons and associated synaptic pathology and alterations 

in neural circuits, indicating early hyperexcitability ex vivo 166-170 (Figure 1.10). However, 

the molecular basis and mechanisms of pathological hyperexcitability in motor neurons 

remains unclear from these studies.  Gene expression profiling of susceptible motor 

neurons may provide important insights into this area. 
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Figure 1.10 Pre-symptomatic evidence for pathological abnormalities in SOD1G93A 
mice. 
Key pathological events occurring before the clinical onset (P90) in the SOD1G93A mouse 
are shown. Mito. = Mitochondria 
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1.4 Gene expression profiling studies in ALS  

High throughput gene expression analysis is a powerful approach for elucidating disease 

mechanisms. Gene expression profiling allows the detection of subtle homeostatic 

disturbances before they result in identifiable changes in morphology or pathology and 

have been applied in ALS research in a number of formats. In this section ALS gene 

expression profiling studies in human and mouse models are described.  

1.4.1 Human studies using bulk tissue 

Post-mortem human tissue samples are a valuable source for disease research. Several 

studies have been conducted to profile gene expression changes in ALS patients in a 

particular tissue (Table 1.2). However, there have been major concerns regarding RNA 

derived from post-mortem tissue for transcriptomic studies including; (i)  the result from 

these studies can only provide insights on end stage mechanisms in ALS; (ii) there are 

many variables relating to post-mortem samples such as, different stages of disease and 

cause of death, all of which can affect the expression of genes and significantly impact 

the findings of studies; (iii) poor quality of RNA, as RNA degradation occur as a 

consequence of cell death171. In addition, homogenized bulk tissues often fail to capture 

the complex heterogeneity of the nervous system in which mainly one neuronal 

population undergoes degeneration 172.  

Overall, human transcriptomics studies of bulk tissue identified different mechanisms 

involved in ALS, but because the tissue samples were collected from different stages of 

disease or anatomical location the findings were varied. Among them but the common 

pathways were related to protein processing, cytoskeleton dysfunction, apoptosis, 

oxidative stress and mitochondrial dysfunction. 
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Table 1.2 Key gene expression profiling studies in ALS patients using mixed-cell 

samples. 

Samples Method Tissue type Significant findings Reference 

4 ALS  

4 control 

Microarray 

 

Lumbar spinal 
cord  

Thioredoxin and glial brilary acid protein 
upregulated in ALS- other potential 
candidates were involved in antioxidant 
systems, apoptotic and neuroinammatory 
cascades  

173 

 

8 *SALS  

8 control 

Microarray Lumbar spinal 
cord (L3-L4) 

 

Ubiquitin proteasome system, oxidative 
toxicity, transcription, neuronal 
differentiation, inflammation. apoptosis, 
and lipid metabolism were upregulated 

174 

7 ALS (5 
SALS and 2 
+FALS)  

4 controls 

Microarray  Grey matter of 
lumbar spinal 
cord  

 

Mitochondrial function, oxidative stress, 
pro-inflammatory excitotoxicity, 
apoptosis, cytoskeletal architecture, RNA 
transcription and translation, protea- 
somal function, and growth signaling 

175 

5 SALS  

3 controls 

Microarray Medial lip of 
the motor 
cortex and 
adjacent 
sensory cortex  

 

Upregulated gene were involved in 
Excitotoxicity. down-regulated genes 
involved in antioxidant systems, 
inflammation, regulation of motor neuron 
function, lipid metabolism, protease 
inhibition, and protection against 
apoptosis  

176 

11 SALS  

9 controls 

Microarray Motor cortex  

  

Defence responses, cytoskeletal, 
mitochondrial and proteasomal 
dysfunction, reflect reduced neuronal 
maintenance and vesicle trafficking, and 
implicate impaired ion homeostasis and 
glycolysis in ALS 

177 

 

 

4 SALS  

4 control 

 

Microarray  

 

Spinal cord  

 

Lysosomal trafficking regulator (factor 
10), inflammatory reaction followed by 
demyelination, astrogliosis, and motor 
neuron apoptosis 

178 
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1.4.2 Cell-specific transcriptomic studies of human motor neurons  

Studies on mixed-cell samples are valuable but, in such studies, it is impossible to 

determine the exact contribution of an individual cell type. Different regions of the spinal 

cord or brain have specific functions that correspond to their cellular compositions. 

Within each region, there are many different neuronal types present. Furthermore, even 

among cells of a single cell type, functional differences depend on their projection targets 

or afferent input. Due to connective and complex networks in the CNS, the analysis of 

functional cell type specific levels is essential 179. Several approaches have been 

implemented to determine the gene expression profile of specific cells. In terms of ALS, 

most studies have used a laser capture microdissection (LCM) method (Table 1.3).  

To sum, common themes identified by cell-specific transcriptomic studies are mostly 

involved in motor neuron cell death pathways, including transcription, mitochondrial 

dysfunction, cytoskeleton and apoptosis. 

 

Table 1.3 Key motor neuron-specific gene expression profiling studies in ALS 
patients. 

Samples Method Tissue type Significant findings Reference 

14 SALS  

13 controls 

Microarray 

+ LCM* 

Motor neurons 
from lumbar 
spinal cord  

Cell death associated genes were 
upregulated, whereas genes categorized 
into cytoskeleton and transcription were 
downregulated 

180 

12 ALS  

10 controls 

Microarray 

+ LCM 

Motor neurons 
from lumbar 
spinal cord 

Upregulated cell-matrix adhesion 

 

181 

3 ALS with 
CHMP2B 
mutation  

7 controls 

Microarray 

+ LCM 

Motor neurons 
from cervical 
spinal cord  

Cytoskeleton, inflammation and protein 
turnover 

182 

3 FALS 
(SOD1 
mutations)  

5 control 

Microarray 

+ LCM 

Motor neurons 
from cervical 
spinal cord  

Programmed cell death-associated genes 
including phosphatidylinositol-3 kinase 
(PI3K) and AKT3 signalling cascade  

183 

* Abbreviation: LCM= Laser capture microdissection 
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1.4.3 Animal model studies using bulk tissue 

Although human CNS tissue samples can only be accessed at the end stage of ALS, 

animal models provide the opportunity for investigation of disease mechanisms during 

different progression stages, including the early preclinical phase. SOD1G93A mice are the 

most commonly used animal model for gene expression profiling studies in ALS. Table 

1.4 lists some early studies which examined gene expression of mutant SOD1 versus 

control mice at different stages of disease (Table 1.4). 

Since the type of animal model, age and tissue varied among the gene expression profiling 

studies, it is challenging to draw an overall conclusion of common disease mechanisms. 

However, similar to human studies, cell death signalling, oxidative stress and 

mitochondrial dysfunction continues to be involved in the ALS disease process. 

 
1.4.4 Cell-specific transcriptomic studies of animal models  

Attempts at resolving gene expression profiling data from whole tissue homogenate 

samples into independent contributions from constituent cell types are impossible and the 

results are always uncertain. Thereby, cell specific transcriptomics is crucial to 

understanding the gene networks that underlie cellular phenotypes in ALS. Combined 

laser capture dissection with microarray analysis of spinal motor neurons in SOD1G93A 

mice has been the most common method of gene expression profiling study in ALS 

(Table 1.5). 
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Table 1.4 Key gene expression profiling studies in mouse models of ALS using mix-
cell type tissue. 

Samples Method Tissue type Age Significant findings Reference 

SOD1G93A 

n = 3-5 

Microarray 

 

Lumbar spinal 
cord (L1-L5) 

P50, P77, 
P100, 
and P120 

 

 

P77-upregulation of genes 
related to 
inflammatory (TNF-a) glial 
activation, apoptosis-related 
gene expression 

P100 - caspase-3 activation 

184 

SOD1G93A 

n = 5-6/ only 
males 

Microarray 

 

Lumbar spinal 
cord 

 

P55 and 
P110  

P55- neurorestorative (Jab1) 
and early pathological 
(dynactin-5)  

P110- Oxidative stress and 
inflammation 

185 

 

SOD1G93A 

n = 3 /only 
females 

Microarray Lumbar spinal 
cord 

P30 and 
P90  

P30- no change 

P90- cell adhesion, immune-
inflammation response and 
lipid metabolism 

186 

SOD1G93A 

SOD1WT 

Non-Tg* 

n = 3-5 

Microarray 

 

 

Whole spinal 
cord 

G93A 
and non-
Tg: P30, 
P60, P90 
and 120  

 

SOD1WT 

P120  

P30, P60- negligible changes  

P90, P120- 
Neuroinflammation, metal 
ion dysregulation, and 
induction of scavenge 
pathways for protein 
catabolism and lipid 
mobilization 

187 

SOD1L126delTT 

n = 2 

Microarray Whole spinal 
cord 

P98 
P154, 
and P176  

P98- microglial activation 

P154-176- Crym, 
Hspb1/HSP27, Ctsh and 
Paip1 are related to the 
pathogenesis  

188 

SOD1G93A 

n = 
unknown  

Microarray Lumbar spinal 
cord 

 

P95, 
P108, 
and P122  

 

P95- 11 transcripts 

P108- 17 transcripts 

P122- 46 transcripts 
Upregulation of Wnt 
signaling components and 
target genes involved in 
growth regulation and 
proliferation 

189 

 * Abbreviation: Non-Tg= non transgenics 
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Table 1.5 Key cell-specific gene expression profiling studies in mouse models of ALS. 

Samples Method Tissue type Age Significant findings Reference 

SOD1G93A 

n = 5 

Microarray 
+ *LCM 

 

Lumbar spinal 
cord 

P40 and 
P80 

P40 and P80- Tight junction, 
antigen processing and 
presentation, oxidative 
phosphorylation, 
endocytosis, chemokine 
signaling pathway, ubiquitin 
mediated proteolysis and 
glutamatergic synapse 
(upregulated) 

190 

SOD1 G93A 
SOD1WT 
Non-Tg   

 

n = 3 / only 
male 

 

Microarray 
+ LCM 

 Lumbar 
spinal †MNs 

P60, P90 
and P120 

P60- upregulation of 
transcriptional and 
translational functions, lipid, 
carbohydrate metabolism, 
mitochondrial preprotein 
translocation, and respiratory 
chain function 

P90- upregulation of 
carbohydrate metabolism, 
whereas transcription and 
mRNA processing genes 
showed downregulation 

P120- Transcriptional 
repression, downregulation 
of transcriptional and 
metabolic function. 
Upregulation of complement 
system and cell-cycle 
regulation 

191 

 

SOD1G93A  

n = 3 / only 
male 

 

Microarray 
+ LCM 

Lumbar spinal 
cord MNs 

P60, P90 
and P 
120 

P60- small changes, 
upregulation of the gene 
coding for the intermediate 
filament vimentin. 

P90 and P120- de-regulation 
of only a few genes 
associated with cell death 
pathways; however, a 
massive upregulation of 
genes involved in cell growth 
and maintenance  

192 

SOD1G93A  

 n = 4 /only 
females  

Microarray 
+ LCM  

Lumbar spinal 
cord MNs and 
glial cells 

P56 - 
SOD1G93

A 

 

pre- 
symptom
atic 

protein modification, 
phosphorylation, muscle 
contraction regulation, stress 
responses, immune system 
and cell communication. 
Biomarkers identified, 
including Nefh, Prph and 
Mgll  

193 

SOD1G85R 
SOD1WT  
n = 2  

 

RNA 
sequencing 
+ LCM 

 

Spinal cord 
MNs  

P90  Neuronal cytoskeletal 
components, calcium 
metabolism, mitochondrial 
function, ion homeostasis, 

194 
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and cytoplasmic vesicle 
formation. 

 

RAT  

SOD1G93A 

SOD1WT  

Mice 

SOD1G93A   

SOD1G37RSO
D1WT  ,  

n = 3-4 

Microarray 
+ LCM  

 

Lumbar spinal 
cord MNs 

E14   

 

 

 P56 and 
P105 

E14- Only 12 genes were 
dysregulated   

P56-P105- dysregulation 
common to motor neurons 
expressing either dismutase 
active or inactive mutants 
was induction of neuronally 
derived components of the 
classic complement system 
and the regenerative/injury 
response  

195 

SOD1G93A Microarray 
+ LCM 

Lumbar spinal 
cord MNs 

P77 Inflammatory-related cell 
death-associated genes 
elevated. Downregulated 
genes included those 
associated with 
cytoskeleton/axonal 
transport, transcription, and 
cell surface 
antigens/receptors such as 
dynactin 1 Inflammatory-
related cell death-associated 
genes elevated. 
Downregulated genes 
included those associated 
with cytoskeleton/axonal 
transport, transcription, and 
cell surface 
antigens/receptors such as 
dynactin 1 

196 

 SOD1G93A-
fast  

SOD1G93A-
slow  

SOD1G85R 

n = 3 

Microarray 
+ LCM 

Lumbar Spinal 
cord MNs 

From 
P20, 
Longitud
inal 
study 

25–30 days before the 
earliest denervation, 
ubiquitin signals increased in 
both VUL and RES 
motoneurons, but an 
unfolded protein response 
coupled with microglial 
activation was initiated 
selectively in VUL 
motoneurons. This transition 
was followed by selective 
axonal degeneration and 
spreading stress. The ER 
stress–protective agent 
salubrinal attenuated disease 
manifestations and delayed 
progression, whereas chronic 
enhancement of ER stress 
promoted disease  

122 

 

SOD1G93A  

n = 4-5 / 
only male 

Microarray 
+ LCM 

MNs from 
lumbar spinal 
cord 

P40 and 
P80 
Spinal 
cord 

P40 SC- Cytoskeleton 
processes, with 14 genes (six 
down and eight upregulated) 

197 
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 Schwann cell 
from sciatic 
nerve. 

 

P60 
sciatic 
nerves 

P80 SC- Microtubule 
cytoskeleton (35 genes), 
cytoskeleton part (53 genes), 
actin cytoskeleton (16 genes), 
neurofilament cytoskeleton 
(three genes), and 
cytoskeleton (76 genes) 

P60 sciatic nerve- 
cytoskeleton process 
including, cytoskeleton (43 
genes), cytoskeleton part 
(101 genes), microtubule 
cytoskeleton (64 genes), and 
cytoskeleton (146 genes) 

SOD1G93A 
rapid 
SOD1G93A 
slow  

n = 4 

Microarray 
+ LCM  

Lumbar spinal 
cord 

MNs 

Four 
stages of 
the 
disease 
(presymp
tomatic, 
onset, 
symptom
atic, end 
stage) 

Fast and slow progressor 
mouse strains at disease 
onset- response to stress’, 
upregulation of genes related 
to immune system processes, 
as well as neuroprotective 
signalling pathways 
controlled by ANG and 
NRF2 

198 

* Abbreviation: LCM= Laser capture microdissection, † MN = motor neurons 

 

 



  Chapter 1 

 35 

1.5 Hypothesis and aims 

Despite multiple lines of evidence in patients and mouse models for preclinical ALS, to 

date no studies have interrogated gene expression in motor neurons during the critical 

period of early motor neuron development, preceding 20 days of age in mice. Importantly, 

the majority of gene expression profiling studies of bulk tissue and isolated motor neurons 

in ALS have either been performed in post-mortem human tissue with end-stage 

pathology or adult mice with clinical and subclinical pathology. Thereby, gene expression 

profiles of motor neurons in SOD1G93A mice during early stages of development remain 

unexplored. 

We hypothesize that the seeds for the development of ALS may be sown shortly after 

conception and motor neuron vulnerability is induced in the perinatal period of life, 

leading to subsequent neuronal degeneration. Therefore, we propose to profile gene 

expression of motor neurons from embryonic and early postnatal SOD1G93A mice to 

provide novel insights into the earliest pathogenesis in ALS. Four critical time points: 

embryonic day (E) 12.5, E17.5 and postnatal day (P) 3, and P8 were selected. To 

definitively identify and isolate vulnerable motor neurons population in the spinal cord, 

HB9:GFP mice 199 were implemented and fully characterised throughout the 

developmental ages. HB9:GFP motor neurons were purified using FACS and RNA 

sequencing was used to profile the transcriptomes of motor neurons isolated from wild-

type and SOD1G93A mice. RNA-seq is a highly sensitive approach to determine subtle 

changes in gene expression. The specific aims of each chapter are outlined: 

 

Aim 1. Characterising the specificity of GFP labelled motor neurons in the HB9:GFP 

reporter mouse line throughout development. 

Aim 2. To characterise motor neuron transcriptome at key embryonic and early postnatal 

ages in SOD1G93A mice to determine when does the earliest transcriptional dysregulation 

occur. 

Aim 3. Identifying drivers and pathways of motor neuron vulnerability in SOD1G93A mice. 
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2 Chapter	2:	Characterising	Motor	Neuron	Labelling	

Specificity	in	Transgenic	HB9:GFP	Reporter	Mice	
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2.1 Introduction  

Motor neurons (MNs) control all voluntary muscle activity, allowing an organism to 

perform movements on which life depends on, including breathing. There are two main 

types of MNs based on the location of their cell bodies; (i) upper MNs that originate from 

the layer V of the motor cortex and (ii) lower MNs that are located in the brainstem and 

spinal cord 200.  

Spinal motor neurons can be classified into alpha (α), beta (β), and gamma (γ) motor 

neurons according to the muscle fibres that they innervate 1. Alpha motor neurons 

innervate extrafusal skeletal muscle fibres and drive contraction. Gamma motor neurons 

innervate intrafusal muscle fibres of the muscle spindle 201,202. Beta motor neurons 

innervate both intra- and extrafusal fibres 203. Alpha motor neurons are the most abundant 

class, and they can be further classified into 3 subtypes according to their physiological 

and molecular properties: (i) slow-twitch fatigue-resistant (S), (ii) fast-twitch fatigue-

resistant (FR) and (iii) fast-twitch fatigable (FF) 204,205.  

Motor neurons are essential for vertebrate life and they do not regenerate after their birth 
206. Therefore, degeneration of motor neurons leads to outcomes that are always severe 

and fatal. Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative 

disease which is characterized by degeneration of both upper and lower motor neurons. 

Most cases of ALS (∼90%) are sporadic, having no known genetic linkage. However, 

∼10% of cases are familial (FALS) 17. Mutations in SOD1 account for 20% of FALS 75. 

Transgenic mice expressing human mutant SOD1 show selective motor neuron 

degeneration, which recapitulates the pathology of ALS 207. In ALS, motor neuron 

subtypes degenerate at different rates during disease progression 208. FF-motor units 

undergo atrophy earliest in mutant SOD1 mice, 209 followed by FR-units, whereas S-

motor units are well preserved late into the disease process 208. Gamma motor neurons are 

the most resistant and die at the latest stages of disease 210.  

Currently, our knowledge of motor neuron development into different classes and also 

their susceptibility and resistance to degeneration in ALS is very limited. This lack of 

information is largely due to absence of any clear molecular markers of motor neuron 

diversity – fast- versus slow-twitch, α- versus γ- MNs. Retrograde labelling is often used 

to identify motor neuron subtypes in adult mice but cannot be readily applied in 

embryonic mice 211,212. Based on cell body anatomy, it is also well known that α-MNs 
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have larger cell bodies than γ-MNs 213. However, when cells size is affected by 

degeneration and atrophy, for instance during ALS disease process, this is also not a 

reliable method to distinguish motor neuron subtypes.  

In order to definitively identify spinal motor neurons in vivo, a transgenic mouse 

expressing GFP driven by the mouse promoter of homeodomain transcription factor 

(HB9) was generated (HB9:GFP) 199. Expression of HB9 is necessary for spinal motor 

neuron early development 214. HB9:GFP mice express GFP in spinal motor neurons which 

mimics the temporal expression pattern of endogenous HB9.  HB9:GFP mice therefore 

enable unambiguous identification and isolation of spinal motor neurons to track motor 

neurons in vivo.  However, despite nearly 2 decades since the generation of HB9:GFP 

mice, it is still unclear which subtype(s) of motor neurons express GFP in this reporter 

mouse.  This is an important question as spinal motor neurons are not equally vulnerable 

in ALS. Thereby, we aimed to comprehensively characterise GFP-labelled cells 

throughout development in the HB9:GFP transgenic mice. We employed an 

immunohistochemistry approach to carefully examine the molecular diversity of motor 

neuron markers in this reporter mouse, as early as embryonic (E) day 12. Here, we report 

that transgenic HB9:GFP mice reliably label a subpopulation of motor neurons, mostly 

likely spinal FF-α-MNs in vivo.  Importantly, this subpopulation of GFP-labelled spinal 

motor neurons is most susceptible to loss in a mouse model of ALS, thus validating 

HB9:GFP reporter mice as a valuable tool to study and unravel molecular mechanisms of 

selective neuronal vulnerable in ALS. 
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2.2 Materials and methods 

2.2.1 Animals  

All animal procedures were performed in accordance with the Australian National Health 

and Medical Research Council's published Code of Practice for the use of animals in 

research and were approved by the Florey Institute of Neuroscience and Mental Health 

Animal Ethics Committee (permit number: 16-026).  

The HB9:GFP mice (B6.Cg-Tg(Hlxb9-GFP)1Tmj/J, stock no. 005029) 199 and SOD1G93A 

mice (B6.Cg-Tg(SOD1*G93A)1Gur/J line; stock no. 004435; 

RRID:IMSR_JAX:004435) were obtained from the Jackson Laboratory (Bar Harbor, 

ME). 

Time-mated litters were generated overnight by crossing female HB9:GFP with a male 

HB9:GFP-SOD1G93A. The day of vaginal plug is considered as embryonic day 0 (E0) and 

embryonic day 0.5 designated following visualization of a vaginal plug the next morning. 

Both SOD1G93A and HB9:GFP colony were maintained on a C57BL/6 background at the 

Florey Institute of Neuroscience and Mental Health Core Animal Services (Melbourne, 

Australia) under standard conditions of 12-hours light/dark cycle with access to food and 

water ad libitum.  

2.2.2 Tissue processing 

2.2.2.1 Embryonic tissue  

Pregnant females were deeply anaesthetised with 3% isoflurane inhalation (Delvet, Seven 

Hills, NSW, Australia) and then administered sodium pentobarbital (11 mg/kg 0.1 ml, 

i.p.).  Embryos were collected at E12.5 and E17.5. Spinal cords were dissected out in cold 

Leibovitz's L-15 medium (Gibco; Cat# 11415064), using a dissection microscope (ZEISS 

Stemi 508). Neonatal lumbar spinal cords were drop fixed in 4% (w/v) paraformaldehyde 

(PFA) in 0.1 M phosphate buffer (PB) and picric acid at pH 7.2 for 2 h. 

2.2.2.2 Postnatal tissue  

Adult mice were deeply anaesthetised with 3% isoflurane inhalation, then administered 

sodium pentobarbital (11 mg/kg 0.1 ml, i.p.) and were perfused transcardially with 4% 

(w/v) PFA in 0.1 M PB and picric acid at pH 7.2 and lumbar spinal cords dissected out. 
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Both embryonic and postnatal spinal cords were then transferred to a 20% (w/v) sucrose 

in PB overnight. Samples were embedded in O.C.T. (Tissue-Tek, Sakura Finetek, USA) 

compound and snap-frozen in isopentane on dry-ice. Spinal cords were sectioned 

coronally at 20 μm and brains were cut at 40 μm using a cryostat (Cryocut 1800, Leica 

Microsystems, Heerbrugg, Switzerland) at -25°C on glass slides (Thermo Scientific; Cat 

# SF41296SP) in 1:10 series and stored at -20°C.  

2.2.2.3 Muscles tissue 

For neuromuscular junction analysis, gastrocnemius muscle was isolated, fixed in 4% 

(w/v) PFA for 10 min, washed in PBS, cryoprotected in 30% (w/v) sucrose in 0.1 M 

phosphate buffer (PB) until it sank, then frozen in OCT (Pro- SciTech, Queensland, 

Australia). Sections were then cut at 100 μm using a cryostat on glass slides (Thermo 

Scientific; Cat # SF41296SP) in series of 1:6. 

2.2.3 Immunohistochemistry 

The sections were rinsed with PBS and blocked with 10% (v/v) normal donkey serum 

diluted in PBS with 0.3% (v/v) Triton X-100 for 1 h. The sections were incubated 

overnight at room temperature with primary antibodies (listed in Table 2.1) diluted in 

PBS with 0.3% (v/v) Triton X-100 and 0.1% (v/v) normal donkey serum in phosphate 

buffer saline (PBS). On the next day, the sections were washed 3 times with PBS and 

blocked for 1 h, before being incubated with a secondary antibody for 2 h at room 

temperature. The sections were cover slipped using mounting medium (DAKO 

fluorescence mounting medium; Cat # S3023). The cover slipped slides were left to dry 

overnight in the dark at room temperature prior to imaging. 

2.2.4 Antibody characterization 

Antibodies used in this study are listed in Table 2.1. 
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Table 2.1 List of primary and secondary antibodies used. 

Target protein Host species Dilution Source;  

catalogue number 

Green fluorescent protein 
(GFP) 

Chicken Polyclonal 1:1000 Abcam; ab13970 

Choline Acetyltransferase 
(ChAT) Goat- Polyclonal 1:400 Millipore; AB144P 

Estrogen-Related Receptor 
gamma 3 (Err3) Mouse- Monoclonal 1:100 PPMX; PP-H6812-00 

Neuronal Nuclei (NeuN) Rabbit- Polyclonal 1:500 Abcam; ab104225 

Osteopontin (OPN) Goat- Polyclonal 1:250 R&D systems; AF808 

Matrix Metallopeptidase 9 
(MMP9) Rabbit Polyclonal 1:200 Abcam; ab38898 

α-Bungarotoxin Alexa 
Fluor™ 555 conjugate NA 1:500 Invitrogen™; B35451 

Neurofilament NF-M (2H3) Mouse- Monoclonal 1:13 DSHB; 2H3 

Synaptic vesicle 2 (SV2) Mouse- Monoclonal 1:50 DSHB; SV2 

Microtubule Associated 
Protein 2 (MAP2) Chicken- Polyclonal 1:500 Abcam; ab5392 

CTIP2 Rat- Monoclonal 1:400 Abcam; ab18465 

Alexa Fluor® 488 Donkey Anti-Chicken IgG 1:250 Jackson Immuno; 
703-545-155 

DyLight 550 Donkey anti-Goat IgG 1:250 Invitrogen; SA5-
10087 

Alexa Fluor® 647 F(ab')₂ Fragment Donkey 
Anti-Mouse 1:250 Jackson Immuno; 

715-606-151 

DyLight™ 405 Donkey Anti-Rabbit IgG 1:250 Jackson Immuno; 
711-475-152 
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2.2.5 Image acquisition and analysis 

Images were captured using a Zeiss Axio fluorescence microscope (Carl Zeiss AG, 

Germany) under 20X magnification. NMJs were observed under LSM 780 Zeiss confocal 

laser scanning microscope under 20X magnification with Z-stacked fields taken at 2 μm 

per step through 20 μm stack (i.e., 10 images stacked together).  

Lumbar spinal cords from HB9:GFP-SOD1G93A, and littermate control mice (HB9:GFP) 

were used to calculate; (i) Total number of GFP+, ChAT+, α-MNs, and γ-MNs  for each 

genotype; (ii) Percent of cells with co-localization of GFP+ and α-MNs (ChAT+ NeuN+ 

Err-) or γ-MNs (ChAT+ NeuN- Err+) at E17.5, P3, P8, P25, P60, P90 and P125; (iii) 

Somal size distribution of GFP+ cells, α- and γ-MNs at E17.5, P25 and P90. Motor 

neuron count was conducted through quantification of every second serial section using 

Zen Blue image analysis software (ZEN lite, Zeiss). A minimum of six to eight images 

were analysed per animal.  

For cell size measurement analysis, Zen Blue image processing software was used, and 

regions of interest were drawn around the largest cross-sectional area (LCA; containing 

the nucleoli) of every identified motoneuron.  

Signal intensity analysis was determined in Zen Blue software with 4 biological 

replicates. Motoneurons without visible nucleoli or with LCAs smaller than <300 μm 

were not included in analysis. To compare signal intensity between different samples, the 

images were taken at the same excitation light intensity, exposure time, and gain setting. 

Average of 120 motor neuron were analysed per animal and the mean value of the signal 

intensities from the individual motor neuron were used for statistical tests and scatterplot. 

Fluorescence intensity of tissue background was also measured in the same image 

examined that contained no cellular signals. For each motor neuron, we used the intensity 

value of OPN and MMP-9 subtracted by the intensity value of background signal. 

2.2.6 Quantification and statistics 

All quantitative data are represented as means ± SEM. GraphPad Prism 7 (GraphPad, 

USA) software was used for statistical analysis. Comparison of values for statistical 

significance between two groups were performed using unpaired student’s t test. 

Differences were considered statistically significant when P values were less than 0.05 
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2.3 Results  

2.3.1 GFP expression is restricted to spinal motor neurons in HB9:GFP  mice 

HB9:GFP transgenic mice express eGFP driven by the mouse HB9 promoter and have 

been extensively used as a motor neuron reporter line 199,202,215-217. GFP expression in motor 

neurons of this transgenic mouse was reported to overlap with HB9 expression from 

embryonic day 9.5 (E9.5) to postnatal day 10 (P10) 199. Here, we first confirmed spatial 

GFP distribution in the motor system of HB9:GFP transgenic mice using 

immunohistochemistry (IHC) within that time window (Figure 2.1). We have selected 

two representative ages, E12.5 as earliest age when motor neurons begin the functional 

maturation and P8 as an early postnatal age. 

At E12.5, GFP was prominently expressed along the entire length of spinal cord of 

HB9:GFP mice and was absent in the brain (Figure 2.1A-D). Cross-sections of spinal 

cord at E12.5 also confirmed GFP+ cells co-expressed NeuN and ChAT markers of spinal 

motor neurons, consistent with spinal motor neuron identity (Figure 2.1E-I). 

to identify the upper motor neurons in the layer V motor cortex at P8, Ctip2, a marker of 

layer V neurons in motor cortex and neuron-specific microtubule associated protein-2 

(MAP2) antibodies were used. In the postnatal brain, GFP expression was absent as 

expected (Figure 2.1J-P). GFP expression progressively decreased postnatally in the 

spinal cord and co-express specifically with ChAT and NeuN cells (Figure 2.1Q-U).  

These results confirm that GFP is selectively expressed by spinal motor neurons in 

HB9:GFP mice, consistent with previous reports 199,202. GFP expression is found not only 

in the motor neuron cell bodies but also in axonal terminals and dendritic processes. 

Thereby, we began investigating the specific identity of these GFP+ cells embryonically 

and postnatally using IHC.  
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Figure 2.1 HB9:GFP expression in brain and spinal cord at embryonic and early 
postnatal ages. 
(A-D) Sagittal and (E-I) transverse sections of HB9:GFP spinal cord at E12.5 labelled with GFP 
(green), ChAT; (red) and NeuN (blue). (J-P) A representative image from HB9:GFP mouse brain 
at P8, immunolabelled with GFP (green), MAP2 (red) and CTIP2 (blue). (Q-U) HB9:GFP 
expression in spinal cord labelled with GFP (green), ChAT (red) and NeuN (blue) at P8. Panel D 
scale bar, 200 μm; Panel K Scale bar, 100 μm; All other panels scale bars, 50 μm.  
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2.3.2 GFP+ cells show characteristics of α-motor neurons in transgenic HB9:GFP 

mice 

To identify motor neuron subtype specific identity of GFP+ cells in HB9:GFP reporter 

mice, we analysed key markers at E17, at P3, P8, P25, P60, P90 and P125 using IHC.  

The divergence between alpha and gamma motor neurons begin during embryonic stages 

after inactivation of the natural programmed cell death in motor neurons 218. MN natural 

cell death in mice starts from E11.5 in most rostral segments and spreads gradually with 

a peak occurring at E14 219. During the first weeks after birth, alpha and gamma motor 

neurons can be molecularly identified by the differential expression of specific markers. 

Alpha-motor neurons (a-MNs) were identified by high co-expression of both NeuN and 

ChAT (Figure 2.2, arrow). Gamma-motor neurons (γ-MNs) were identified using the co-

expression of ChAT and estrogen-related receptor gamma (Err3) and lack or weak 

labelling of NeuN (Figure 2.2, arrowhead). These markers are segregated only at post-

natal stages and are therefore do not participate in the early embryonic phase of alpha and 

gamma motor neuron divergence. Figure 3 illustrates the identification of GFP+, α- and 

γ-MNs in the lumbar spinal cord of HB9:GFP mice throughout development (Figure 

2.2A-F). We quantified the total number of GFP+, ChAT+, α- and γ-MNs throughout 

development and also quantified the percentage of α- and γ-MNs co-expressing GFP 

(Figure 2.2G-H).  

GFP was highly expressed in early development which interestingly persisted up to P125. 

The number of GFP+ motor neurons was notably reduced from E17 (43.2 ± 1.2 cells) to 

P3 (22.4 ± 2.6 cells). However, the number of GFP+ motor neurons remained consistent 

at P8 (18 ± 1.8 cells), P25 (17.7 ± 0.3 cells), P60 (14.6 ± 2.8 cells), P90 (15 ± 0.5 cells), 

and P125 (17 ± 1.8 cells). In contrast, the number of ChAT+ motor neurons were lower 

at E17 (17 ± 1.6 cells) compared to all postnatal ages, consistent with ChAT being a 

marker of mature motor neurons. Numbers of ChAT+ motor neurons were stable 

throughout postnatal development (Figure 2.2G). Total number of α- (NeuN+Err-) and 

γ-MNs (NeuN-Err3+) were stable embryonically and postnatally.  

Quantification of GFP co-expression with α- and γ-MN markers indicated that GFP was 

predominantly expressed by 91 ± 5.6% of α-MNs (NeuN+Err3-) throughout development 

(E17, 94%; P3, 94%; P8, 87%; P60, 80%; P90, 89%; P125, 95%). In contrast, GFP was 
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only co-expressed in 45 ± 7% of γ-MNs (NeuN-Err3+) at E17 which was depleted to 

approximately 5% ± 2.5% postnatally (Figure 2.2H).  

Overall, GFP expression in spinal cords of transgenic HB9:GFP mice mainly occurred in 

α-MNs, supporting this model as an α-MN reporter.  These findings were next confirmed 

by analysis of cell soma size differences. 
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Figure 2.2 Characterization of motor neuron subtype identity of GFP+ cells in spinal 
cords of transgenic HB9:GFP mice. 
(A-F) Representative transverse section of lumbar spinal cord triple stained with anti-
GFP (green), anti-ChAT (red) and anti-NeuN (blue) at E17, P3, P25, P60, P90 and P125. 
α-MNs (ChAT+ NeuN+ Err3-) and γ-MN (ChAT+ NeuN- Err3+), are indicated by 
arrows and arrowheads respectively. (G) Quantification of total number of α- and γ-MNs, 
ChAT, and HB9:GFP motor neurons throughout development. (H) Percentage HB9:GFP 
motor neuron that co-express with α- or γ-MNs. n = 3-4 biological replicates; 8-10 
histological sections analysed per experimental animal. Values are mean ± SEM. Scale 
bars, 50 μm. 

 

2.3.3 GFP+ cells show somal size distribution consistent with α-MNs in HB9:GFP 

mice 

We next measured and compared the soma size of GFP+ cells, α-MNs, γ-MNs throughout 

the lifespan of HB9:GFP transgenic mice (n > 100 cells; the largest cross-sectional area). 

Three time points were examined (E17, P25 and P90) which correspond to different 

stages in development from embryonic, early postnatal and adult mouse.  

At E17, cell size distribution analysis revealed that the majority of GFP+ cells were small 

with a somal area of 227 ± 156 µm2, compared to both α- and γ-MNs with somal areas 

of 361 ± 171 µm2 and 269 ± 88 µm2, respectively (Figure 2.3A-B), suggesting a 

subpopulation of GFP+ motor neurons that may not be fully mature (ChAT+) yet.  

At P25, GFP+ cell soma area was 945 ± 330 µm2, similar to α-MNs (950 ± 309 µm2). 

However, γ-MNs cell size was 419 ± 150 µm2 (Figure 2.3C-D). A similar, but more 

notable variation between somal area of γ-MNs (410 ± 177 µm2) and GFP+ cells (952 ± 

265 µm2) was observed at P90. However, α-MN somal area (903 ± 273 µm2) overlapped 

with GFP+ cells (Figure 2.3E,F). 

Overall, these results confirm that GFP+ cells display cellular characteristics consistent 

with α-MNs with ChAT and NeuN expression and lack of Err3. Additionally, GFP+ cells 

exhibit cellular morphology similar to α-MNs, but not γ-MNs. To further explore which 

subtype(s) of α-MNs express GFP, we examined Osteopontin (OPN) and Matrix 

metallopeptidase 9 (MMP-9) expression. OPN is a molecular marker expressed by FR- 

and S-type α-MNs (so called “slow”), while MMP-9 is FF-MN marker 220 (so called 

“fast”). 
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Figure 2.3 Anatomical characterisation of GFP+ motor neurons in lumbar spinal 
cord of HB9:GFP mouse. 
Distribution of cell body size of HB9:GFP (green), α- (red) and γ- (blue) motor neurons 
(MNs) at (A-B) E17, (C-D) P25 and (E-F) P90. Gaussian curves were fit to represent 
each population (solid lines). Average mean (m) size and standard error of mean (SEM) 
for each group are indicated above the graph.  n = 3 biological replicates. 8-10 histological 
sections analysed per experimental animal. 
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2.3.4 GFP+ cells conform to FF-type α-MNs in spinal cords of transgenic 

HB9:GFP mice 

Previous studies have shown that OPN is a potential marker expressed by FR- and S- type 

α-MNs 221,222, while MMP-9 is expressed by FF-type α-MNs 220. Hence, IHC analysis of 

OPN and MMP-9 was conducted to determine the α-MN subtype identity of GFP+ cells 

in HB9:GFP mice at P8, P25, P60 and P90 (Figure 2.4). These markers are segregated 

only at postnatal stages and are therefore unlikely participate in the early phase of alpha 

divergence, therefore P25 timepoint was used as representative.  

OPN and MMP-9 were clearly segregated among GFP-positive motor neurons (Figure 

2.4A), which could be classified into four groups based on their OPN and MMP-9 

fluorescence intensities (As described previously 223 ) (Figure 2.4B). More than 56% ± 

7.2 of GFP-positive cells were OPN-low/MMP-9-high (FF-MNs) in HB9:GFP transgenic 

mice at P25 (Figure 2.4C). Less than 9.5% ± 2.1 corresponded to OPN-high/MMP-9-

low (FR or S motor neurons) and OPN- high/MMP-9-high 15% ± 4.8 (remodelled S or 

FR motor neurons), while 19% ± 6.1 were OPN- low/MMP-9-low (gamma-MNs) 

(Figure 2.4C). 

To sum, GFP positive cells express high MMP-9 and low OPN, similar to FF type α- 

motor neurons. To confirm this, crossing HB9:GFP with SOD1G93A mouse model of ALS 

will enable us to identify susceptible motor neurons throughout disease progression 

stages. 
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Figure 2.4 Co-localization of OPN and MMP-9 with HB9:GFP motor neurons in 
mouse spinal cord. 
Spinal cord tissues were examined for MMP-9 (blue) or OPN (red) co-localization with 
GFP (green) at (A) P25 and (B) P90. Arrowheads, OPNhigh/ MMP-9low MNs; asterisk, 
OPNhigh/MMPhigh MNs; Arrow, OPNlow/MMP-9high MNs. Scatter diagrams of OPN and 
MMP-9 fluorescence intensity in each GFP MNs. The scatter diagrams are representative 
data from HB9:GFP mice (n = 4; ~480 GFP+ MNs analysed).	 	Bar diagrams show the 
percentage of each GFP-positive MNs, classified on the basis of their OPN/MMP-9 
expression profile in HB9:GFP mice at (C-D) P25 and (E-F) P90 (n = 4; 120 GFP+ MNs 
analyzed per experimental animals). Scale bars, 50 µm. 
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2.3.5 GFP+ α -MNs are susceptible to degeneration in SOD1G93A mice 

To determine whether GFP labelled cells are vulnerable to loss in ALS, HB9:GFP mice 

were crossed with SOD1G93A mice to generate HB9:GFP-SOD1G93A mice. The rate of 

GFP+ cell loss in SOD1G93A mice was determined at key disease stages including; E17 – 

onset of neuronal hyperexcitability ex vivo 166-170, P25 and P60 – pre-symptomatic with 

evidence of denervation and motor neuron loss, P90 – symptom onset, P125 - end-stage 

(Figure 2.5A-E). 

Numbers of GFP+ cells, ChAT, α-MNs, and γ-MNs were quantified during the lifespan 

of HB9:GFP-SOD1G93A mice (Figure 2.5F). No significant reduction in numbers of GFP+ 

cells, ChAT, α-MNs, and γ-MNs were observed at E17, P25 and P60, compared to 

HB9:GFP controls (Figure 2.6A-B). However, at P90 and P125, there was significant 

loss of GFP+ cells (P < 0.01 and P < 0.0001, respectively) in SOD1G93A-HB9:GFP mice, 

compared to HB9:GFP controls (Figure 2.6C-D).  This overlapped with significant loss 

of α-MN (P < 0.01, P < 0.0001 respectively) compared to controls (Figure 2.6C-D). γ- 

motor neuron numbers were preserved at P25, P60, P90 and P125 in SOD1G93A mice, 

compared to controls (Figure 2.6A-D).  

Additionally, size distribution analysis showed that GFP+ motor neurons were large in 

size with average size of 813 µm2 at P25 and reduced in size to average 719 µm2 in 

diameter at P90 (Figure 2.6E-H). 

Previous studies reported that large-size FF α-MNs degenerate first, followed by FR, and 

S-type small α-MNs, while γ-MNs are most resistant to degeneration in SOD1G93A mice 
1. Our results indicate that GFP+ cells are equally susceptible to degeneration as α-MNs 

in SOD1G93A mice, confirming their identity as FF α-MNs.  
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Figure 2.5 HB9:GFP expression during ALS disease progression in SOD1G93A  mice. 
 (A-E) HB9:GFP (green), neuronal-specific nuclear protein (NeuN; grey), nuclear 
hormone receptor Err3 (blue) and choline acetyltransferase (ChAT; red) were 
immunolabeled on lumbar spinal cord of HB9:GFP-SOD1G93A mice at P25, P60, P90 and 
P125. α-MNs (ChAT+ NeuN+ Err3-) and γ-MN (ChAT+ NeuN- Err3+), are indicated 
by arrows and arrowheads respectively. (F) Bar graph represents the quantification of 
GFP+, ChAT, α- and γ-MNs throughout course of disease in SOD1G93A mice. Values are 
mean ± SEM. Scale bars, 50 µm. 
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Figure 2.6 Co-localization analysis of α- and γ- motor neurons with HB9:GFP in 
SOD1G93A  mice. 
 (A-D) Bar graphs represent the quantification of HB9:GFP, α-MNs (ChAT+ NeuN+ 
Err3- ) and γ-MNs (ChAT+ NeuN- Err3+) at P25, P60, P90 and P125 in SODG93A -
HB9:GFP (SOD1G93A) mice compared to control HB9:GFP (Wildtype). Size distribution 
analysis of GFP+ cells, α-MNs and γ-MNs at (E-F) P25 and (G-H) P90. Gaussian curves 
were fit to represent each population (solid lines). Average mean (m) size and standard 
error of mean (SEM) for each group are indicated above the graph. n = 3-4. Data represent 
mean ± SEM, unpaired student t test. * P <0.01, ** P <0.001, *** P <0.0001 and **** P 
<0.00001.  
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2.3.6 HB9:GFP mice label motor terminals to detect denervation in SOD1G93A mice 

Finally, we examined neuromuscular junctions (NMJs) in HB9:GFP-SOD1G93A mice and 

HB9:GFP controls for evidence of denervation during disease progression.  

GFP expression was abundantly detected in motor terminals and peripheral synapses of 

gastrocnemius muscles of adult HB9:GFP mice (Figure 2.7). We used α-bungarotoxin 

(BTX) to visualise postsynaptic areas to assess denervation defined by BTX staining 

without GFP labelling.  Intact NMJs shown by robust GFP and BTX co-labelling was 

evident in HB9:GFP mice at P90 and P125.  In contrast, NMJ disruption shown by partial 

or complete loss of GFP and BTX co-labelling occurred in HB9:GFP-SOD1G93A mice 

from P90.  

Together, these results demonstrate that GFP expression is detectable at axonal terminals 

in HB9:GFP which are disrupted in SOD1G93A mice. These data also highlight the utility 

of this reporter mouse for quantification of denervation status in ALS. 
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Figure 2.7 GFP expression in motor neuron axonal terminals of WT and SOD1G93A 
-HB9:GFP mice. 
(A-D) Immunofluorescence staining of gastrocnemius muscle labelled with α-
Bungarotoxin (BTX; red) and anti-GFP (green). * Fully innervated; + Partially 
innervated; ‡ Denervated; WT, Wildtype (HB9:GFP); SOD1G93A , HB9:GFP-SOD1G93A. 
Scale bars, 50 µm. 
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2.4 Discussion  

Transgenic HB9:GFP mice are widely used in research as a motor neuron reporter line to 

track motor neurons in vivo.  Despite the generation of HB9:GFP mice in 2002 199,  it 

remains unclear which motor neuron population(s) are labelled in these mice.  This is a 

salient question as motor neurons in vivo show remarkable diversity in anatomical 

location, somal size, axonal calibre and length, neurochemical and molecular markers, 

and target muscle fibre innervation in physiology 1.  Importantly, it is well established 

that motor neurons are not equally susceptible to dysfunction and degeneration in ALS, 

therefore it is critical to define the motor neuron subtype(s) labelled in HB9:GFP mice, 

the most widely used motor neuron reporter line.  Our study provides a unique anatomical 

and temporal characterization of HB9:GFP reporter mice from embryonic motor neuron 

development to adulthood.  

Immunohistochemistry analysis indicated GFP expression in the spinal cord colocalising 

with ChAT, but was absent in the brain, consistent with previous reports 199,202,215-217. 

However, to confirm HB9:GFP mice as a lower motor neuron (LMN) reporter, a detailed 

co-labelling analysis of HB9:GFP with LMNs in brain stem is also required.  

Temporal expression of GFP demonstrated high levels GFP expression in spinal cord at 

E17 and downregulated postnatally, as expected. It is due motor neuron development 

process and a natural dying back process of motor neurons after their birth. In most types 

of motor neurons, up to 50% of them are lost by apoptosis by P3 224,225. Hence, this result 

agrees with expression of endogenous Hb9. Most interesting observation was GFP 

expression maintained into adulthood. Expression of HB9 in adult mice indicates besides 

the developmental roles, it may also be involved in other roles in the living organism. 

This also rise question whether the expression of HB9 in SOD1G93A adult mice is involved 

in driving the susceptibility of motor neurons to degeneration. Future studies are required 

for detail investigation of HB9 expression roles in the adult mice.  

In this study we also observed small population of GFP+ cell population that were NeuN+ 

but lacked ChAT which was most prominent embryonically and early postnatally. 

Previous studies have demonstrated that a small subset of spinal interneurons may also 

express HB9 226,227. Hence future study involve assessing interneuronal markers such as 

Engrailed-1 (EN1), marker of inhibitory interneuron and vGlut1, marker of glutamatergic 

interneurons in the spinal cord 228-231. Additionally, to be able to characterise the exact 
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identity of these HB9+ ChAT- motor neurons, we need to look into firing patterns and 

synaptic inputs of these cells using electrophysiological recording and compare it to the 

spinal interneuron firing patterns. 

Using immunohistochemical and cell size distribution analysis we show that GFP+ cells 

are predominantly α-MNs. Alpha motor neurons in spinal cord can, in turn, be classified 

into subtypes according to the contractile properties of the motor units that they form with 

target muscle fibers: fast-twitch fatigable (FF), fast-twitch fatigue-resistant (FR), and 

slow-twitch fatigue- resistant (S) 204. To categorised HB9:GFP to an exact subtype of 

alpha motor neurons, we used IHC to analyse the co-expression of OPN (FR α-MNs 

marker) and MMP9 (FF α-MNs marker) with HB9:GFP and demonstrated that GFP+ 

cells colocalised with FF α-MNs marker. FF subtype are the most susceptible α-MNs to 

degenerate in a SOD1G93A model of ALS. Hence, we confirmed this finding by crossing 

HB9:GFP with SOD1G93A mice, to generate the HB9:GFP-SOD1G93A transgenic mouse 

model of ALS, and showed that GFP+ cells are lost at early stages of disease progression 

in SOD1G93A mice at same rate as α-MNs.  

Current approaches of identifying vulnerable α-MNs is implementing retrograde tracers 

or immunohistochemistry analysis. However, establishment of stable HB9:GFP reporter 

mouse to identify and isolate vulnerable α-MNs offers important advantages including in 

vivo expression of GFP embryonically until late adulthood. Additionally, GFP expression 

at axonal terminal in HB9:GFP mice allows visualisation and investigation of innervation 

which is highly useful in studying neurodegeneration in ALS.  

In conclusion, our finding characterize GFP+ cells during development in HB9:GFP mice 

and course of disease progression of SOD1G93A mice. We found that GFP labelled motor 

neurons are FF-type a-MN marker and are involved in the first wave of 

neurodegeneration in ALS. This study also highlights the advantage of using these 

transgenic mice for detailed cellular and molecular analysis of vulnerable spinal motor 

neurons in ALS. Understanding the specific mechanisms of selective motor neuron 

vulnerability to degeneration in ALS will help to develop novel therapeutic targets. 
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3 Chapter	 3:	 Transcriptomic	 Profiling	 of	 Motor	 Neurons	 at	

Key	Embryonic	and	Early	Postnatal	Ages	in	SOD1G93A	Mice	
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3.1 Introduction  

The SOD1G93A transgenic mouse overexpresses human mutant SOD1 and develops adult-

onset neurodegeneration, leading to progressive motor deficits and paralysis which 

recapitulate clinical stages of ALS. A cascade of pathological events develop in SOD1G93A 

mice long before the onset of clinical symptoms, including upregulation of ER stress 

pathways at postnatal day (P) 5 122; mitochondrial morphological changes at P14 166; 

accumulation of SOD1 aggregates and gait alterations at P30 163; gliosis and activation of 

apoptotic markers at P60 159; motor impairment that leads to paralysis at P90 56,157. Despite 

pre-symptomatic evidence of motor neuron dysfunction in FALS patients and rodent 

models, no study to date has sought to determine precisely when the disease process first 

begins in the commonly used SOD1G93A mouse model of ALS. The goal of this chapter 

was to conduct motor neuron-specific gene expression profiling to identify the earliest 

transcriptional dysregulation occurring in motor neurons in SOD1G93A mice. Identification 

of incipient gene expression changes in motor neurons may provide new insights into 

potential molecular drivers responsible for conferring neuronal vulnerability, therefore 

highlighting potential gene targets and pathways for intervention. Four timepoint were 

selected for gene expression profiling of Wildtype (WT) and SOD1G93A motor neurons 

including; embryonic (E) day 12.5, E17.5, P3, and P8. These time points precede the 

earliest reported evidence of motor neuron dysfunction at P5 122 and are associated with 

key developmental events, including neurogenesis, migration, maturation, network 

formation, innervation and neuromuscular junction (NMJ) stabilization.  

E12.5 represents motor neuron birth in the spinal cord, when motor neuron progenitors 

have exited the cell cycle and moved to their final position along the spinal tract 232,233. At 

E17.5, motor neuron axons have formed and their synapses polyneuronally innervate 

skeletal muscles, leading to contraction of muscles 234. Polyneuronal innervation refers to 

a developmental stage when individual muscle fibres are innervated by multiple motor 

neuron terminals, resulting in motor units having larger and overlapping territories of 

innervation 235,236. Mononeuronal innervation begins at P3, where redundant synapses are 

withdrawn progressively until each muscle fibre is innervated by a single axon, with up 

to 50% of motor neurons are lost through consolidation during this period 224,225. Finally, 

NMJs become increasing stabilised from P8 onward 237 (Figure 3.1).  

 



  Chapter 3 

 61 

 

 

 

 

Figure 3.1 Time points of the study. 
Four evenly distributed ages were selected for gene expression profiling which overlaps 
with the critical developmental events taking place during period. Motor neuron (MN) 
network development and maturation begins at embryonic (E) day 12 and continues to 
mature until early postnatal ages (P).  
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3.1.1 Motor neuron-specific gene expression profiling 

The spinal cord comprises a diverse range of cell types, so RNA sequencing (RNA-seq) 

using whole tissue is not very useful and gene expression changes occurring in rare cell 

types may not be even detected, as they contribute to only a small fraction of the total 

tissue RNA. Also, tracing independent contributions of each cell type from whole tissue 

expression data is computationally impossible. Thus, cell type-specific transcriptomics is 

essential for understanding disease mechanisms affecting only individual cell types such 

as ALS. In this study, motor neuron-specific gene expression profiling requires obtaining 

an enrichment of motor neurons for RNA-seq.  

While single-cell RNA sequencing (scRNA-seq) methods are increasingly used in gene 

expression profiling, the limited amount of RNA contained in a single cell reduces 

detection of transcriptome, particularly for rare transcripts. The profiling results are also 

less reproducible than transcriptional profiles obtained using pool of cells. ScRNA-seq is 

not ideal for comparing between control and disease samples as required in this study. 

Hence, enrichment of motor neurons will allow detection of subtle transcript expression 

changes which may occur at the beginning of the disease process. Motor neuron-specific 

enrichment for transcriptomic profiling can be achieved using several approaches which 

are briefly described here. 

Laser capture microdissection (LCM) 238 allows accurate dissection of cells. Using LCM, 

sections are made either by a vibratome or cryostat and a particular area of the tissue is 

physically excised while viewed under a microscope. Excised cells are then collected in 

a tube and RNAs are extracted for profiling. However, this method is technically 

laborious and requires meticulous tissue processing to avoid excising adjacent 

contaminating cells to maintain sample purity. Another drawback of the technique is the 

degradation of RNA that occurs during the time taken to stain and laser-capture cells 

which results in low quality RNA and associated low RNA yields. LCM is an ideal 

approach when the starting material is from human post-mortem tissue.  

Cellular dissociation-based methods may be better suited for studies in which live tissue 

is available. Fluorescent Activated Cell Sorting (FACS) is a highly versatile technology 

that can separate a heterogeneous mixture of cells into specific subpopulations based on 

florescent reporters or surface markers. Droplets containing a single cell are detected by 

an electric field and target cells selectively channelled into different tubes according to 
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their charge 239. However, this approach relies on efficient and complete dissociation of 

cells. The need for viable intact single cells can pose a major hurdle for solid and complex 

tissues, especially postnatal motor neurons from spinal cord and can result in poor cell 

survival and thus, RNA integrity and yield. The second limitation of FACS is that 

enzymatic-cell dissociation methods can cause potential changes in gene expression 

which must be accounted for by an appropriate control group. A third limitation is purity 

and recovery rate of cells (the fraction of the live target cells obtained after the sorting, 

as compared to initially available target cells in the sample).  

An alternative approach to LCM and single cell dissociation is isolation of nuclei 240-243. 

Isolation of nuclei procedures essentially consist of two steps: (i) the lysis of the cells in 

a suitable medium, and (ii) the separation of the nuclei from the unbroken cells and cell 

debris. Nuclei are the largest organelles in the cell and can be easily separated from other 

organelles. Isolation of nuclei avoids harsh enzymatic treatment for the generation of 

single cell suspension. However, while nuclear transcriptomes can be representative of 

the whole cell, significant differences in type and proportion of RNAs between the 

cytoplasm and nucleus do exist 244,245 . Thus, isolation of nuclei technique may not 

generate a complete expression profile of samples.  

Finally, BacTRAP is another method for the isolation of specific cell types which does 

not require cell dissociation 246,247. The BacTRAP reporter mouse encodes a ribosomal 

protein L10a (Rpl10a) conjugated to GFP. This reporter is driven by crossing mice with 

a cell type-specific Cre-expressing mouse to allow the isolation of actively translating, 

poly-ribosome-associated mRNAs from specific cell types in the CNS. Ribosome 

subunits and the bound mRNAs can be isolated by GFP immunoprecipitation from in vivo 

cellular environments. An advantage of TRAP is that it reveals the translated mRNA 

content of a cell, which will more closely match the protein content, than the total RNA 

profile. On the other hand, the disadvantage of using TRAP is that it requires the 

availability of special transgenic mouse lines. Also, due to the low yield of mRNA, a 

large amount of starting material from transgenic animals is required. 

Each cell-specific separation technology exhibits several advantages and disadvantages 

as mentioned above. With careful consideration of all aspects of these technologies, we 

have implemented FACS for our motor neuron-specific gene expression profiling study 

due to following; (i) ability to isolate specifically vulnerable spinal motor neurons based 

on fluorescent signal of HB9:GFP reporter mice, as described in detail in Chapter 2; (ii) 
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a large number of cells can be retrieved from FACS compared to LCM which allow 

detection of rare, novel and alternative spliced transcripts; and (iii) the FACS protocol is 

previously established and successfully used to isolate embryonic neurons from mice in 

our laboratory 248.  

 

 

3.1.2 Chapter Hypothesis  

The gene expression profile of vulnerable spinal motor neurons of transgenic SOD1G93A 

mice will show divergence from WT motor neurons from an early age. 

 

 

3.1.3 Chapter Aim 

To characterise the spinal motor neuron transcriptome at key embryonic and early 

postnatal ages in transgenic SOD1G93A mice. 
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3.2 Material and methods 

3.2.1 Transgenic mouse lines 

The use of animals in this study conformed to the Australian National Health and Medical 

Research Council’s published Code of Practice for the Use of Animals in Research and 

was approved by the Florey Neuroscience Institute Animal Ethics Committee (Ethics 

number: 16-026).  

HB9:GFP (B6.Cg-Tg(Hlxb9-GFP)1Tmj/J, stock no. 005029) reporter mice line was 

generated previously 199 and obtained from the Jackson Laboratory (Bar Harbor, ME). 

These transgenic mice express green fluorescent protein (GFP) under the direction of the 

mouse Mnx1 (HB9) promoter to provide motor neuron-specific expression commencing 

at embryonic day 9. HB9:GFP transgenic mice were genotyped using polymerase chain 

reaction (PCR) detection of GFP with forward (5’-AAGTTCATCTGCACCACCG-3′) 

and reverse primers (5’-TCCTTGAAGAAG ATGGTGCG-3′).  

SOD1G93A mice (B6.Cg-Tg(SOD1*G93A)1Gur/J line, stock no. 004435, 

RRID:IMSR_JAX:004435) were purchased from the Jackson Laboratory. SOD1G93A 

mice were genotyped using PCR targeting human SOD1 with forward (5’- 

CATCAGCCCTAATCCATCTGA-3′) and reverse primers (5’-

CGCGACTAACAATCAAAGTGA -3′).  

Both SOD1G93A and HB9:GFP colonies were maintained on a C57BL/6J background at 

the Florey Institute of Neuroscience and Mental Health Core Animal Services 

(Melbourne, Australia) under standard conditions of 12-hours light/dark cycle with access 

to food and water ad libitum.  

Time-mated litters were generated by crossing female HB9:GFP with male HB9:GFP- 

SOD1G93A mice (Figure 3.2). The day of vaginal plug was considered as embryonic day 

0 (E0) and E0.5 designated following visualization of a vaginal plug the next morning. 

HB9:GFP and HB9:GFP-SOD1G93A mice will be referred to as WT and SOD1G93A mice, 

respectively, henceforth. 
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Figure 3.2 Cross breeding strategy to generate experimental animals for 
transcriptomic study. 
(A) In the first step of breeding, female HB9:GFP (HB9GFP) mice were crossed with 
SOD1G93A males to generate HB9GFP SOD1G93A (double heterozygous) male breeders 
(purple). (B) Male breeders were then crossed with HB9:GFP female mice to generate 
the homozygous (Hom) breeder (red). (C) Lastly, experimental animals were generated 
by crossing wildtype (WT) female with Hom breeder. Using Hom breeder ensures all the 
offspring are HB9:GFP+ and litter matched samples will be used for RNA sequencing. 
Abbreviations: Het = Heterozygous, Hom = Homozygous.  
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3.2.2 DNA extraction and PCR 

Tissue for DNA extraction was obtained from the mice’s tail. DNA was extracted using 

a rapid genotyping method using REDExtract-N-Amp™ Tissue PCR Kit (Sigma-

Aldrich; Cat # 254-457-8). Genomic DNA was amplified in a PCR reaction mix (Sigma-

Aldrich; Cat # 254-457-8), DNase Free water, forward and reverse primers. The thermal 

cycling condition for HB9:GFP and SOD1 genotyping is listed in Table 3.1 and Table 

3.2 respectively.  

 

Table 3.1 The thermal cycling conditions for HB9:GFP genotyping. 

PCR condition Temperature (°C) Time Cycle 

Initial denaturation 94 2 min 1 
Denaturation 94 15 sec 38 

-0.5 °C 
decrease per 

cycle 

Annealing 60 15 sec 

Extension 72 10 sec 

Final extension 72 2 min 1 

 

 

Table 3.2 The thermal cycling conditions for SOD1 genotyping. 

PCR condition Temperature (°C) Time Cycle 

Initial denaturation 95 5 min 1 

Denaturation 95 45 sec 

40 Annealing 55 45 sec 

Extension 72 45 sec 
Final extension 72 5 min 1 

 

PCR amplified products were separated on 1.5% (w/v) agarose gel (Scientfix; Cat # 

9010B), by melting 1.5g of agarose in 100 ml of 1x TAE (Tris-acetate-EDTA) buffer and 

1x concentration of the nucleic acid stain RedSafeÔ (Intron; Cat # 21141) to stain the 

gel. The bands were visualised under a UV transilluminator (Thermo scientifix; Cat # 

1204C04). 
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A super rapid genotyping method was also established to minimise the genotyping time 

which allows combining of litter match samples of the same genotype prior to FACS. 

DNA samples were extracted from tails using rapid genotyping kit REDExtract-N-

Amp™ Tissue PCR and DNA samples were diluted 1:50 in nuclease free water 

(QIAGEN; Cat # 129114). Two µl of diluted DNA was added to the master mix 

containing 0.08 µl forward primer and reverse primer (100 nM), 2.5 µl of nuclease free 

water, and 5 µl of SsoAdvanced Universal SYBR Green Supermix (BioRad; Cat # 

1725274). Samples were then genotyped using SOD1 primers on a Real-Time PCR 

machine (BioRad; CFX96) using the following thermal cycling conditions (Table 3.3). 

 

Table 3.3 The thermal cycling conditions for SOD1 rapid genotyping 

PCR Condition Temperature (°C) Time Cycle 

Denaturation 95 2 min 

39 Annealing 95 5 sec 

Extension 60 5 sec 

 

 

3.2.3 Tissue collection 

3.2.3.1 Embryonic spinal cord collection 

Pregnant female mice were deeply anaesthetised with 3% isoflurane inhalation (Delvet, 

Seven Hills, NSW, Australia) and then administered sodium pentobarbitone (11 mg/kg 

0.1 ml, i.p.).  Embryos were collected at E12.5 and E17.5. Lumbar spinal cords were 

dissected out in cold Leibovitz's L-15 medium (Gibco; Cat # 11415064), using a 

dissection microscope (ZEISS Stemi 508). Spinal cords were transferred to cold DPBS 

(Gibco; Cat # 14190250) supplemented with 0.1% (w/v) bovine serum albumin (BSA, 

Sigma; Cat # A4503) for digestion steps.  

3.2.3.2 Postnatal spinal cord collection  

At P3 and P8, pups were deeply anaesthetised with 5% isoflurane inhalation and then 

placed in a CO2 chamber for 20 min before placing them on ice for 20 min. Lumbar spinal 

cords were then rapidly dissected out and placed in pre-chilled PBS (Gibco; Cat # 
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14190250) supplemented with 0.1% (w/v) BSA (Sigma; Cat # A4503) for digestion steps 

and FACS. 

3.2.4 Immunohistochemistry 

Dissected spinal cords were dropped fixed in 4% (w/v) PFA for 2 h. Spinal cords were 

transferred to a 20% (w/v) sucrose phosphate buffer overnight. Samples were embedded 

in OCT compound (Pro- SciTech, Queensland, Australia) and snap-frozen in isopentane 

on dry ice. Spinal cords were cut at a thickness of 20 μm using a cryostat and placed on 

glass slides in series of 6 for immunostaining. For immunohistochemistry, the sections 

were rinsed with PBS and blocked with 10% (v/v) normal donkey serum diluted in PBS 

with 0.3% (v/v) Triton X-100 for 1 h. The sections incubated overnight at room 

temperature with chicken anti-GFP (1:1000; Abcam; AB13970) primary antibodies. On 

the next day, the sections were incubated in a secondary antibody (1:250; donkey, anti-

chicken Alexa Fluor® 488 (Jackson ImmunoResearch Labs; 703-545-155) for 2 h at 

room temperature. The sections were cover slipped using mounting medium (DAKO 

fluorescence mounting med, Cat # S3023).   

3.2.5 Quantification and statistics 

As described in detail previously (Methods 2.2.6). 

3.2.6 Neuronal dissociation 

Littermate lumbar spinal cords of the same genotype were pooled (usually 2-3 lumbar 

spinal cords) prior to dissociation.  

3.2.6.1 Papain 

Spinal cords were dissociated into single-cell suspension using a Neural Tissue 

Dissociation kit (Miltenyi Biotec; Cat # 130-094-802) according to manufacturer's 

instructions. The prepared single-cell suspensions were filtered using a 40-µm cell 

strainer resuspended to form a single cell suspension in 500 µl of HBSSCa2+Mg2+ (Thermo 

Scientific) containing 1% (w/v) BSA. DAPI (4',6-Diamidino-2-Phenylindole 

Dihydrochloride; Invitrogen; Cat # D1306) was added to 1 µg/mL concentration as a 

viability dye for FACS. 
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3.2.6.2 Trypsin 

Spinal cords were incubated in HBSSCa2+Mg2+ with 0.1% (v/v) trypsin (Invitrogen; Cat # 

27250018) and 0.05% (v/v) DNase (Invitrogen; Cat # 18047019) for 25 min at 37 °C.  

Single-cell suspensions made through washing and titration in HBSSCa2+Mg2+. The cell 

suspension was then filtered using a 40-μm cell strainer and resuspended at 500 µL in 

HBSSCa2+Mg2+ containing 1% BSA. 

3.2.7 Flow cytometry 

The GFP+ and GFP-negative cell fractions were separated using a FACS AriaÔ 

Fusion Flow Cytometer (Becton Dickinson) using a 85 µM nozzle size, 45 psi sheath 

pressure, 1.0 flow rate and 488 nm optical path/laser after initial filtering for cell debris 

and doublets, as well as the dead cell (DAPI-positive) fraction. Dead cells and doublets 

were excluded using side scatter (SSC) and forward scatter (FSC) parameters and gating 

for the collection of GFP+ cells were established using non-GFP tissue. The gating 

parameters were kept the same for all samples. The cells were collected in 500 ul of RLT 

lysis buffer (Qiagen, Cat # 74004) and stored at -80 °C for RNA extraction. These 

procedures were repeated 6 times for each of the HB9:GFP wildtype (WT) and H 

HB9:GFP-SOD1G93A mouse tissue preparations to obtain 6 biological replicates for RNA 

sequencing.  

3.2.8 Extraction of total RNA 

RNA was extracted from sorted cells using a RNeasy Micro Kit (Qiagen; Cat # 74004), 

including an on-column DNase I (Qiagen; Cat # 74004) digestion step. Frozen samples 

were incubated for 1 min at room temperature. The amount of RLT buffer was adjusted 

so that there was exactly 350 ul of RLT for every 100 µl of sorted sample volume. The 

samples were vortexed for 15 sec and 70% (v/v) ethanol was added to the tubes in 1:1 

ratio. Samples were centrifuged and subsequent steps were performed according to the 

manufacturer's instructions. Eluted RNA was aliquoted and stored at -80 °C.  

3.2.9 Quantity and quality assessment 

RNA concentrations were initially determined using the Qubit™ RNA high sensitivity 

assay Kit (Thermo Fisher Scientific; Cat # Q32855) on a Qubit Fluorometer (Thermo 

Fisher Scientific® Inc., UK). The quantity and quality of RNA was also confirmed on a 

5200 Fragment Analyzer system (Agilent Technologies Ltd). An algorithm applied by 
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the software assesses the degree of separation between 18S and 28S ribosomal peaks on 

the electropherogram trace in order to compute an RNA integrity number (RIN) 249.  

3.2.10 RNA sequencing 

RNA-seq libraries were prepared using the NeuGen Ovation® SoLo kit (Cat # 0407-32) 

and subjected to 150 bp, paired-end sequencing on an Illumina HiSeq 2000 Sequencer 

with 6 independent biological replicates analysed per group. Library preparation and 

RNA sequencing were conducted at Micromon next-generation sequencing facility 

(Monash university, Melbourne). 

3.2.11 Bioinformatics analysis 

Most parts of the analysis were conducted on the Spartan high-performance computing 

(HPC) system. Quality control checks were performed using the FastQC (version 0.10.1; 

Babraham Bioinformatics, Cambridge, UK) (Andrews S. 2010, Available online at 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc ). The Trimmomatics tool was 

used to remove adapter sequences from reads under the default parameter 250. The reads 

were aligned to a reference mouse genome obtained from the University of California 

Santa Cruz (mm10) using HISAT2 (2.1.0) under default parameters, with the exception 

of reporting reads mapping to unique locations on the reference 251. The relative 

abundance of transcripts was measured by FPKM using the Subread package 252 (Figure 

3.3). Principal Component Analysis (PCA) was conducted with the DeSeq2 package in 

R Studio(3.6.0)  253. The RNA-seq data at E12.5 has been deposited in Gene Expression 

Omnibus (GEO) with accession number GSE142654. 
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Figure 3.3 Overview of RNA sequencing analysis pipeline. 
Data analysis includes initial processing quality controls of raw files and removing 
adapters and trimming the poor-quality reads. Next, reads are aligned to the reference 
genome (mm10) and the number of reads mapped to genes is quantified. Finally, 
differential gene expression and pathway analysis are conducted on the processed data. 
Abbreviations: NGS = Next generation sequencing, Diff. gene expression = Differential 
gene expression, HPC = high performance computing system. 
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3.3 Results 

3.3.1 Identification and isolation of GFP+ motor neurons 

To unambiguously identify vulnerable spinal motor neurons for gene expression 

profiling, HB9:GFP reporter mice were utilised, as described in detail in Chapter 2.  

HB9:GFP mice were crossed with SOD1G93A mice to generate HB9:GFP -SOD1G93A and 

HB9:GFP WT mice for profiling which will be referred to as SOD1G93A and WT mice, 

respectively, henceforth. Lumbar spinal cords, the major site of motor neuron loss in 

SOD1G93A mice 254,255, were dissected at E12.5, E17.5, P3 and P8 and GFP+ cells isolated 

using FACS. Isolated GFP+ cells were then processed for RNA sequencing as shown in 

Figure 3.4. 

3.3.2 Cell dissociation 

Generation of single cell suspensions is essential for FACS sorting of GFP+ cells from 

spinal cord tissue. Dissociation of motor neurons into a single cell suspension was one of 

the main challenges in this study. Motor neurons have large axons and are vulnerable to 

cell death during both the dissociation and sorting process. Several pilot experiments were 

conducted to achieve an optimised enzymatic dissociation protocol with the highest yield 

of live cells. Dissociation using trypsin or papain as the digestion enzyme (Methods 

3.2.6) to liberate motor neurons from spinal cord tissue were compared. Trypsin digestion 

resulted in 89 ± 8% viability of total cells (all cells including GFP+) at E12.5, 70 ± 2% at 

E17.5, 71 ± 2% at P3, and 59 ± 7% at P8 (percentage of live cells vs. dead cells) (Figure 

3.5A,B). Papain enzyme digestion improved the viability of cells at embryonic and post-

natal stages, resulting in a cell viability of 94 ± 3% at E12.5, 81 ± 3% at E17.5, 76 ± 5% 

at P3 and 67 ± 6% at P8 (Figure 3.5C,D). Papain was selected for subsequent 

dissociations due to the improved yield in the more vulnerable postnatal neurons. 
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Figure 3.4 Overview of the experimental workflow. 
Motor neurons from HB9:GFP reporter mice were isolated using fluorescent activated 
cell sorting (FACS). RNA was extracted from the sorted cells and after initial quality 
assessments and library preparation, RNA sequencing was conducted to generate motor 
neuron specific gene expression profiles. 
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 Figure 3.5 Cell viability percentage following different dissociation protocols. 
(A) Representative image of cells after trypsin dissociation at E12.5, live and intact motor 
neurons are indicated by an arrowhead. Dead cells are indicated by an arrow. (B) Bar 
chart representing quantification of cell viability percentage following dissociation using 
trypsin at all timepoints. (C) Representative image of cells after papain dissociation at 
E12.5, live and intact motor neurons are indicated by an arrowhead. Dead cells are 
indicated by an arrow. (D) Bar chart representing quantification of cell viability 
percentage following dissociation using papain at all timepoints. Data represent mean ± 
SEM, n = 3-5 biological replicates. Scale bars 100 µm.  
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3.3.3 FACS sorting 

To select single, live and GFP+ cells from dissociated cells, a FACS gating strategy was 

applied. Gating strategy involves the sequential selection of single cells based on their 

forward scatter (FSC) and side scatter (SSC) properties. Forward and side scatter give an 

estimation of the size and granularity (complexity) of the cells, respectively, that excludes 

the following from the analysis; (i) Doublets, based on FSC height vs FSC area. Doublets 

have a similar height to single cells but they show an increased area (Figure 3.6 A,E,I,M) 

(ii) Debris, which they have a low FSC (Figure 3.6B,F,J,N). (iii) Dead cells, which often 

have lower FSC and higher SSC than live cells (Figure 3.6C,G,K,O). Cell populations 

become more defined as there are fewer cells selected within each gate. Finally, the single 

and live cells were, gated for GFP signal to determine the GFP+ events from the negative 

cells (Figure 3.6D,H,L,P). 

At E12.5, GFP+ cells exhibited bright GFP fluorescent signal intensity and were easily 

identified. However, at E17.5, P3 and P8 identification of GFP+ cells were very 

challenging. No clear separation between the positive and negative GFP populations was 

observed due to weakly expressing GFP+ cells. Several pilot experiments were conducted 

to ensure only GFP+ cells were sorted without compromising the cell recovery. Hence, 

at the start of the project the following strategies were adopted; (i) using GFP negative 

control spinal cord tissue to determine the boundaries of two populations; (ii) re-sorting 

the output of the first round of sorting which indicates the purity of samples and ensures 

the GFP+ gate was set correctly; and (iii) the sorted GFP+ cells were observed by a 

confocal microscope.  

No difference in the percentage of GFP+ cells isolated from WT and SOD1G93A mice was 

observed at E12.5, with 15 ± 2.6% and 15 ± 2.2% of the population positive, respectively. 

At E17.5, 4.7 ± 2.8% of the population in WT, and 4.5 ± 1.1% in SOD1G93A were GFP+ 

positive. At P3, 5.9 ± 0.7% of the population were GFP+ in WT mice, and 5.9 ± 0.6% in 

SOD1G93A. At P8 2.4 ± 0.4% were HB9:GFP positive in WT and 3.5 ± 0.8% in SOD1G93A 

mice (Table 3.4).  
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Figure 3.6 Representative FACS plots of HB9:GFP motor neuron isolation. 
Representative gating strategy for the isolation of HB9:GFP positive neurons at each time 
point. Each dot or point on the plot represents an individual particle that has passed 
through the laser (A,E,I,M) Particles smaller than a cell (blue dots) are eliminated using 
forward scatter (FSC-A) versus side scatter (SSC-A), with gating selecting for cell-sized 
particles (black box). (B,F,J,N) Plots of height (SSC-H) versus width (SSC-W) in the 
side scatter and forward scatter channels were used to discriminate doublets with gating 
to exclude aggregates of two or more cells. The dots outside of the gating box are possibly 
debris. (C,G,K,O) DAPI is a highly specific DNA stain was used to determine the viable 
cells by sub gating based on DAPI staining. (D,H,L,P) The gates for GFP positive (Pos) 
and GFP negative (Negs) cell population was chosen to determine HB9:GFP population, 
the GFP threshold (488 laser) was set based on analysis of non-GFP samples.  
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Table 3.4  The percentage of GFP+ positive motor neurons in WT and SOD1G93A 

HB9:GFP samples.  

Genotype/Age E12.5 E17.5 P3 P8 

WT 15 ± 2.6  4.7 ± 2.8 5.9 ± 0.7 2.4 ± 0.4 

SOD1G93A 15 ± 2.2  4.5 ± 1.1 5.9 ± 0.6 3.5 ± 0.8 

Data are mean ± SEM; (n = 6 biological replicates). 

 

3.3.4 FACS sorting yield 

Despite a similar percentage of cell viability observed at each age prior to FACS, the 

numbers of GFP+ cells retrieved after FACS at E17.5, P3, and P8 were lower relative to 

E12.5. At E12.5 an average of 88,000 ± 19,976 GFP+ cells were collected. At E17.5 an 

average 20,684 ± 15,681, at P3 28,066 ± 8,262, and at P8 12,988 ± 7,756 GFP+ cells 

were obtained (Figure 3.7). To understand the cause of decline in the number of sorted 

GFP+ cells postnatally, we have quantified the total number of GFP+ motor neurons in 

the lumbar spinal cord using immunohistochemistry (IHC). In agreement with numbers 

of GFP+ cells retrieved from FACS, IHC analysis revealed a drop in the number of GFP+ 

motor neurons in the spinal cord from E12.5 to E17.5, which corresponds to the natural 

dying back process of motor neurons during embryonic development. 
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Figure 3.7 Average number of sorted GFP+ cells retrieved from FACS at each time 
point. 
 (A) Representative image of cells after FACS at E12.5. Arrowheads indicate sorted 
GFP+ cells. (B) Number of GFP+ cells retrieved with FACS. n = 6-9 biological replicates. 
Scale bar 100 µm. Transverse sections of HB9:GFP mice spinal cord immunolabelled with 
anti-GFP (green) at (C) E12.5, (D) E17.5, (E) P3, and (F) P8. (G) Quantification of total 
number of GFP+ cells at each time point using immunohistochemistry. Data represent 
mean ± SEM, n = 3-4 biological replicates. Scale bars 50 µm. 
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3.3.5 RNA sequencing of GFP+ motor neurons  

To maximize the quantity and quality of RNA following FACS sorting, cells were directly 

sorted into the lysis buffer of the RNA extraction kit (Methods 3.2.8), which prevents 

any further damage and stress to the cells. Initially, cells were sorted in HBSS buffer 

during FACS and cells were pelleted down for RNA extraction. However, we noticed the 

amount of RNA obtained using cell pellets was much less, compared to the cell lysates. 

RNA was extracted from the sorted GFP+ cells from WT and SOD1G93A spinal cords. The 

quantity and integrity of RNA was assessed using a fragment analyser at E12.5, E17.5, 

P3 and P8 (Figure 3.8A-D). The fragment analyser utilises automated parallel capillary 

electrophoresis to provide reliable quality measurement for nucleic acids. The capillaries 

contain a separation gel matrix infused with a fluorescent intercalating dye that is 

automatically primed into the capillaries prior to each run. During electrophoresis, the 

nucleic acid fragments in the sample migrate and separate based upon their size, 

absorbing dye along the way. Fluorescent emission is then detected by a sensitive 

detector. The time required to pass through the detection window indicates the size, and 

the relative emission signal provides the nucleic acid concentration when compared to a 

calibrated ladder 256.  

An average of 13.5 ± 7.0 ng/µl at E12.5, 2.7 ± 2.4 ng/µl at E17.5, 4.6 ± 0.9 ng/µl at P3, 

and 0.4 ± 0.2 ng/µl of RNA at P8 were obtained (Figure 3.8E). RINs were generated, 

computed on a scale of zero (completely degraded) to ten (highest quality). Average RIN 

values of sorted motor neurons at each time point were above 9 ± 0.9 (Figure 3.8F). 

. RNA quality has a large impact on measurements of gene expression. To be accepted 

for RNA-seq the RIN value has to be approximately 7 and above. The use of degraded 

RNA can result in low yield or failure to generate RNA-seq libraries. 
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Figure 3.8 Assessment of RNA quantity and integrity of sorted GFP+ motor 
neurons. 
Representative fragment analyser electropherogram plots and corresponding 
electrophoresis gel images obtained at (A) E12.5, (B) E17.5, (C) P3, and (D) P8. 
Fragment analyser ladder marker (LM) with a 15 nucleotide [nt] molecular weight marker 
and peaks corresponding to the 18S and 28S ribosomal RNA (rRNA) have been labelled 
accordingly. Fragment lengths were plotted along the x-axis with RNA concentrations 
defined by arbitrary units of fluorescence (RFU) plotted along the y-axis. (E) 
Concentration of RNA obtained at each time point (ng/µl). (F) RNA integrity number 
(RIN) for each sample. Data represent mean ± SEM, n =12 biological replicates. 
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RNA was subsequently used for the generation of strand-specific RNA-seq libraries 

employing the Neugen Ovation® SoLo Kit and sequenced on an Illumina NextSeq 

platform (Methods 3.2.10). For library preparation, mRNAs were first enriched by the 

targeted elimination of rRNAs from the total RNA population. RNA fragmentation (150 

bp) and cDNA synthesis (reverse transcription) were then conducted, followed by adapter 

ligation to the cDNA, PCR amplification and paired-end sequencing (PE). Sequencing 

resulted in average 150 bp paired-end reads of 6.08 x 107 ± 4.39 x 106 at E12.5, 5.97 x 

107 ± 6.49 x 106 at E17.5, 6.95 x 107 ± 2.09 x 107 at P3, and 6.39 x 107 ± 9.46 x 106 at P8 

(Figure 3.9). The number of reads achieved in this study indicates a high level of 

coverage of RNA and termed as deep sequencing. Deep-sequencing technology applied 

here allow identification of novel and alternative spliced transcripts.  
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Figure 3.9 Average number of reads generated by RNA sequencing at each time 
point and genotype. 
Data represent mean ± SEM, n =12 biological replicates. 

 

 

 

 

 

 

 

 

 



  Chapter 3 

 84 

3.3.6 RNA sequencing data analysis 

In the initial step of RNA-seq data analysis, the reads were assessed for quality using the 

FastQC tool and Illumina adapter sequences and low-quality base pairs removed using 

the Trimmomatic tool (Methods 3.2.11). Representative FastQC reports of quality 

scores, duplication level, and adapter contents, before and after processing are compared 

(Figure 3.11-14).   

Per base sequence quality in the FastQC report indicates an overview of the range of 

quality values across all bases at each position in the FastQ file. Quality scores are shown 

on the y-axis using box and whisker plots. The higher the score the better the base call. 

The background of the graph divides the y-axis into very good quality calls (green), calls 

of reasonable quality (orange), and calls of poor quality (red). At E12.5, E17.5, P3 and 

P8, a majority of reads had a quality score of above 28 (good quality). Base calls falling 

into the lower (reasonable) quality towards the end of a read is considered normal due to 

read quality degradation as the run progresses or signal decay which does not affect the 

downstream analysis (Figure 10A, 11A, 12A, 13A).  

Duplicated sequences (non-unique sequences) of greater than 10% of total reads can 

indicate enrichment bias, such as PCR over-amplification. Following processing the 

duplicated sequencing at E12.5, E17.5, P3 and P8 was approximately 5%, and within 

acceptable limits (Figure 10B, 11A, 12B, 13B).  

Adapters are short fragments of typically 6–10 bases and they are used to assign a unique 

sequence to each sample which then allows multiple samples to be sequenced together. 

Adapter contamination in samples will lead to alignment errors and an increased number 

of unaligned reads. Hence, the adapters were removed from the reads at each time point. 

After processing the percentage of Illumina adapter reduced from approximately 10% to 

0% of reads (Figure 10C, 11A, 12CA, 13C).  
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Figure 3.10 Quality assessment of RNA sequencing reads at E12.5. 
The left panels indicate scores of the raw reads and the right panels show the report of the 
reads after trimmomatic processing. (A) Representative report of per base sequence 
quality showing an overview of the range of quality values across all bases at each 
position in the RNA seq reads. (B) Representative report of duplication level illustrating 
the degree of duplication for every sequence in the library. (C) Representative adapter 
content percentage plot, the red line represents Illumina universal adapter contaminant in 
the library. 
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Figure 3.11 Quality control analysis of RNA sequencings reads at E17.5. 
The left panels indicate report of the raw reads and the right panels show the report of the 
reads after trimmomatic processing. (A) Representative report of per base sequence 
quality showing an overview of the range of quality values across all bases at each 
position in the RNA seq reads. (B) Representative report of duplication level illustrating 
the degree of duplication for every sequence in the library. (C) Representative adapter 
content percentage plot, the red line represents Illumina universal adapter contaminant in 
the library. 
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Figure 3.12 Quality assessment of RNA sequencings reads at P3. 
The left panels indicate scores of the raw reads and the right panels show reports of the 
reads after trimmomatic processing. (A) Representative report of per base sequence 
quality showing an overview of the range of quality values across all bases at each 
position in the RNA seq reads. (B) Representative report of duplication level illustrating 
the degree of duplication for every sequence in the library. (C) Representative adapter 
content percentage plot, the red line represents Illumina universal adapter contaminant in 
the library. 
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Figure 3.13 Quality assessment of RNA sequencings reads at P8. 
The left panels indicate scores of the raw reads and the right panels are reports of the 
reads after trimmomatic processing. (A) Representative report of per base sequence 
quality showing an overview of the range of quality values across all bases at each 
position in the RNA seq reads. (B) Representative report of duplication level illustrating 
the degree of duplication for every sequence in the library. (C) Representative adapter 
content percentage plot, the red line represents Illumina universal adapter contaminant in 
the library. 
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The processed reads were then aligned to the mouse genome (mm10). Most aligner tools 

will report alignments which are; (i) good quality, when most of the reads (or fragment) 

were assigned to a specific location on the gene annotation file, or (ii) poor quality, due 

to high numbers of mismatches and fragments cannot be mapped (unassigned) or (iii) the 

presence of secondary alignments and it is not clear which gene is the read originated 

from (assigned-ambiguity) (Figure 3.14).  

The average percentage of reads uniquely aligned to a specific location on the mouse 

genome at E12.5 was 78.2 ± 1.2%, while an average of 17.2 ± 0.8% of the reads did not 

align to any location on mouse genome (unassigned). The remaining 4.4 ± 0.3% of reads 

aligned to multiple locations on the mouse genome. The reads from category of assigned-

ambiguity were discarded from the analysis (Figure 3.14). The average percentage of 

reads that uniquely assigned, unassigned, and assigned-ambiguity at E17.5 were 76.6 ± 

1.9%, 18.3 ± 2.0%, and 4.4 ± 0.3% respectively.  

At P3, the average percentage of reads were uniquely assigned, unassigned, and assigned-

ambiguity were 78.1 ± 2.1%, 17.4 ± 1.8%, and 4.3 ± 0.4% respectively. At P8, the average 

percentage of reads were uniquely assigned, unassigned, and assigned-ambiguity were 

75.6 ± 1.8%, 19.8 ± 2.2%, and 4.4 ± 0.5%, respectively. 

High percentage of ambiguously mapped reads can add noise to downstream analysis. 

However, in this study we have achieved almost 80% of reads at each time point assigned 

to a unique position on the mouse genome which allows the downstream gene level and 

splice variants analysis. 
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Figure 3.14 Alignment scores at each time point. 
Mapping percentage of reads at E12.5, E17.5, P3, and P8. Data represent mean ± SEM, 
n =12 biological replicates. 
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The number of reads mapped to each gene was then quantified using the FeatureCount. 

This tool use Fragments Per Kilobase of transcript per Million mapped reads (FPKM) to 

normalise reads prior to quantification. The FPKM normalises read count based on gene 

length and the total number of mapped reads (to control for library size effects). 

Principle Component Analysis (PCA) was performed on the normalized read counts to 

identify potential outlier samples and to assess overall similarity and patterns between 

samples. The PCA plot of the first two components showed a clear separation of samples 

according to age and clustered genotypes together. The largest variation (PC1) can be 

seen between embryonic ages (E12.5 and E17.5) and postnatal ages (P3 and P8 samples). 

The most similar samples were P3 and P8, as expected since they are both postnatal ages 

(Figure 3.15). However, a subtle effect in genotype was observed relative to age which 

reflects small gene expression differences early in the disease process, in accordance with 

our hypothesis. Additionally, the PCA plot did not show any outliers in the dataset which 

indicate consistency and reproducibility among samples. 
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Figure 3.15 Principal components analysis (PCA) of samples. 
PCA plot using normalised counts. PCA is a 2-dimensional summarization of the 
distances between samples to assess the variation among samples based on genotypes and 
ages. The variance associated with component 1 (x-axis) is 85% and 7% for component 
2 (y-axis). Each circle and triangle indicate a wild-type (WT) and a SOD1G93A sample 
respectively.  
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To determine the success of the sorting protocol to isolate motor neurons, the expression 

of markers for neuronal cells (RBFOX3, Snp25, Pax6, and Neurog2 257-259), motor neuron 

-specific markers (Islet1, Islet2, ChAT, Mnx1 200,260), non-neuronal markers for microglia 

(Ctss, Itgam, Ptprc), oligodendrocytes (Mobp, Plp1, Mog, Mbp), Schwann cells (Mpz, 

Pmp22, Prx), astrocytes (Aqp4, Atp1a2, Gja1, Gfap), and endothelial cells (Flt1, Pecam1, 

Tek, Myl9, Pdgfr) 261 were assessed using the normalised  RNA-seq expression values 

(Figure 3.16).  

At E12.5, an enrichment of motor neuron-specific markers Islet-1 (Isl1, 1,651 ± 136) and 

Mnx1 (3,713 ± 279) were observed. In contrast, little expression of markers for microglia, 

oligodendrocytes, Schwann cells, astrocytes, or endothelial cells were observed. The 

oligodendrocyte markers Mbp (583 ± 67) and Plp1 (496 ± 108) were expressed at a low 

level in the samples, however despite the presence of this small number of 

oligodendrocytes, the sorting protocol provided a highly enriched motor neuron 

expression profile (Figure 3.16A). A Table of individual expression values for the 

transcripts at E12.5 is provided (Supplementary Table 1). At E17.5, expression of motor 

neuron specific markers Isl1 (131 ± 73) and Mnx1 (623 ± 730) were significantly lower 

compared to E12.5. High enrichment of astrocytic gene markers Aqp4 (11,074 ± 4,419) 

and Atp1a2 (18,000 ± 6,551) were observed, while microglia, oligodendrocytes, Schwann 

cells, and endothelial cell markers were absent or expressed at a very low level at E17.5 

(Figure 3.16B). A Table of individual expression values at E17.5 is provided 

(Supplementary Table 2). At P3 and P8, the expression of motor neuron-specific 

markers was completely absent. At P3, samples were highly enriched in oligodendrocytic 

markers Plp1 (203,803 ± 125,868) and Mbp (129,823 ± 125,868), and astrocytic markers 

Aqp4 (49,972 ± 10,897) and Atp1a4 (26,777 ± 3,863) (Figure 3.16C). Similarly, at P8, 

samples were highly enriched in oligodendrocytic markers Plp1 (233,771 ± 100,408) and 

Mbp (165,200 ± 59,272) and astrocytic markers Aqp4 (65,856 ± 18,482) and Atp1a4 

(35,919 ± 7,669) (Figure 3.16D). Tables of individual expression values for all transcripts 

at P3 and P8 are provided (Supplementary Table 3,4).  

The E17.5, P3 and P8 data were not consistent with a successfully enriched population of 

motor neurons and suggest that astrocytes and oligodendrocytes make up a majority of 

the sorted cell population. Due to the inefficient enrichment of the motor neurons, the 

E17.5, P3 and P8 time points were removed from the study and not used for differential 

expressed analysis in the subsequent chapter. 
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Figure 3.16 Assessment of sample purity using RNA sequencing normalized read 
counts. 
Normalised read count of neuronal, motor neurons, microglia, oligodendrocytes (oligo), 
Schwann cells, astrocytes and endothelial (vascular) cells at (A) E12.5 (B) E17.5, (C) P3 
and (D) P8. Data represent mean ± SEM, n =12 biological replicates. 
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3.4 Discussion 

While ALS typically presents in mid to late life, the seeds for the development of ALS 

may be sown years or even decades before symptom onset. To determine the earliest 

molecular and cellular mechanisms that trigger motor neuron vulnerability to dysfunction 

and degeneration in ALS using the SOD1G93A mouse model, we have coupled FACS 

isolated motor neurons from HB9:GFP reporter mouse with RNA-seq to conduct gene 

expression profiling of SOD1G93A motor neurons.  

The major challenge of this study was to maintain live and intact motor neurons before 

and during FACS enrichment. Spinal cord tissue must be completely dissociated into a 

single cell suspension in order to conduct sorting, however, motor neurons are large and 

fragile in nature, compared to other cell types in the CNS. During early development, 

motor neurons form long axons and increasing extracellular matrix deposition and 

interactions with glial cells makes the release of motor neurons very difficult. Enzymatic 

dissociation using papain resulted in the highest recovery of live cells.  Despite a gradual 

decrease in viability from E12.5 to P8, sufficient viable cells were collected at all time 

points in embryonic and early postnatal mice for profiling. Another challenge was to 

maintain the cell viability during the FACS and subsequently obtain good quality and 

quantity of RNA from the sorted cells. Sorting a small cell number directly into the lysis 

buffer resulted in high integrity of RNA (RIN >9) for sequencing. Due to the limited RNA 

quantity obtained from the sorted cells, assessment of motor neuron enrichment by qPCR 

was not conducted before continuing with the gene expression profiling using RNA-seq. 

Ideally, this step should have been conducted to confirm the successful purification and 

enrichment of motor neuron transcripts and minimal markers of other cell types. As an 

alternative, RNA-seq normalised read counts were used to assess the sample purity of the 

sorted motor neurons.  

At E12.5, a significant enrichment of motor neuron-specific markers was observed, while 

non-neuronal markers expression was absent. At E17.5, motor neuron marker expression 

was very low, and the expression of astrocytic markers were high, suggesting significant 

contamination of the motor neuron population. At P3 and P8, the expression of motor 

neuron-specific markers was completely absent, suggesting an inability to collect motor 

neurons. These findings show that at E12.5, motor neurons were successfully isolated and 

enriched, however at E17.5, P3 and P8, insufficient motor neuron enrichment was 
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achieved for profiling of this population. Thus, the later time points were excluded from 

the subsequent analysis.  

It is likely that FACS had a large impact on sorting the wrong cell types. We suggest that 

motor neurons were unable to survive the dissociation at E17.5, P3 and P8 due to their 

large size, polarity and fragility, so, setting the FACS gates suboptimaly allowed non-

motor neurons to be collected. Positioning the gates to capture GFP+ events as far enough 

away from the non-GFP boundary was difficult because of weakly expressing GFP+ 

motor neurons at these ages and due to developmental downregulation of GFP. The 

further the gates between these two populations, the lower number of GFP+ cells would 

have been collected. Hence, we may have compromised the purity of samples to favour 

the cell yield for subsequent deep sequencing analysis.  

Factors that may have contributed to fluorescence in the non-GFP cells include, (i) 

autofluorescence of non-GFP cells; (ii) floating GFP+ debris released from dead GFP+ 

cells may have adhered to non-neuronal cells, resulting in false positive signal; and (iii) 

doublets were not efficiently discriminated from single cells. Doublets occur when two 

cells pass through the laser very close to each other that the instrument treats them as one 

event which may drastically compromise the purity 262. For instance, interacting cell types 

such as astrocytes and myelinating oligodendrocytes may have been still attached to 

HB9:GFP motor neurons, which then sorted into the collection tube. 

To obtain enriched motor neurons in the future, the dissociation method requires further 

optimisation. Fragile mature neuron populations have been successfully dissociated in the 

past using a combination of enzymatic and mechanical techniques 263 which we could 

implement.  Fluorescent immunolabeling of dissociated motor neurons with NeuN or 

ChAT markers prior to FACS may also facilitate gating out glial cells and improve purity 

of samples However, elongated procedure may cause overall more motor neuron death 

as result and of length of time samples being on ice. Additionally, single cell sorting 

techniques may also ensure purity of samples 264,265. The implementation of digital PCR 

now allows verification of purity from limited cell number, which was not available at 

the start of the project and would underpin any future optimisation. However, a lot of 

time already invested so, optimisation of the current approach may not be worthwhile. 

Alternatively, implementing less invasive methods that do not include dissociation may 

be more useful. A prime example is the TRAP approach as described in detail in the 

introduction.
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4.1 Introduction 

Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease that is 

caused by the loss of both upper and lower motor neurons. The disease results in rapidly 

progressive physical disability, leading to fatal paralysis, for which there is no cure 17,266. 

The majority of ALS cases are of sporadic onset (sALS) while the remaining 10% are 

genetically inherited (familial ALS or FALS). Dominant mutations in the Cu/Zn 

superoxide dismutase (SOD1) gene account for 20% of FALS and are the best understood 

cause of ALS 24. Both familial and sporadic ALS are clinically indistinguishable, thus the 

study of human mutant SOD1 transgenic rodent ALS models, which develop fatal, late-

onset, progressive ALS-like paralysis, can provide valuable tools for understanding core 

disease mechanisms 56. 

Critical to devising effective treatments for ALS is a complete understanding of the 

incipient molecular and cellular pathological events that underly pathogenesis. A plethora 

of pathogenic mechanisms have been implicated in ALS, including oxidative stress, 

mitochondrial dysfunction, excitotoxicity, protein aggregation, abnormal axonal 

transport and neuroinflammation, however these are generic disease mechanisms across 

the neurodegenerative disease spectrum and lack specificity for motor neurons.  These 

disease mechanisms are also likely to reflect secondary and compensatory processes in 

ALS. Given the selective vulnerability of motor neurons in ALS, it is essential to decipher 

the primary damage in ALS which mediate disease initiation. 

Multiple lines of evidence suggest the existence of a protracted preclinical period prior to 

diagnosis of ALS in patients and mouse models.  This preclinical or premorbid period is 

proposed to commence with motor neuron susceptibility, followed by compensation or 

tolerance and finally dysfunction. Pre-symptomatic SOD1 mutation carriers exhibit both 

a reduction in motor unit number estimates by electromyography (EMG) 154, and cortical 

hyperexcitability detected by threshold tracking transcranial magnetic stimulation (TMS) 
150,151. These findings provide evidence of cellular vulnerability and dysfunction prior to 

symptom onset in lower and upper motor neurons respectively and suggest a long-lasting 

disease process that may progress for years or potentially decades before symptom onset. 

Eisen and colleagues recently proposed that clinical ALS onset may even date back to the 

perinatal period of life. They suggest a combination of genetic, epigenetic and exogenous 

factors coupled with metabolic and oxidative stress associated with early motor neuron 
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development and connectivity may render motor neurons vulnerable, thereby increasing 

the risk of MND later in life 148. 

Although evidence for preclinical pathology is difficult to test in patients, there is ample 

evidence in mouse models of ALS. Transgenic mice overexpressing the human SOD1G93A 

point mutation develop age-dependent clinical and pathological features similar to ALS, 

and are a reliable animal model for ALS research 56. In SOD1 G93A mice, the onset of 

clinical symptoms occurs at Postnatal (P) day 90 when 50% of spinal motor neurons have 

degenerated 56,157. At P60 prior to symptom onset, mice show activation of apoptotic 

markers. At P49, spinal motor neurons display DNA damage 161 and P30 is the onset of 

microglia and astrocyte activation 163, Golgi fragmentation 164 and accumulation of SOD1 

aggregates in somas and axons of motor neurons 165. At P20, ER stress pathways are 

upregulated 122 and at P14, swollen and vacuolated mitochondria are present in spinal 

motor neurons 166. Preceding ER stress at P5 122, ex vivo experiments indicate SOD1 G93A 

motor neurons are hyperexcitable 166-170.  

Here, we sought to determine when the earliest disease-associated events occur in spinal 

motor neurons of SOD1G93A mice using a non-biased transcriptomic approach. We 

coupled FACS of HB9:GFP reporter mice to unambiguously isolate spinal cord motor 

neurons 199 with highly sensitive transcriptional profiling to identify changes in gene 

expression in embryonic WT and SOD1G93A mice. A distinct gene expression profile was 

identified as early as embryonic day (E)12.5 in SOD1G93A mice. We identified significant 

gene expression changes at this age, including genes associated with RNA processing and 

excitotoxicity and validated the involvement of these molecular mechanisms by qRT-

PCR and immunohistochemistry. This was further validated in induced pluripotent stem 

cell (iPSC) derived spinal motor neurons from patients carrying 3 different pathogenic 

SOD1 point mutations. Our findings suggest that mechanisms that underlie disease 

vulnerability in spinal motor neurons of mutant SOD1 mice and patients occur as early 

as motor neuron development in utero. Our data highlight dysregulation of α-amino-3-

hydroxyl-5-methyl-4-isoxazole-propionate receptors (AMPARs) receptor subunit 

expression. Dysregulation of AMPAR subunits to generate increased Ca2+-permeable 

AMPAR populations have shown previously to contribute to excitotoxicity in motor 

neurons, leading to neurodegeneration in ALS 87,267-270. 
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4.2 Material and methods 

4.2.1 Animals  

All animal procedures were performed in accordance with the guidelines of the Australian 

National Health and Medical Research Council's published Code of Practice for the use 

of animals in research and were approved by the Florey Neuroscience Institute Animal 

Ethics Committee (permit number: 16-026). The HB9:GFP mice (B6.Cg-Tg(Hlxb9-

GFP)1Tmj/J, stock no. 005029) 199 and SOD1G93A mice (B6.Cg-Tg(SOD1*G93A)1Gur/J 

line; stock no. 004435; RRID:IMSR_JAX:004435) were obtained from the Jackson 

Laboratory (Bar Harbor, ME). Both SOD1G93A and HB9:GFP colonies were maintained 

on a C57BL/6J background at the Florey Institute of Neuroscience and Mental Health 

Core Animal Services (Melbourne, Australia) under standard conditions of 12-hours 

light/dark cycle with access to food and water ad libitum. Mice were time-mated 

overnight, and embryonic (E) day 0.5 designated following visualization of a vaginal plug 

the next morning. 

4.2.2 DNA extraction and genotyping 

Tissue for DNA extraction was obtained from the embryo’s tail. DNA was extracted using 

a rapid genotyping method using red extract-N-AmpTM Tissue PCR Kit (Sigma- 

Aldrich; Cat # 254-457-8). Two μl of diluted DNA was added to the master mix 

containing 0.08 μl forward primer and reverse primer (100 nM), 2.5 μl of nuclease free 

water, and 5 μl of SsoAdvanced universal SYBR Green Supermix (BioRad; Cat # 

1725274). Samples were then genotyped using a real-time PCR machine (BioRad; 

CFX96), targeting human SOD1 with forward (5’- CATCAGCCCTAATCCATCTGA-

3′) and reverse primers (5’- CGCGACTAACAATCAAAGTGA -3′). The thermal cycling 

condition was set as the following; 2 min denaturation at 95°C, annealing at 95°C for 5 

sec and extension at 60°C for 5 sec for 39 cycles. 

4.2.3 Isolation of spinal motor neurons  

Pregnant females were deeply anaesthetised with 3% isoflurane inhalation (Delvet, Seven 

Hills, NSW, Australia) and were administered sodium pentobarbital (11 mg/kg 0.1 ml, 

i.p.). Microdissection of embryonic spinal cords were conducted on HB9:GFP and 

SOD1G93A;HB9:GFP; mice at E12.5. Lumbar spinal cords were microdissected out in 
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chilled Leibovitz's L-15 medium (Gibco™; Cat # 11415064) using a dissection 

microscope (ZEISS Stemi 508) and pooled according to genotype.  

Lumbar spinal cords were then dissociated into a single cell suspension using the Neural 

Tissue Dissociation Kit (Miltenyi Biotec; Ca t# 130-094-802) according to the 

manufacturer's instructions. Littermate lumbar spinal cord of same genotype were pooled 

(Usually 2-3 lumbar spinal cords per genotype). Cell viability and density were 

determined by trypan blue exclusion counting. Cells were resuspended in 500 µl of 

HBSSCa2+Mg2+ containing 1% (v/v) bovine serum albumin (Sigma-Aldrich; Cat # 9048-46-

8) and the cell suspension was filtered using a 40 μm cell strainer. Sorting was conducted 

on a FACS AriaTM Fusion Flow Cytometer (Becton Dickinson) using 85 μm nozzle size, 

45 psi sheath pressure, 1.0 flow rate and 488 nm optical path/laser. Dead cells and 

doublets were excluded using side scatter (SSC) and forward scatter (FSC) parameters 

and gating for the collection of GFP+ cells were established using non-GFP tissue. Sorted 

GFP+ cells were directly collected in RLT lysis Buffer (Qiagen; Cat # 74004) and the 

lysates were stored at -80°C. 

4.2.4 RNA extraction and qRT-PCR 

Total RNA was isolated from cell lysates using a RNeasy Micro Kit (Qiagen; Cat # 

74004), including an on-column DNase I (Qiagen) digestion step according to the 

manufacturer’s instructions. RNA quantity and integrity were assessed by a 5200 

Fragment Analyzer system (Agilent Technologies Ltd). 

First strand cDNA was synthesized from 50 ng of total RNA using a reverse transcription 

reagent kit according to the manufacturer (PrimeScriptTM RT; Takara; Cat # RR037A). 

The primers for each candidate gene were designed using Primer3 271. Primer sequences 

are shown in Table 4.1. Real-time qPCR was carried out using SYBR® Premix Ex 

TaqTM II (Takara; Cat # RR820L) with 10 μM of each primer and 4-5 biological 

replicates for each group. Relative gene expression was normalized to mouse Gapdh was 

determined using the ΔΔCt method 272.  
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Table 4.1 List of primers used in this study for quantitative RT-PCR. 
Gene Forward primer (5' to 3') Reverse primer (5' to 3') 

Adarb1 AGTGAGGGTCTTCAGTTGCA TGCATGAGGGGAGGAAAAGT 

Flrt2 AAATGGGCCACAGTCTCGTA CGGTAGTTGAACGCATCCAG 

Gfap TAAGCTAGCCCTGGACATCG GCCTTCTGACACGGATTTGG 

Gria1 TGCTTTGTCACAACTCACGG ATGGCGTACACTCCTTTGGA 

Gria2 AATACCCTGGAGCACACACA CCTCTGCTTCCGAAGATTGC 

Gria3 ACAAAGCCCTCCTGATCCTC GTGAAGAACCACCAAACCCC 

Gria4 TGTTGGGAAGCACGTCAAAG TCGTCACCATGGGCGTATTA 

Mbp TACCCTGGCTAAAGCAGAGC CAGGGAGCCATAATGGGTAG 

Mnx1 GTTGGAGCTGGAACACCAGT CTTTTTGCTGCGTTTCCATT 

Pemt TGCTTTTGAACATCCTCCGC CTGGACAGCACAAACACGAA 

Slc17a7 (vglut1) CTGGGGTCCTTGTGCAGTAT GTATTTGCGCTCCTCCTCAG 

Gas5 GGTTTAAGTGGACGCAGCAA CCATCACAGAGGTCCACACT 

Isac2 CTTTCCCAGGCTTTTGACCC TGCAGCCTGAGGAATTCTGA 

Malat1 CCAGTTTCCCCAGCTTTTCC TACTGGCTGCATCAAGGTGA 

Meg3 CGGAGGACACTTGGACTCTT TCGATGGAGAAGAGCGAGTC 

Pnisr CATCTCCAGCTCCCCAAGAA GCGCATCTTTAGCCACGTAA 

Ankr16 GATGCAATTCAGTGTGGCCA CTTCATCCTGCCCAGTGACT 

Mir124-1 TGGGAGGGGTGCATTGTTAT TGGGAAGGGGATCTGGTAGA 

ND4L GCTCCATACCAATCCCCATCA TCTGTTCCGTACGTGTTTGA 

Cpne6 GACTTCATCGGCGAGTTCAC CTTGTCTCGGTACTTGGGGT 

Ankrd23  CTGGTGAACAAGCTGCTGG TTGTCTTGTGCGTTGACCTG 

Adamts10 AGTGCCTGTGAGACCATTGA GTGACTCAGGGACAGGTTCA 

Rmst ACTGAAGAGTACAACCGCCA GCCTTATTGCTGCTCCTGTC 

Gapdh GGTGCTGAGTATGTCGTGGA GTGGTTCACACCCATCACAA 

Human-GRIA2 CAAACAGCTTCGCAGTCACT TGAAGGAGACGTGGAGTGTT 

Human-ADAR2 TGTACATCAGCACCTCTCCC TTTTGGTCCGTAGCTGTCCT 

Human-18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 
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4.2.5 RNA-seq library preparation and transcriptome analysis 

RNA-seq libraries were prepared using the NeuGen Ovation® SoLo kit (Cat# 0407-32) 

and subjected to 150 bp, paired-end sequencing on an Illumina HiSeq 2000 sequencer 

with 6 independent biological replicates analysed per group. Analysis was conducted on 

Spartan High-Performance Computing (HPC) system. The reads were aligned to a 

reference mouse genome obtained from the University of California Santa Cruz (mm10) 

and human genome (hg38) using HISAT2 (2.1.0), under default parameters, with the 

exception of reporting reads mapping to unique locations on the reference 251. The relative 

abundance of transcripts was measured by FPKM using the Subread package 252. 

Differential expression analysis and Principal Component Analysis (PCA) were 

conducted with DeSeq2 in RStudio (3.6.0) 253. Gene ontology and pathway analysis were 

performed using The Database for Annotation, Visualization and Integrated Discovery 

(DAVID) functional tool 273 and Ingenuity Pathway Analysis (IPA; QIAGEN), 

respectively. The RNA-seq data generated from this study has been deposited in GEO 

accession number GSE142654. 

4.2.6 Immunohistochemistry 

Embryonic tissue was processed as previously described in detail 248. Embryonic lumbar 

spinal cords were dissected, fixed in 4% (w/v) PFA for 2 h. Spinal cords were transferred 

to a 20% (w/v) sucrose in phosphate buffer overnight. Samples were embedded in OCT 

compound (Pro- SciTech, Queensland, Australia) and snap-frozen in isopentane on dry-

ice. Spinal cords were cut at a thickness of 20 μm using a cryostat and placed on glass 

slides in series of 1:6 for immunostaining. For immunohistochemistry, the sections were 

rinsed with PBS and blocked with 10% (v/v) normal donkey serum diluted in PBS with 

0.3% (v/v) Triton X-100 for 1 h. The sections were incubated overnight at room 

temperature with primary antibodies. Primary antibodies were as follows; chicken anti-

GFP (1:1000; Abcam; AB13970), rabbit anti-NeuN (1:1000; Abcam; AB104225) and 

guinea pig anti-GluA2 (1:500; Alomone Labs; AGP-073). On the next day, the sections 

were incubated in a secondary antibody (1:250) for 2 h at room temperature. Secondary 

antibodies were as follows; donkey, anti-chicken Alexa Fluor® 488 (Jackson 

ImmunoResearch Labs; 703-545-155), donkey, anti-guinea pig Alexa Fluor® 594 F(ab')₂ 

(Jackson ImmunoResearch Labs;706-586-148) and anti-rabbit Alexa Fluor® 647 

(Jackson ImmunoResearch Labs; 711-605-152). The sections were cover slipped using 

mounting medium (DAKO fluorescence mounting medium, Cat # S3023).   
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4.2.7 Imaging and statistics 

Images were captured using an LSM 780 Zeiss confocal laser scanning microscope under 

40× magnification. Quantification of GluR2 signal intensity was determined in Zen Blue 

software (ZEN lite, Zeiss) by averaging 5 sections of L4 lumbar spinal cord (equivalent 

to 10 ventral horns) selected at equally spaced intervals per animal with 4 mice per 

genotype. To compare signal intensity between different samples, the images were taken 

at the same excitation light intensity, exposure time, and gain setting. 

All quantitative data are represented as means ± SEM. Statistical significance testing was 

performed using an unpaired Student’s t test for comparison of two groups or one-way 

ANOVA with Dunnett’s multiple comparisons test for three or greater groups with 

GraphPad Prism 7 (GraphPad, USA).  

4.2.8 Droplet digital PCR 

The ddPCR analysis was performed on a QX200 system (Bio-Rad, 1864001). The 

reaction mixture was in a volume of 20 µL and comprised 1 × ddPCR Supermix for 

Probes (No dUTP) (Bio-Rad, Cat# 1863024), 1 µL of 20x primers mixture and probe 

labelled with FAM (IDT, cat number) nuclease free water and 1:10 µL of cDNA (50 ng). 

Droplet generation, PCR and analysis of droplets were conducted as as previously 

described in detail 274. PCR protocol is listed in Table 4.2. 

 

Table 4.2 Cycling conditions for Bio-Rad’s C1000 Touch Thermal Cycler. 

Cycling step Temperature(C) Time Ramp rate Number of cycles 

Enzyme activation 95 10 min 

2°C/sec 

1 

Denaturation 94 30 sec 
40 

Annealing/extension 60 1 min 

Enzyme 

deactivation 

98 10 min 1 

Hold 4 Infinite 1 
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4.2.9 Restriction fragment length polymorphism (RFLP) 

Twenty ng of cDNA was used for amplifying a product across the edited base of Gria2. 

The polymerase chain reaction (PCR) was performed using HotStar HiFidelity 

Polymerase Kit (QIAGEN; Cat# 202602) according to manufacture instruction using 

forward primer 5'-GGTTTTCCTTGGGTGCCTTTAT-3' and reverse primer 5’-

ATCCTCAGCACTTTCGATGG-3'. Primers spanned exons 11 and 12 of Gria2 to ensure 

products were derived from mRNAs. Amplification product length was 187 bp. The 

thermal cycling conditions for RFLP are listed in Table 4.3. 

PCR product was then digested with the restriction enzyme Bbv1 (NE Biolabs; Cat# 

R0173S) according to manufacture instruction. The digested PCR product resolved on a 

3% agarose gel (Scientfix; Cat # 9010B) and imaged using ChemiDocTM MP Imaging 

System (Bio-Rad). 

 

Table 4.3 The thermal cycling condition for Gria2 RFLP. 

PCR condition Temperature (°C) Time Cycle 

Initial denaturation 95 5 min 1 
Denaturation 94 15 sec 

35 Annealing 60 1 min 

Extension 72 1 min 

Final extension 72 10 min 1 
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4.2.10 Generation of IPSC motor neurons 

Patient iPSC lines containing dominant SOD1G85S, SOD1L114F or SOD1I114T mutations 275 

were differentiated into spinal motor neurons as previously described 276. At day 28, 

defined as mature motor neurons by expression of ChAT and Tuj1. RNA was harvested 

from mature motor neurons using RNeasy Micro Kit (Qiagen; Cat # 74004) or the cells 

were fixed for immunocytochemistry. 

4.2.11 Immunocytochemistry 

Cells were fixed for 10 min in 4% (w/v) paraformaldehyde and washed twice in DPBS 

(ThermoFisher Scientific). Cells were blocked in 10% (v/v) normal donkey serum with 

0.1% (v/v) Triton-X 100 in 0.1 M PBS and incubated overnight at 4°C in the following 

primary antibodies: goat anti-ChAT (1:500, Millipore; AB144P), chicken anti-β III 

tubulin (1:1000, Abcam, AB41489) and rabbit anti-GluR2 (1:500; Alomone Labs; AGC-

005). Cells were incubated in the following secondary antibodies in the same diluent 

(1:400), for 2 h at room temperature; anti-goat Alexa Fluor®-488 (Jackson 

ImmunoResearch Labs; 705-545-147), anti-rabbit Cy™-550  (Jackson ImmunoResearch 

Labs; 711-165-152), anti-chicken Alexa Fluor®-647 (Jackson ImmunoResearch Labs 

703-605-155); followed by 15 min incubation in 1 μg/ml Hoechst 33342 (LifeTech; 

H1399). Cells were imaged at 20× magnification on a fluorescence microscope (ZEISS, 

Germany). 
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4.3 Results 

4.3.1 Transcriptional profiling of spinal motor neurons at embryonic day 12.5 

To date, all gene expression profiling studies of motor neurons in ALS have been 

conducted in clinical end-stage patient samples or postnatal often adult mouse models. 

To identify the earliest molecular pathways in SOD1G93A mice that may underlie 

vulnerability to ALS, the transcriptional profile of lumbar motor neurons was evaluated 

at E12.5.  Embryonic day 12.5 represents motor neuron birth in the spinal cord, when 

motor neuron progenitors have exited the cell cycle and moved to their final position 

along the spinal motor neuron pools 232,233. To specifically profile motor neurons in the 

spinal cord, HB9:GFP reporter mice expressing GFP under control of the motor neuron-

specific homeodomain transcription factor HB9 promoter 199 were crossed with SOD1G93A 

mice to generate HB9:GFP-SOD1G93A mice (henceforth called SOD1G93A) and HB9:GFP 

controls (henceforth called WT) . Lumbar spinal cords were dissected, dissociated into a 

single cell suspension, and GFP+ motor neurons isolated using FACS (Figure 4.1A). No 

difference in the percentage of GFP+ cells isolated from SOD1G93A or WT littermate 

controls was observed, with 15 ± 2.6% and 15 ± 2.2% of the population GFP+ when gated 

against GFP- spinal cord, respectively (Figure 4.1B).  

To confirm the enrichment of motor neurons in the GFP+ cell fraction, high integrity 

RNA (RNA integrity number > 9) was extracted from the positive, negative and unsorted 

cell populations (Supplementary Figure 1). Real-time qPCR was conducted to test for 

selected neuronal and non-neuronal populations. Mnx1 (HB9), the key marker for motor 

neurons, was significantly enriched (16 ± 3.3 fold) in the GFP+ fraction, relative to the 

unsorted cell fraction (P < 0.0001). The expression of the oligodendrocyte marker Mbp 

was significantly depleted (1.6 ± 0.1 fold) in both the positive and negative fractions, 

relative to unsorted sample (P < 0.00001). The interneuron marker Ptf1a was significantly 

depleted (0.8 ± 0.05 fold) in the positive fraction (P < 0.05) and enriched in the negative 

fraction (1.3 ± 0.4 fold), relative to unsorted cells (P < 0.01). No significant change was 

observed in the expression of VGlut1 expressed by interneurons, while the astrocytic gene 

Gfap was significantly depleted in the positive fraction (1.0 ± 0.06, P < 0.0001) and 

negative fraction (0.06 ± 0.08, P < 0.0001; Figure 4.1C).  

To enable unbiased gene expression profiling of motor neurons, RNA sequencing was 

conducted on GFP+ cells. Whole transcriptome cDNA libraries were subject to 150 bp 
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paired end sequencing at an average read depth of 60 million reads per sample. Motor 

neurons isolated from SOD1G93A embryos showed a 30,000 ± 3,000 fold increase in 

human SOD1 expression, compared to WT (P < 0.0001, Figure 4.1D-E) as expected. 

Consistent with the qPCR findings, normalised RNA seq reads showed an enrichment of 

motor neuron specific transcripts Snp25 (3237 ± 119), Islet1 (1651 ± 136) and Mnx1 

(3713 ± 279). A corresponding depletion of transcripts specific for microglia, 

oligodendrocytes, Schwann cells, astrocytes and vascular endothelial cells were also 

detected (Figure 4.1F). Examination of the global gene expression profile by principal 

component analysis (PCA) showed the samples separated into two distinct clusters 

corresponding to genotypes (Figure 4.1G), indicating a subtle difference in the motor 

neuron transcriptome between the SOD1G93A and WT mice at E12.5. 

4.3.2 Identification of potential mechanisms involved in susceptibility to ALS 

Differential expression analysis was conducted to identify significantly dysregulated 

genes in motor neurons at E12.5. Significant changes (corrected for multiple testing) in 

21 genes were observed at E12.5 in SOD1G93A motor neurons compared to WT (q value 

< 0.05; Table 4.4). Hierarchical clustering of differentially expressed genes indicated the 

highest similarity between the replicates of each genotype (Figure 4.2A). Classification 

of the differentially expressed genes based on their known molecular function revealed 

that the majority of genes were involved in RNA processing (43%). The remaining genes 

were classified as developmental-related (19%), mitochondrial genes (19%), AMPA 

receptor signalling (10%) and unknown genes (9%) (Figure 4.2B).  

Gene ontology analysis for biological and molecular processes using a less stringent 

significance threshold (not corrected for multiple testing) was conducted to capture a 

broader set of dysregulated genes and pathways (P < 0.01; Supplementary Table 5) and 

showed highly significant enrichment of RNA processing pathways (Figure 4.2C,D). 

Consistent with gene ontology analysis, network analysis using the enlarged list of 

differentially expressed genes identified significant pathways centred around processing 

of RNA (P < 0.01) (Figure 4.2E) and mRNA transcription (expression of RNA; P < 0.01) 

(Figure 4.2F). 
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Figure 4.1 Gene expression profiling of spinal motor neurons of SOD1G93A at 
embryonic day. 
(A) Representative images of HB9:GFP-SOD1G93A transgenic mice at E12.5 and 
immunolabelling of HB9:GFP (green) in a transverse section of spinal cord. Scale bar, 
50 µm. Lumbar spinal cords were dissociated into single cell suspension and motor 
neurons were isolated using FACS. (B) Bar graph represent the percentage of GFP+ cells 
in SOD1G93A and WT samples (C) RNA was extracted from the sorted motor neurons, and 
purity of samples were examined using qRT-PCR by testing the expression for motor 
neuron, interneuron, astrocyte and oligodendrocyte gene markers. (D) RNA sequencing 
reads were aligned to the human genome to evaluate the expression level of human SOD1 
in samples. (E) Quantification of number of reads mapped to human SOD1 (F) 
Assessment of sample purity using RNA sequencing normalized read counts for the 
expression of neuronal and glial marker genes. (G) Clustering of gene expression profiles 
of spinal motor neurons from WT and SOD1G93A mice were compared by principal 
component analysis (PCA). Data represent mean ± SEM, unpaired student t test, n = 5-7 
biological replicates. * P < 0.01, ** P < 0.001, *** P < 0.0001, **** P < 0.00001. GFPNeg 
GFP Negative; GFPPos= GFP Positive. 
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Table 4.4 Significantly differentially expressed genes in SOD1G93A motor neurons. 

Symbol Fold change Adj P value Entrez ID 

Rmst -0.80* 4.76 x10-02 110333 

Gria2 -0.78 1.78 x10-04 14800 

mt-Rnr2 -0.76 3.88 x10-02 17725 

Appl2 -0.75 4.76 x10-02 216190 

Pnisr -0.73 3.88 x10-02 66625 

ND6 -0.72 2.88 x10-02 17722 

Isca2 -0.72 4.76 x10-02 74316 

mt-Rnr1 -0.70 2.44 x10-04 17724 

Adamts10 -0.70 3.44 x10-02 224697 

Mir124a-1 -0.66 3.88 x10-02 268755 

Gas5 -0.65 1.17 x10-02 14455 

Meg3 -0.63 2.78x10-05 17263 

Ankrd16 -0.62 2.62 x10-04 320816 

Malat1 -0.59 2.07x10-05 72289 

Mir10b -0.55 3.42 x10-03 387144 

ND4L -0.54 2.40x10-09 17720 

Ankrd23 -0.48 4.76 x10-02 78321 

Cpne6 -0.40 3.64 x10-02 12891 

Scarna9 -0.38 5.85 x10-03 100216535 

Rnu1b2 -0.34 4.48 x10-02 19845 

Flrt2 1.54 2.44 x10-04 399558 

* Negative value represents downregulation 
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Figure 4.2 Deconstructing dysregulated pathways of early pathogenesis in ALS. 
(A) Heat map shows the relative expression levels of differentially expressed genes, along 
with the hierarchical clustering of genes and samples. Expression levels used in the 
heatmap were calculated by mean the log2 transformed FPKM values of genes. Visual 
representation of downregulation is shown with blue, and red representing upregulated. 
(B) Classification of the differentially expressed genes based on their known molecular 
function. (C) Enriched biological function and (D) molecular function identified by gene 
ontology analysis (DAVID) using significantly differentially expressed genes (P < 0.01). 
(E-F) Network analysis using significantly differentially expressed genes (P < 0.01) 
determined by Ingenuity Pathway Analysis (IPA).  
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4.3.3 AMPA receptor expression is dysregulated in SOD1G93A motor neurons at 

E12.5 

Validation of significantly changed genes at E12.5 was conducted on a separate batch of 

GFP+ isolated motor neurons from WT and SOD1G93A mice using real-time qPCR where 

primers could be designed (16 of 21 genes). A significant decrease in expression were 

identified in the RNA processing genes Pnisr (-0.2 ± 0.06, P = 0.04) (Figure 4.3A); no 

significant changes in mitochondrial gene was validated (Figure 4.3B); nervous system 

development related genes Flrt2 (-0.5 ± 0.1, P = 0.003), Pemt (-0.1 ± 0.04, P = 0.01)  and 

Adamts10 (-0.2 ± 0.06, P = 0.02) ( 

Figure 4.3C); the AMPA receptor related genes Gria2 (GluA2; -0.2 ± 0.09, P = 0.01) and 

Mir124-1 (-0.2 ± 0.07, P = 0.03) (Figure 4.3D); and no significant dysregulation in 

unknown gene category was validated (Figure 4.3E).  

Gria2 is a Ca2+-impermeable subunit of AMPA receptors, and downregulation of this 

gene is associated with Ca2+-mediated excitotoxity in ALS 277. As excitotoxity is one of 

most important processes implicated in ALS pathogenesis, Gria2 was selected as an 

interesting target for further validation. Hence, evidence of mRNA dysregulation in other 

components of AMPA receptor were examined in SOD1G93A motor neurons. No 

significant change in the AMPA receptor subunits Gria1, Gria3, or Gria4 were detected 

at E12.5 (Figure 4.3F), however a significant decrease in the expression of the Gria2 

editing enzyme Adar2 (Adarb1; -0.13 ± 0.06, P = 0.01) was identified (Figure 4.3G).  

Interestingly Gria2 was also identified as a potential target of transcriptional regulation 

by the significantly changed RNA processing gene miR-124 in our study (by Targetscan 

and miRanda). The 3'-UTR of Gria2 contains a highly conserved miR-124 target site 

(Figure 4.3H) and it has been previously shown that miR-124-mediated regulation of 

Gria2 produces rapid changes in Gria2 expression 48,278.  
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Figure 4.3 Validation of differentially expressed genes using qRT-PCR. 
(A-D) qPCR verification of the expression of genes involved in biological process 
identified as enriched by GO analysis compared to wild-type (WT) control. (E) Fold 
change expression of Ca2+-permeable AMPAR subunits Gria1, Gria3 and Gria4 mRNA, 
relative to wildtype motor neurons at E12.5. (F) Relative expression of Adarb1 mRNA in 
SOD1G93A motor neurons at E12.5. (G) Schema showing the position of the fully 
complementary miR-124 target site at the 5'-end of the mouse Gria2, 3'-UTR. The seed 
region of miR-124 is shown in pink. Data represent mean ± SEM, unpaired student t test, 
n = 5-7 biological replicates. * P < 0.05.  
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To further confirm the involvement of a potential Gria2 and Adar2 network, droplet 

digital PCR was employed. A significant downregulation of Gria2 (19 ± 6 copies per µl, 

P < 0.01) and Adar2 (3 ± 1.3 copies per µl, P < 0.01) transcript numbers were identified 

in SOD1G93A motor neurons (Figure 4.4A-C). Enzymatic editing of Gria2 transcripts by 

Adar2 regulates its permeability to Ca2+ influx. Gria2 has been reported to be less 

efficiently edited in motor neurons due to downregulation of Adar2 in symptomatic SALS 

patients and mouse models 279,280. Hence, restriction fragment length polymorphism 

(RFLP) PCR was used to detect Gria2 mRNA post-transcriptional editing using a Bbv1 

endonuclease in SOD1G93A motor neurons at E12.5 281. Despite downregulation of Adar2, 

SOD1G93A motor neurons exhibited normal Gria2 editing at E12.5 (Figure 4.4D).  

4.3.4 GluR2 protein is depleted in motor neurons of embryonic SOD1G93A mice 

To determine if GluR2 protein was reduced in motor neurons of SOD1G93A mice, 

embryonic spinal cords were subjected to immunohistochemistry at E12.5 (Figure 4.5A-

J) and E17.5 (Figure 4.5K-T). GluR2 immunoreactivity was significantly reduced in 

GFP+ lumbar motor neurons in SOD1G93A mice, compared to WT motor neurons at E12.5 

(18.5 ± 3.7, P < 0.0001) (Figure 4.5U). Examination of E17.5 spinal cord showed that 

this significant reduction in GluR2 protein levels persisted throughout embryonic 

development (10.9 ± 3.7, P < 0.01) (Figure 4.5W).  

4.3.5 AMPA receptor subunit dysregulation occurs in ALS-linked SOD1 patient 

iPSC-derived motor neurons 

To validate our findings from the SOD1G93A mouse model, we cultured motor neurons 

from SOD1-linked ALS patient iPSCs. We used lines carrying different SOD1 point 

mutations previously established 275. In 28 day-old motor neurons (Figure 4.6A-J), 

GRIA2 expression assessed by qPCR was significantly reduced in SOD1G85S (0.5 ± 0.1 

fold, P < 0.01), SOD1L144F (0.5 ± 0.1 fold, P < 0.01) and SOD1I114T (0.6 ± 0.1 fold, P < 

0.001), compared to control motor neurons (Figure 4.6K). A significant reduction in 

ADAR2 expression was observed in SOD1G85S (0.6 ± 0.2 fold, P < 0.05) and SOD1I114T 

(0.6 ± 0.2 fold, P < 0.05), but not in SOD1L144F motor neurons, compared to control 

(Figure 4.6L). 
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Figure 4.4 Quantification of Gria2 transcript copies using digital PCR and 
characterisation of its editing efficiency in SOD1G93A motor neurons at E12.5. 
 (A) Representative scatter plot showing copy number analysis by droplet digital PCR of 
Gria2. Blue dots indicate droplets with a fluorescence amplitude above (positives) and 
grey dots indicate droplets with a fluorescence amplitude below (negatives) the threshold. 
Positive droplets indicate the presence of target within the droplet, in which end-point 
PCR produced an amplicon. The ratio of the positive to the total number of droplets 
allows for calculation of the number of copies of Gria2 (B) Quantification of Gria2 and 
(C) Adarb1 transcript copies per µl. (D) Representative gel images showing Gria2 Q→R 
RNA editing efficiency in SOD1G93A and wildtype motor neurons at E12.5. Left image 
indicates PCR product of Gria2. Right image represents restriction fragment length 
polymorphism (RFLP) analysis, where efficient Gria2 RNA editing results in RFLP 
amplicons of 116 and 66 bp. A band at 81 bp would be observed if Gria2 subunit is 
inefficiently edited. Abbreviations: ML= Molecular Ladder; W= wildtype; S= SOD1G93A. 
Data present as mean ± SEM, n = 3-5 biological replicates. Student t test; * P < 0.01.  
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Figure 4.5 Expression of GluR2 in spinal cords of embryonic SOD1G93A mice 
embryonically. 
Cross-sections of lumbar spinal cord from wild-type (HB9:GFP; WT) and SOD1G93A 
(HB9:GFP - SOD1G93A) mice at (A-J) E12.5 and (L-U) E17.5. Double-stained for GFP 
(green), GluR2 (red) and NeuN (Neuronal nuclei; blue). (K-W) Bar charts represent 
quantification analysis of GluR2 signal intensity in HB9:GFP motor neurons. Values 
represent the mean ± SEM; n = 4 mice; unpaired student t test, **P < 0.001, ****P < 
0.0001. Scale bars 50 μm. 
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Figure 4.6 Expression of GRIA2 and ADAR2 in iPSC motor neurons derived from 
SOD1G85S, SOD1L114F, SOD1I114T and healthy control lines. 
Representative images of iPSC mature motor neurons derived from (A-E) control line 
and (F-J) SOD11I114T line, immunolabelled with ChAT (green), GluR2 (far red), TUJ1 
(red), counterstained with Hoechst (blue). (C) Fold change expression of GRIA2 in SOD1 
lines, compared to healthy control line determined by qRT-PCR (D) Fold change 
expression of ADAR2 in SOD1 lines, compared to healthy control line determined by 
qRT-PCR. Data represent mean ± SEM, n = 3-4 biological replicates, One-way ANOVA 
with Dunnett's multiple comparison test, *P < 0.01, ** P < 0.005. Scale bars 50 μm. 
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4.4 Discussion 

Gene expression profiling studies of mouse models of ALS have focussed on adult 
191,195,282 or early postnatal ages 122.  While these studies provide molecular insights into 

potential mechanisms of motor neuron dysfunction and degeneration, they lack resolution 

of early molecular mechanisms that confer cell vulnerability and are likely to precede cell 

dysfunction.  In this study, using a novel approach with HB9:GFP reporter mice, FACS 

and RNA sequencing, we have characterized the molecular signature of pure motor 

neurons from embryonic SOD1G93A mice. The approach we have used has several key 

advantages over previous gene expression profiling studies in ALS: (i) we have analysed 

gene expression changes specifically in motor neurons without glial contamination; (ii) 

we have assessed fetal gene expression changes; and (iii) RNA sequencing allows 

unbiased screening of gene expression in SOD1G93A motor neurons.  

To our knowledge, we present the first evidence for motor neuron gene dysregulation at 

E12.5 in a mouse model of ALS. In a longitudinal microarrays study by Saxena and 

colleagues, ER stress markers and the unfolded protein response in SOD1G93A mice was 

upregulated at P14 and P28 respectively 122. Our transcriptomic data shows no 

dysregulation of genes involved in ER stress or protein misfolding management 

pathways, supporting the hypothesis that these pathways are in fact secondary events in 

ALS pathogenesis.  

The analysis of SOD1G93A motor neurons at E12.5 showed a significant change in the 

transcription profile of 21 genes when comparing with their wild-type motor neuron. 

Differentially expressed genes have been categorized according to their molecular 

function and one of the most interesting findings of our study was that most of the 

significantly changed genes (q < 0.05) were involved in RNA processing, followed by 

development-related genes, mitochondrial related genes and AMPA receptor signalling 

(Figure 4.7).  

Using qPCR, we confirmed significant dysregulation of RNA processing genes Pnisr in 

mutant SOD1 motor neurons at E12.5. RNA dysregulation is a key contributor to ALS 

pathogenesis. The major ALS causative gene mutations in TDP-43, FUS, 

and C9orf72 are involved in aspects of RNA metabolism processes, such as mRNA 

transcription, alternative splicing, RNA transport, mRNA stabilization, and miRNA 

biogenesis 283. However, the evidence of RNA processing dysregulation in pre-
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symptomatic SOD1G93A mice have not been shown previously. Further studies are 

required to uncover exact functional role and the downstream effects of the Pnisr 

dysregulation in SOD1G93A mice. 

Another key finding of the present study was the downregulation of GluR2, a Ca2+-

impermeable subunit of AMPA receptors, at both transcript and protein levels in 

embryonic motor neurons of SOD1G93A mice. Decreased expression of GluR2 may 

potentially confer selective cell vulnerability by allowing Ca2+ influx into motor neurons, 

leading to excitotoxicity 284, a central pathogenic mechanism and treatment target in ALS, 

hence, in this study particular interest has been directed to this gene. Indeed, GluR2 

deficiency or overexpression strongly modify disease progression in SOD1G93A mice 269,285  

and Riluzole which attenuates excitotoxicity remains the only approved drug for ALS, 

arguing for the primacy of excitotoxicity in ALS. 

Inefficient (glutamine to arginine) RNA editing of the GluR2 subunit generates increased 

Ca2+-permeable AMPA receptors and has been evidenced in SALS post-mortem spinal 

motor neurons 87. Also recently GluR2 transcript down regulation in SOD1 post mortem 

tissue was shown 286.  Here, we identify downregulation of Adar2, an enzyme that edits 

Gria2 transcripts, in motor neurons of SOD1G93A mice without evidence for Gria2 editing 

deficiency. Such data indicate that inefficient editing of Gria2 is not directly associated 

with dysregulation of Adar2 in spinal motor neurons of embryonic SOD1G93A mice. In 

this study, we also determined miR-124 downregulation in embryonic SOD1G93A motor 

neurons, which is involved in RNA processing. Computational identification of a 

conserved miR-124 site in the 3'-UTR of Gria2 gave rise to the hypothesis that miR-124-

mediated regulation of Gria2 could produce rapid changes in GluR2 expression. 

However, our results conflict with previous published reports of an inverse correlation of 

miR-124 and Gria2 levels 287. How Mir-124 regulates expression of Gria2 in motor 

neurons and the exact molecular link to mutant SOD1 remains to be elucidated. 

Downregulation of GluR2 and Adar2 transcripts were also demonstrated in ALS patient 

iPSC-derived motor neurons which further validated our findings since these cells have 

a fetal transcriptome similar to mouse motor neurons at E12.5.  

To extend this study, in vivo Ca2+ imaging combined with electrophysiological recordings 

of SOD1G93A motor neurons would enhance our understanding of whether Ca2+-mediated 

excitotoxity is an early mechanism in ALS that drives motor neuron degeneration. 
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In summary, this study provides the earliest evidence of transcriptional dysregulation 

occurring in affected motor neurons of SOD1G93A mice in utero. Our data highlight 

dysregulation of RNA processing and AMPA receptor Ca2+ permeability are very early 

events in the pathogenic cascade of mutant SOD1. Based on our evidence for AMPA 

receptor dysregulation in embryonic motor neurons of SOD1G93A mice, we propose that 

aberrant Ca2+-mediated influx and signalling are incipient and key events, leading to 

downstream consequences such as excitotoxicity, hyperexcitability, ER stress and protein 

aggregation which may account for selective motor neuron death in ALS. 
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Figure 4.7 Summary of major dysregulated pathways in SOD1G93A mouse motor 
neurons at embryonic day 12.5. 
In SOD1G93A mice the onset of clinical symptoms occurs at Postnatal (P) day 90. The key 
pathological events reported prior to P90 are summarised in the above timeline. In this 
study we identified the earliest dysregulated mechanisms as shown at E12.5 that may 
confer motor neuron vulnerability. References, 1 = 167; 2 =122; 3 = 166; 4 = 165; 5 = 
164; 6 = 163; 7 = 161; 8 = 288; 9 = 289. Abbreviations, MN= motor neuron; Mito.= 
mitochondria. 

.
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5.1 Discussion 

Despite ALS being an adult-onset disease, there is increasing evidence for a protracted 

preclinical period of motor neuron vulnerability and damage before clinical onset in 

presymptomatic patients including; evidence of cortical hyperexcitability and loss of 

MUNE. Also, it is well established that motor neuron dysfunction and pathology long 

precede symptom onset in SOD1G93A mice. The earliest known evidence for motor neuron 

pathology in SOD1G93A mice is upregulation of ER stress management pathways at 

postnatal day (P) 5 122,290 in vivo  and hyperexcitability and synaptic pathology in cultured 

motor neurons at embryonic day (E) 17 ex vivo 166-170. Based on these lines of evidence, 

we asked the question when do the earliest disease-associated events occur in motor 

neurons of SOD1G93A mice and what are the earliest perturbed mechanism(s) that drive 

motor neuron vulnerability. We hypothesized that the seeds for the development of ALS 

may be sown shortly after conception and motor neuron vulnerability is induced in the 

perinatal period of life, leading to subsequent neuronal dysfunction and degeneration. 

Gene expression profiling is a highly sensitive approach for elucidating disease 

mechanisms which allows the detection of subtle homeostatic disturbances even before 

they result in detectable pathology. The majority of gene expression profiling studies in 

ALS research have either been performed in post-mortem human tissue with end-stage 

pathology or adult mice with clinical and subclinical pathology. This study aimed to use 

RNA sequencing to profile the transcriptome of SOD1G93A motor neurons at E12.5, E17.5, 

P3, and P8 to provide novel insights into the earliest pathogenesis in ALS.  

In SOD1G93A mice, specific motor neuron pools are more resistant to degeneration, such 

as γ-MNs, which persist until end-stage of disease. Additionally, subtypes of affected 

spinal motor neurons also display a gradient of vulnerability. Fast-twitch fast-fatigable 

(FF) motor neurons degenerate before slow (S) motor neurons 204,210. To obtain specific 

transcriptomes of vulnerable motor neurons, HB9:GFP reporter mice 199 were 

implemented and fully characterised throughout key developmental ages. 

Based on anatomical (cell size distributions) and cellular (immunohistochemistry co-

localisation) analysis, we demonstrated that GFP was predominantly expressed by α-

motor neurons in the spinal cord of HB9:GFP reporter mice. To further determine α-MNs 

subtype expressing GFP, we used IHC to analyse the co-expression of OPN (FR α-MN 

marker) and MMP9 (FF α-MN marker) with GFP and demonstrated that GFP+ cells 
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colocalised with FF α-MNs marker.  We confirmed these findings in HB9:GFP-SOD1G93A 

mice and showed that GFP+ cells were lost at the early stages of disease progression in 

SOD1G93A mice at the same rate as α-MNs. Therefore, HB9:GFP reporter mice provided 

a reliable tool to study and unravel molecular mechanisms of selective neuronal 

vulnerability in ALS and a great complementary tool to achieve the goal of this study. 

GFP+ motor neurons were purified from HB9:GFP mice using FACS. Dissociation of 

mature motor neurons into a single cell suspension was one of the main challenges in this 

study. α-MNs are fragile in nature and the largest cells, compared to other cell types in 

the CNS 291. During early development, motor neurons form long axons with increasing 

extracellular matrix deposition and interactions with glial cells makes the release of motor 

neurons very difficult. Also, GFP+ cells were significantly fewer with attenuated 

fluorescence at E17.5, P3 and P8, compared to E12.5. Hence, positioning FACS gates 

between negative and positive cell populations was another challenge.  

Despite the challenges, highly enriched motor neurons were successfully isolated at 

E12.5. However, at E17.5, P3 and P8, the samples were contaminated by glial cells. As 

discussed in detail in Chapter 3, we suggest that motor neurons may not have survived 

during the dissociation and unbalanced FACS gates allowed non-motor neurons to be 

collected. For effective isolation of mature motor neurons, implementing less invasive 

approaches that do not include dissociation may be more useful. For instance isolation of 

nuclei 240,241 and TRAP 292.  

Differential expression analysis of SOD1G93A motor neurons compared to controls at 

E12.5 revealed the majority of significantly changed genes were involved in RNA 

processing (43%). Around 19% of differentially expressed genes were involved in 

developmental related processes, 10% involved in AMPA receptor signalling, and 19% 

of genes regulate mitochondrial function.  

Pathway analysis demonstrated RNA processing as the most significant dysregulated 

mechanism in SOD1G93A motor neurons at E12.5. RNA dysregulation is a key contributor 

to ALS pathogenesis. The major ALS causative genes, TDP-43, FUS, and C9orf72, are 

critically involved in aspects of RNA metabolism processes, such as mRNA transcription, 

alternative splicing, RNA transport, mRNA stabilization, and miRNA biogenesis 293-295. 

Here, we now establish that RNA processing is targeted and dysregulated very early in 

mutant SOD1-mediated pathogenesis in motor neurons.  Thus, we tried validating some 
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of the genes involved in RNA processing using qRT-PCR and dysregulation of Pnsir , 

Adamts10 and MiR124-1 genes were confirmed. Using combination of laser-capture 

microdissection and microarray Ferraiuolo et al. in 2007, showed downregulation of 

mRNA processing genes in SOD1G93A motor neurons at P90 191. However, to date no gene 

expression profiling study in MND research have shown dysregulation of any RNA 

processing genes in SOD1G93A motor neurons pre-symptomatically. Therefore, 

dysregulation of identified gene at E12.5 in SOD1G93A motor neurons could potentially 

lead to motor neurons vulnerability and degeneration.  

Pnsir belongs to the splicing factor SR family. SR family members are essential pre-

mRNA splicing factors 296. Also, Pnisr interacts with the PNN gene which is involved in 

the regulation of alternative pre-mRNA splicing (STRING). However, the exact function 

and involvement of this gene in the context of ALS is still unknown. Due to time 

constraints, functional validation of Pnsir was not within the scope of this project.  

MiR124-1a is a non-coding RNA that is involved in post-transcriptional regulation of 

gene expression and is the precursor of the Mir-124 microRNA family. MiR124 is one of 

the most abundant miRNAs expressed in neurons, but not in astrocytes 297,298. Mir124 was 

previously reported to modulate glutamate receptor expression 48,278 and linked to 

neurodegenerative disease 299,300. Previous studies also showed miR-124-1 negatively 

mediates expression of Gria2 278,287,301. The 3'- UTR of Gria2 contains a highly conserved 

miR-124 target site 287. In this study we also identified Gria2 significantly differentially 

expressed (q <1.78 x 104) hence the focus of the study was direct to further validation of 

this gene. Gria2 encoding GluR2 is a component of L-α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionate (AMPA) receptors. Significant downregulation of GluR2 expression 

was confirmed by qPCR and IHC quantification analysis at transcript and protein levels 

respectively. We also confirmed downregulation of GRIA2 transcript expression in 

human motor neurons using pluripotent stem cell lines carrying three different SOD1 

mutations established previously 275.   

AMPA receptors are a subtype of glutamate receptors and composed of four GluR (also 

known as GluA) subunits (GluR1 to GluR4). GluR2 (Gria2) is the only Ca2+ impermeable 

AMPA receptor subunit, hence the Ca2+-permeability of AMPA receptors is determined 

by the GluR2 subunit 302. The impermeability to Ca2+ of GluR2-containing AMPA 

receptors is due to the presence of arginine at position 586 (Q/R site) of the GluR2 protein, 

instead of the genetically encoded glutamine 303. This arginine residue at the Q/R site is 



  Chapter 5 

 126 

introduced by the editing of Gria2 pre-mRNA, which is mediated by Adenosine 

Deaminase Acting on RNA 2 (Adar2) and is critical to survival of motor neurons 304,305. 

ADAR2-deficient motor neurons undergo slow death due to failure of GluA2 Q/R site-

editing with expression of unedited GluA2 in conditional ADAR2 knockout mice 306. 

Using qPCR we found a significant downregulation of Adar2 in SOD1G93A motor neurons 

at E12.5. However, despite the downregulation of Adar2, RNA editing of Gria2 was not 

affected in SOD1G93A motor neurons. We suggest that the downregulation of Adar2 likely 

begins before inefficient Gria2 RNA editing in ALS and the pathological process 

commences when motor neurons express unedited Gria2. Downregulation of ADAR2 and 

Gria2 RNA editing failure at Q/R site has been shown to occur in motor neurons of all 

ALS patients 87,89,307. However, RNA editing deficiencies at the Q/R site were not 

observed in SOD1G93A mice 308.  

Increased Ca2+ uptake through the AMPA receptor results in disruption of 

Ca2+ homeostasis. Ca2+ influx in mitochondria induces the overproduction of reactive 

oxygen species (ROS) and leads to mitochondrial dysfunction, energy failure and 

excitotoxic cell death 309,310. Moreover, destabilisation of intracellular Ca2+ homeostasis 

activates a cascade of cytotoxic biochemical events including inappropriate activation of 

enzymes such as lipases, phospholipasese, endonuclease and calpains. These enzymes 

can directly cause cell death through the generation of free radicals 311,312. In ALS, 

activation of calpain by increased Ca2+ influx through the AMPA receptors enhances 

TDP-43 cleavage. In motor neurons of both sporadic and TARDBP-associated ALS, 

calpain-dependent TDP-43 fragment aggregation causes the generation of cytoplasmic 

inclusions of TDP-43 to which TDP-43 is sequestered and cleared from the nucleus 313. 

Thus, we suggest the downregulation of Gria2 and Adar2 triggers mitochondria 

dysfunction through excess Ca2+ influx. To confirm this hypothesis, electrophysiological 

recording and calcium imaging of embryonic motor neurons are required to monitor the 

activity of intracellular calcium and ROS. Of relevance to understanding the role of Gria2 

in motor neuron vulnerability in ALS, SOD1G93A mice lacking Gria2 showed accelerated 

symptoms and death 284.  Also, crossbreeding Gria2 overexpressing mice with mutant 

SOD1G93A mice resulted in a 14% increase of the life span of these double transgenic mice 
314. Altogether, these data indicate that the expression level of Gria2 is an important 

determinant of motor neuron susceptibility in ALS. 
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In summary, we discovered that transcriptional dysregulation occurs in affected FF a-

motor neurons of embryonic SOD1G93A mice earlier than previously reported. We 

identified dysregulation in RNA processing genes including Mi124-1a which may have 

significantly reduced expression of Gria2 and Adar2. Downregulation of these genes may 

trigger failure in Gria2 RNA editing which leads to excess Ca2+ influx. Disruption in Ca2+ 

homeostasis causes mitochondria dysfunction and excitotoxity which may result in the 

downstream cascade of pathological events in ALS.   

The findings of this study are in agreement with several key lines of evidence of 

hyperexcitability in embryonic SOD1G93A motor neurons; cortical hyperexcitability in 

pre-symptomatic ALS patients; and importantly the efficacy of Riluzole, the only 

approved drug for ALS which attenuates excitability of motor neurons. Thereby, this 

research suggests that excitotoxicity via AMPA receptors may initiate susceptibility and 

degeneration of motor neurons in the spinal cord of SOD1G93A mice; suggesting early 

intervention with anti-excitotoxic drugs is warranted in ALS. 
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5.2 Concluding remarks 

The HB9:GFP reporter mouse allows unequivocal identification of FF α-MNs cell bodies 

in the spinal cord and their axonal terminals from E12.5 until late adult ages. FF α-MNs 

are most vulnerable to degeneration in ALS. In this project, we hypothesized that the gene 

expression profile of these vulnerable motor neurons of SOD1G93A mice will show 

divergence from WT at a very early age. FACS isolation of motor neurons met with a 

number of caveats and challenges at E17.5, P3 and P8, however, highly enriched motor 

neurons were obtained at E12.5. Gene expression profiling of motor neurons at E12.5 

revealed distinct transcriptional signatures of vulnerable motor neurons in SOD1G93A 

mice, compared to WT at E12.5. The majority of differentially expressed genes were 

involved in RNA processing.  Based on computational analysis, Mir124-1a regulates the 

expression of the Ca2+-impermeable AMPA receptor subunit Gria2.  We have confirmed 

GluR2 transcript and protein downregulation in SOD1G93A motor neurons at E12.5. We 

also confirmed the downregulation of GRIA2 transcript expression in human motor 

neurons using IPSC lines carrying SOD1 mutations. Although the editing of Gria2 was 

unchanged in motor neurons at E12.5, there is a potential possibility that Gria2 deficiency 

is triggering excitotoxity in motor neurons through increased Ca2+ uptake to 

mitochondria.  

In conclusion, the results of this thesis support the hypothesis that mechanisms of motor 

neuron vulnerability occur perinatally in ALS, at least 12.5 days post-conception in 

SOD1G93A mice. RNA processing dysregulation and alterations in AMPA receptor 

stoichiometry may be the initial events that trigger a cascade of pathogenesis leading to 

motor neuron death in SOD1G93A transgenic mice. These earliest events may lead to 

mitochondrial pathology induced by increased Ca2+ influx through AMPA receptors, and 

by the intracellular increase of free radicals. This research provides unique and powerful 

insights into the earliest pathogenic mechanisms operating in motor neurons and opens a 

window of opportunity for future research and also to rescue dysfunctional motor neurons 

by very early interventions mitigating excitotoxicity and aberrant Ca2+ signalling in ALS.
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Supplementary Table 1. Normalised gene counts of neuronal cells, motor neurons, 
microglia, oligodendrocytes, Schwann cells, astrocytes, and endothelial cells at 
E12.5. 

 

 

 

Supplementary Table 2. Normalised gene counts of neuronal cells, motor neurons, 
microglia, oligodendrocytes, Schwann cells, astrocytes, and endothelial cells at 
E17.5. 

 

 

 

 

WT-1 WT-2 WT-3 WT-4 WT-5 WT-6 SOD1G93A-1 SOD1G93A-2 SOD1G93A-3 SOD1G93A-4 SOD1G93A-5 SOD1G93A-6
RBFox3 1765.59 1889.27 1642.11 1677.26 1559.90 1523.63 1705.36 1257.24 1535.44 1439.41 1561.42 1657.87
Snp25 4002.25 3294.61 3469.40 3017.09 2676.06 3483.82 3712.35 2693.36 3400.55 2762.91 3308.55 3033.18
Isl1 2042.52 1423.92 1605.08 1446.70 1464.81 1317.16 1419.43 2953.02 1468.13 1934.35 1506.39 1230.71
Isl2 286.45 112.39 180.96 216.71 252.44 101.99 269.55 777.68 146.01 278.80 264.13 117.00
Pax6 391.95 506.22 521.84 543.25 482.23 477.61 364.41 752.68 516.76 469.88 642.45 494.49

Neurog2 326.74 414.26 357.71 368.11 628.26 269.90 318.01 788.58 314.84 371.21 420.96 332.24
Mnx1 4558.30 3365.20 2254.01 2380.82 4739.70 3373.12 4746.90 4623.78 2435.48 3768.46 4626.47 3682.20
Chat 375.10 255.43 220.52 221.66 169.80 225.12 281.84 282.74 224.73 230.24 193.97 229.59
Ctss 22.71 17.65 11.78 17.81 7.92 2.49 39.58 8.33 29.66 21.93 23.39 18.76
Itgam 8.79 0.93 10.10 7.92 11.32 9.95 8.19 10.90 10.27 9.40 4.13 6.62
Ptprc 21.25 7.43 17.68 20.78 15.85 3.73 53.23 8.98 31.94 36.02 12.38 24.28

Mobp 7.33 0.93 3.37 11.87 0.00 0.00 2.73 5.77 1.14 36.02 4.13 4.42
Plp1 381.69 485.79 465.45 567.99 495.82 435.32 544.57 653.95 383.29 703.26 493.88 345.48
Mbp 568.51 529.44 535.31 484.87 554.68 549.75 609.40 644.33 540.71 736.15 625.94 618.12
Mpz 102.57 115.18 106.05 157.34 100.75 90.80 165.15 55.78 84.41 57.95 125.19 91.61
Pmp22 58.61 92.88 101.84 127.65 156.22 67.16 105.09 97.45 98.10 175.42 97.67 45.25
Prx 60.81 40.87 37.88 47.50 53.20 38.56 48.45 64.11 45.63 48.55 64.66 56.29
Aqp4 13.92 7.43 7.58 9.90 14.72 12.44 6.14 14.75 6.84 59.52 33.02 2.21
Atp1a2 109.89 203.42 196.11 202.85 209.42 171.64 235.43 152.59 293.17 292.89 226.99 161.15
Gfap 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Flt1 9.52 16.72 21.04 38.59 30.56 42.29 10.92 49.37 65.02 46.99 30.27 49.67

Pecam1 15.38 42.73 139.72 69.27 45.28 72.14 19.11 78.86 84.41 54.82 22.01 69.54
Tek 13.92 17.65 35.35 36.61 20.38 60.95 18.43 32.06 45.63 15.66 13.76 36.42
Myl9 21.25 43.66 50.50 81.14 100.75 48.51 75.07 59.62 55.90 57.95 63.28 46.36
Pdgfrb 74.73 145.83 237.35 255.30 467.52 134.33 177.43 177.59 298.87 314.82 224.24 134.66

WT-1 WT-2 WT-3 WT-4 WT-5 WT-6 SOD1G93A-1 SOD1G93A-2 SOD1G93A-3 SOD1G93A-4 SOD1G93A-5 SOD1G93A-6
RBFox3 341.91 2061.45 695.72 1138.84 652.62 540.41 673.05 1897.38 1248.46 1106.48 519.63 485.86
Snp25 1099.08 13611.79 4547.70 4569.35 3194.50 4056.98 2801.99 10541.00 7065.49 3538.23 2033.64 1975.76
Isl1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isl2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pax6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Neurog2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mnx1 73.34 2490.13 325.25 799.10 205.84 287.01 345.19 1578.89 954.39 226.27 94.95 104.04
Chat 16.85 268.82 86.88 83.98 16.37 201.69 41.16 124.86 179.61 28.59 11.22 32.32
Ctss 442.01 62.03 89.03 40.72 166.08 31.03 296.81 94.10 82.76 62.16 189.04 104.04
Itgam 163.52 21.47 23.69 12.72 40.55 2.59 114.10 25.33 31.70 16.16 66.46 21.21
Ptprc 370.66 52.49 63.18 45.81 122.42 59.47 178.37 82.34 43.14 47.24 133.79 72.73
Mobp 9.91 3.98 48.82 0.00 45.22 23.27 7.22 11.76 18.49 6.22 32.80 38.38

Plp1 5667.86 1531.77 3892.90 3774.07 5219.42 3987.16 3228.78 1728.18 2141.22 2650.57 4542.90 5376.78
Mbp 4783.84 2024.87 3834.02 5267.93 5547.68 4656.86 3446.88 2311.78 2907.19 3119.27 4195.04 6513.14
Mpz 3102.01 390.50 696.44 921.25 1445.59 1688.47 1420.49 438.83 468.39 916.26 2933.07 1720.21
Pmp22 4549.95 599.67 1911.99 1400.96 2406.98 3265.75 2625.78 784.47 1421.90 1614.96 3613.26 2831.32
Prx 1381.53 256.89 391.30 358.83 573.87 770.54 873.81 221.68 345.13 421.46 1387.12 831.31
Aqp4 12573.55 3483.47 17278.96 9417.37 13047.77 12481.22 13993.32 4149.44 9876.71 6821.61 16077.53 13691.95
Atp1a2 22821.09 4420.35 19486.75 20469.84 17050.83 22273.31 25086.43 6425.03 15599.54 17135.45 23966.10 21271.76
Gfap 1724.44 344.37 2158.97 679.49 1995.29 1952.21 1935.39 440.64 1628.80 750.91 2821.72 1794.95
Flt1 1234.86 56.47 1045.38 599.32 364.91 1512.64 2082.71 125.77 757.17 307.08 540.35 826.26

Pecam1 782.94 49.31 708.65 394.46 215.20 480.94 1396.66 88.67 381.23 159.13 296.07 426.26
Tek 726.45 38.97 427.20 412.27 194.93 537.83 1338.16 82.34 269.41 198.92 296.93 309.09
Myl9 513.37 78.74 253.45 232.86 151.26 263.74 457.13 60.62 291.42 232.48 195.94 229.29
Pdgfrb 4550.94 505.82 2144.61 3230.74 1312.26 3987.16 4662.27 643.32 2008.27 2610.78 1875.68 2830.31
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Supplementary Table 3. Normalised gene counts of neuronal cells, motor neurons, 
microglia, oligodendrocytes, Schwann cells, astrocytes, and endothelial cells at P3.  

 

 

 

Supplementary Table 4. Normalised gene counts of neuronal cells, motor neurons, 
microglia, oligodendrocytes, Schwann cells, astrocytes, and endothelial cells P8. 

  

 

 

 

 

WT-1 WT-2 WT-3 WT-4 WT-5 WT-6 SOD1G93A-1 SOD1G93A-2 SOD1G93A-3 SOD1G93A-4 SOD1G93A-5 SOD1G93A-6
RBFox3 215.56 221.34 133.77 320.03 306.69 383.89 191.94 232.99 147.91 249.92 237.21 145.13
Snp25 1271.94 1525.05 1119.70 2844.20 2263.02 2133.50 1465.11 1210.00 1115.83 2589.40 1429.19 1292.49
Isl1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isl2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pax6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Neurog2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mnx1 37.49 27.54 39.64 47.48 32.53 153.14 11.57 56.05 15.57 28.34 26.69 63.26
Chat 22.76 13.77 26.01 31.65 15.80 25.37 14.47 10.99 5.19 9.45 7.41 13.64
Ctss 1196.96 3053.29 2354.60 1859.50 1519.52 916.74 963.56 1391.34 1650.39 1281.39 2127.48 1353.27
Itgam 702.91 1630.96 1376.10 873.04 679.37 582.41 542.06 977.01 957.54 652.72 1147.50 822.38
Ptprc 595.80 891.73 985.93 667.31 618.96 515.24 527.59 612.14 787.57 700.81 873.23 782.69

Mobp 11320.23 6328.98 11272.60 18696.12 3395.92 14053.87 9624.01 8121.63 20375.57 17642.27 3433.61 23600.97
Plp1 220178.88 154904.26 261623.19 309967.87 88015.17 266713.34 208001.37 192893.73 320191.27 296046.86 67696.71 419029.78
Mbp 198383.24 101562.29 215761.13 174874.89 67963.06 205043.96 160459.05 195683.00 205890.07 140589.32 67303.83 248892.42
Mpz 10022.86 8735.17 10730.09 6256.36 12692.42 16816.04 8267.89 11283.47 16484.44 4807.78 19861.87 23547.63
Pmp22 6834.98 8063.73 7693.01 5989.97 10612.49 11362.44 7268.65 7594.11 10216.33 4802.63 13747.79 17560.25
Prx 1599.96 1718.86 2463.60 1073.50 2166.36 3417.42 1731.32 1690.27 3195.68 894.05 2767.94 4688.69
Aqp4 42591.12 64952.51 42978.57 38040.21 41344.94 52192.96 37509.34 45961.41 45558.29 69082.41 57465.55 61989.91
Atp1a2 25532.45 33144.52 25240.42 21067.31 23408.07 28192.22 22953.72 28586.17 28211.03 24322.31 33688.24 26978.56
Gfap 9895.66 13894.94 8473.34 5274.30 6863.41 12938.91 8339.27 11718.67 10399.27 13297.40 11159.24 14672.62
Flt1 421.75 1172.39 606.92 1048.00 688.66 696.14 863.25 777.00 709.72 751.48 1879.89 623.92

Pecam1 263.76 620.61 401.31 651.48 466.54 434.34 494.80 449.49 381.46 614.07 1095.61 410.57
Tek 210.20 518.94 330.71 458.06 403.35 344.49 346.26 342.89 325.67 543.64 819.86 303.90
Myl9 119.16 251.00 225.43 86.16 120.82 208.66 189.05 291.24 245.22 146.86 259.45 214.59
Pdgfrb 1168.84 2899.72 1646.11 793.04 1513.02 1713.49 1407.24 2240.87 1729.54 1037.48 2158.61 922.85

WT-1 WT-2 WT-3 WT-4 WT-5 WT-6 SOD1G93A-1 SOD1G93A-2 SOD1G93A-3 SOD1G93A-4 SOD1G93A-5 SOD1G93A-6
RBFox3 116.69 107.45 178.00 86.45 74.60 125.49 121.08 150.78 87.39 96.53 71.44 103.46
Snp25 605.41 533.63 878.15 595.56 569.68 751.97 683.46 666.59 694.50 525.20 1098.06 790.92
Isl1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Isl2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pax6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Neurog2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mnx1 1.00 9.11 7.91 0.00 9.04 5.93 7.02 3.53 5.58 1.64 12.10 14.37
Chat 1.00 9.11 9.89 1.75 10.55 3.95 2.63 7.94 6.51 3.27 4.03 4.60
Ctss 521.63 570.06 721.90 992.88 674.42 460.47 548.35 801.50 665.68 731.36 1043.91 479.96
Itgam 424.89 364.25 528.08 665.42 467.95 385.37 474.65 540.51 488.10 482.66 736.84 269.58
Ptprc 308.19 302.33 379.74 626.12 287.85 260.87 332.52 421.47 366.31 402.49 925.81 272.45
Mobp 15508.34 34095.96 7687.78 3067.72 7799.17 3448.59 14965.13 33291.82 21064.74 3553.71 4269.54 7660.91
Plp1 173925.02 466982.19 131930.41 88321.29 213099.64 79860.96 163739.95 408565.19 298933.94 84827.65 147401.82 188055.04

Mbp 107511.14 214385.08 104422.90 73366.03 167780.83 76726.60 90536.54 214888.59 183940.18 84978.17 82752.14 156588.86
Mpz 5018.84 12923.72 17733.12 17793.32 16518.41 14359.56 4397.33 10296.07 8379.60 13575.11 10356.12 15003.39
Pmp22 3519.77 8051.83 11989.54 10567.19 9503.68 8615.54 3373.45 6482.54 5523.49 8316.53 8236.04 9312.88
Prx 886.68 1675.57 3344.49 2691.35 2330.71 2483.18 1183.56 1447.82 1405.74 2450.95 1774.41 2353.22
Aqp4 50275.19 63028.62 69033.79 82526.41 41518.70 77413.35 56828.36 67912.41 76654.76 72612.18 99739.83 32737.64
Atp1a2 35616.62 30764.86 37768.43 39615.82 22318.43 43606.34 43989.08 35174.33 39165.53 45736.84 34983.00 22289.53
Gfap 5855.65 14429.91 13660.79 11050.09 8924.21 10687.65 8033.11 13251.65 11489.52 11220.69 9840.50 5704.30
Flt1 58894.59 59265.88 67827.32 75681.01 37945.40 76155.46 64521.93 73660.47 77302.78 71515.96 97437.71 41317.08

Pecam1 414.91 391.57 405.45 572.85 486.79 1075.09 459.74 415.30 489.03 595.56 649.85 206.35
Tek 265.30 220.37 359.96 502.99 323.27 802.36 321.11 283.04 445.34 392.68 621.62 135.08
Myl9 209.45 85.60 156.25 144.96 111.52 227.27 178.10 122.56 115.29 116.17 111.19 98.29
Pdgfrb 1613.77 681.15 1091.76 1087.20 926.86 2205.51 1634.52 855.29 1068.25 1626.33 889.51 1001.87
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Supplementary Figure 1. Assessment of RNA integrity of sorted HB9:GFP motor 
neurons at E12.5.  

(a) Representative electropherogram traces and corresponding electrophoresis gel images 
of fragment analyser. Ladder marker (LM) with a 15 nucleotide [nt] molecular weight 
marker and peaks corresponding to the 18S and 28S ribosomal RNA’s (rRNA’s) have 
been labelled accordingly. Fragment lengths were plotted along the x-axis with RNA 
concentrations defined by arbitrary units of fluorescence [RFU] plotted along the y-axis. 
(b) RNA integrity number (RIN) obtained from sorted HB9:GFP-SOD1G93A (SOD1G93A) 
and HB9:GFP (WT) motor neurons. Data presented as mean ± SEM, n = 6 biological 
replicates. 
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Supplementary Table 5. Extended list of differentially expressed genes at E12.5 in 
SOD1G93A motor neuron compared to wildtype (P < 0.01). 

Symbol Fold change P value  Entrez ID 

ND4L 0.54 1.6x10^-13 17720 

Malat1 0.59 2.7x10^-9 72289 

Meg3 0.63 5.5x10^-9 17263 

Gria2 0.78 4.7x10^-8 14800 

mt-Rnr1 0.70 8.4x10^-8 17724 

Flrt2 1.54 9.7x10^-8 399558 

Ankrd16 0.62 1.2x10^-7 320816 

NA 2.39 3.2x10^-7 100862060 

NA 2.34 4.5x10^-7 100862044 

Mir10b 0.55 2.2x10^-6 387144 

Scarna9 0.38 4.2x10^-6 100216535 

Gas5 0.65 9.3x10^-6 14455 

ND6 0.72 2.4x10^-5 17722 

Adamts10 0.70 3.2x10^-5 224697 

Cpne6 0.40 3.6x10^-5 12891 

mt-Rnr2 0.76 4.2x10^-5 17725 

Pnisr 0.73 4.5x10^-5 66625 

Mir124a-1hg 0.66 4.6x10^-5 268755 

Rnu1b2 0.34 5.6x10^-5 19845 

Rmst 0.80 6.8x10^-5 110333 

Appl2 0.75 6.9x10^-5 216190 

Ankrd23 0.48 7.0x10^-5 78321 

Isca2 0.72 7.2x10^-5 74316 

NA 0.60 8.1x10^-5 100503377 

Mir5125 0.63 9.6x10^-5 100628593 

Pxk 0.80 1.1x10^-4 218699 

Gm10644 2.38 1.1x10^-4 100126034 

Uggt2 0.78 1.2x10^-4 66435 

NA 1.99 1.4x10^-4 100862086 

Hoxd4 0.72 1.4x10^-4 15436 

Miat 0.69 1.6x10^-4 330166 

Lrrc45 0.72 1.7x10^-4 217366 

Srsf11 0.85 1.9x10^-4 69207 
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Zfp57 0.72 1.9x10^-4 22715 

Cspg4 2.09 2.0x10^-4 121021 

NA 4.42 2.2x10^-4 100043126 

Pfkp 0.67 2.2x10^-4 56421 

Rtel1 0.78 2.3x10^-4 269400 

Gm19976 2.04 2.4x10^-4 100503938 

Mir1905 2.45 2.5x10^-4 100316808 

Brd8 0.82 2.7x10^-4 78656 

Gnl3 0.75 2.7x10^-4 30877 

NA 2.54 2.8x10^-4 100503773 

Gm19383 2.08 3.0x10^-4 100502801 

BC051142 0.45 3.4x10^-4 407788 

Rnu12 0.55 4.0x10^-4 104307 

Gm1821 1.17 4.0x10^-4 218963 

Med12 0.83 4.1x10^-4 59024 

Snapc4 0.76 4.2x10^-4 227644 

Caskin1 0.78 4.2x10^-4 268932 

Snord8 0.46 4.3x10^-4 100217445 

Leng8 0.72 4.6x10^-4 232798 

Mir301 0.44 5.2x10^-4 723834 

Firre 0.73 5.8x10^-4 103012 

Pnpt1 0.81 5.8x10^-4 71701 

Gm11149 3.25 6.1x10^-4 100036537 

Degs2 4.53 6.1x10^-4 70059 

Cobl 1.38 6.1x10^-4 12808 

Pnn 0.82 6.3x10^-4 18949 

NA 1.61 6.4x10-4 100861649 

NA 0.78 6.7x10^-4 100042464 

Trmt13 0.74 6.7x10^-4 229780 

Snrnp48 0.74 6.8x10^-4 67797 

Gm17275 2.15 7.0x10^-4 100504581 

Abcc9 2.11 7.0x10^-4 20928 

Tmem176b 1.42 7.2x10^-4 65963 

NA 0.62 7.3x10^-4 100628579 

Tfap2b 1.34 7.4x10^-4 21419 

Snord14d 0.52 7.4x10^-4 100302593 
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NA 2.24 7.5x10^-4 100503934 

Paxbp1 0.76 7.6x10^-4 67367 

Fam193b 0.81 8.9x10^-4 212483 

NA 1.96 9.3x10^-4 100503527 

Fam227a 0.78 9.6x10^-4 75729 

Snhg9 0.43 9.8x10^-4 73474 

Gpr137b 0.78 1.0x10^-3 83924 

NA 1.88 1.0x10^-3 100503512 

Arpp21 0.73 1.0x10^-3 74100 

4632427E13Rik 0.68 1.1x10^-3 666737 

Gm17638 3.15 1.2x10^-3 100504021 

Npy 1.32 1.2x10^-3 109648 

AA474408 0.48 1.2x10^-3 767812 

NA 2.10 1.3x10^-3 100861688 

6430411K18Rik 0.58 1.3x10^-3 76880 

Snord70 0.51 1.3x10^-3 100217459 

Gm16617 33.25 1.3x10^-3 100502764 

Mir874 0.03 1.4x10^-3 100124491 

Bcas1 2.13 1.4x10^-3 76960 

Plekha5 0.85 1.5x10^E-3 109135 

Csf2ra 0.68 1.5x10^-3 12982 

5031425E22Rik 0.72 1.5x10^-3 269630 

Chuk 0.83 1.6x10^-3 12675 

Arglu1 0.76 1.6x10^-3 234023 

Snord87 0.44 1.6x10^-3 266793 

Htra3 3.34 1.6x10^-3 78558 

Mir7-1 0.46 1.7x10^-3 723902 

Sdccag8 0.80 1.7x10^-3 76816 

Hdac10 0.75 1.7x10^-3 170787 

NA 1.92 1.7x10^E-3 100862073 

Tonsl 0.71 1.7x10^-3 72749 

NA 2.63 1.8x10^-3 100861974 

Slc25a27 0.81 1.8x10^-3 74011 

Rnu73b 0.52 1.9x10^E-3 19871 

1600020E01Rik 0.65 1.9x10^-3 72012 

AY074887 29.53 1.9x10^-3 246735 
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Snord110 0.46 2.0x10^-3 100217452 

Rfx5 0.75 2.0x10^-3 53970 

Gm19544 0.58 2.0x10^-3 100503083 

Dgkq 0.78 2.2x10^-3 110524 

Gpx2-ps1 0.39 2.2x10^-3 14777 

Pcdhgc3 1.18 2.2x10^-3 93706 

Gramd1a 0.80 2.3x10^E-3 52857 

Pan2 0.84 2.4x10^-3 103135 

Dnah17 0.43 2.5x10^-3 69926 

Srpk1 0.86 2.5x10^-3 20815 

Amfr 1.13 2.7x10^-3 23802 

Fam43a 1.33 2.8x10^-3 224093 

Cln8 1.22 2.8x10^-3 26889 

Trmt6 0.82 2.8x10^-3 66926 

NA 2.08 2.8x10^-3 100861900 

Mrpl21 0.75 2.9x10^-3 353242 

Clcn2 0.76 3.0x10^-3 12724 

Dgat1 0.79 3.1x10^-3 13350 

Clk2 0.84 3.1x10^-3 12748 

Rps28 0.81 3.1x10^-3 54127 

Zbtb34 1.16 3.1x10^-3 241311 

Snord47 0.53 3.1x10^-3 100217446 

Mbip 0.80 3.1x10^-3 217588 

Snord55 0.54 3.1x10^-3 100216533 

NA 0.29 3.1x10^-3 666890 

Zfp810 0.82 3.3x10^-3 235050 

Polr3gl 0.74 3.4x10^-3 69870 

Ift88 0.81 3.4x10^-3 21821 

Igfbp2 1.37 3.4x10^-3 16008 

Nrbp2 0.75 3.5x10^-3 223649 

Rpl30 0.75 3.5x10^-3 19946 

Srek1 0.86 3.6x10^-3 218543 

Gm5577 0.67 3.7x10^-3 434064 

Ptpn7 11.17 3.8x10^E-3 320139 

Stk17b 1.46 3.8x10^-3 98267 

Ttc14 0.82 3.9x10^-3 67120 
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Apoo 0.82 3.9x10^-3 68316 

Lbx1 1.54 4.0x10^-3 16814 

Mirg 0.65 4.0x10^-3 100040724 

Hook2 0.77 4.0x10^E-3 170833 

Tatdn3 0.66 4.0x10^-3 68972 

NA 1.99 4.1x10^-3 100862399 

NA 0.72 4.1x10^-3 100046763 

Sorcs2 1.29 4.1x10^-3 81840 

Rmnd1 0.78 4.1x10^-3 66084 

Srrm2 0.87 4.2x10^-3 75956 

E030047D23Rik 0.69 4.3x10^-3 100038605 

Fam89a 4.84 4.3x10^-3 69627 

Klhl21 1.72 4.6x10^E-3 242785 

Hopx 1.74 4.7x10^-3 74318 

Rn18s 0.81 4.7x10^-3 19791 

Ptprk 0.85 4.7x10^-3 19272 

Paqr9 1.43 4.8x10^-3 75552 

Rnu11 0.45 4.8x10^-3 353373 

Atg16l1 0.82 4.8x10^-3 77040 

Chrm2 1.61 4.9x10^-3 243764 

Spata1 0.64 5.1x10^-3 70951 

Sft2d1 0.77 5.1x10^-3 106489 

Pdlim7 0.75 5.3x10^-3 67399 

Las1l 0.81 5.3x10^-3 76130 

NA 0.66 5.4x10^-3 100504017 

Snhg11 0.63 5.4x10^-3 319317 

Gm16059 2.07 5.4x10^-3 100503109 

Vps16 0.84 5.4x10^-3 80743 

Gpd2 1.27 5.5x10^-3 14571 

Rps24 0.82 5.6x10^-3 20088 

Snord65 0.55 5.6x10^-3 100217444 

Tia1 0.86 5.6x10^-3 21841 

Vwa5b2 0.72 5.6x10^-3 328643 

Snora16a 0.47 5.7x10^-3 100310813 

Rab4a 1.21 5.7x10^-3 19341 

Smoc1 1.27 5.7x10^-3 64075 
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Pmaip1 2.52 5.8x10^-3 58801 

Zfp207 0.88 5.9x10^-3 22680 

Slc25a32 1.40 5.9x10^-3 69906 

Pet100 0.70 6.0x10^-3 100503890 

Pemt 2.46 6.1x10^-3 18618 

Snord99 0.52 6.1x10^-3 100217437 

Snord67 0.39 6.2x10^-3 100217458 

Snord12 0.60 6.2x10^-3 100217443 

Nckap1l 2.23 6.3x10-3 105855 

Adam8 0.64 6.4x10^-3 11501 

Tmem140 14.72 6.4x10^-3 68487 

Cntrob 0.78 6.4x10^-3 216846 

Spaca6 0.77 6.4x10^-3 75202 

Acr 0.55 6.4x10-3 11434 

Araf 0.86 6.5x10^-3 11836 

Gkap1 0.80 6.5x10^-3 56278 

Myom3 0.04 6.6x10^-3 242702 

Opn3 1.44 6.7x10^-3 13603 

Gm17739 0.77 6.9x10^-3 319689 

Gm19359 0.70 7.1x10^-3 100502768 

Ascc2 0.79 7.1x10^-3 75452 

Neurod6 1.52 7.2x10^-3 11922 

Tspoap1 0.81 7.2x10^-3 207777 

Srsf5 0.83 7.2x10^-3 20384 

Mbp 1.22 7.3x10^-3 17196 

Gm15612 1.73 7.4x10^-3 100038356 

Tmem28 1.54 7.4x10^-3 620592 

Aifm3 0.34 7.4x10^-3 72168 

Ttc19 0.85 7.5x10^-3 72795 

Ctnnal1 0.78 7.6x10^-3 54366 

Tmem17 0.73 7.6x10^-3 103765 

Ankrd13d 0.74 7.6x10^-3 68423 

NA 0.78 7.7x10^-3 100861853 

Gbx1 2.20 7.7x10^-3 231044 

Pygo2 1.16 7.8x10^-3 68911 

Pnma1 1.86 7.8x10^-3 70481 
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Frem2 1.52 7.9x10^-3 242022 

Brd9 0.86 7.9x10^-3 105246 

Sema4d 1.29 8.0x10^-3 20354 

Imp3 1.29 8.0x10^-3 102462 

Vtn 1.66 8.0x10^-3 22370 

Dnah1 0.75 8.1x10^-3 110084 

Ints6l 0.80 8.1x10^-3 236790 

Ahdc1 1.17 8.1x10^-3 230793 

Gm19645 1.84 8.2x10^-3 100503344 

Pla2g7 1.83 8.2x10^-3 27226 

NA 1.83 8.2x10^-3 100861967 

Zfc3h1 0.88 8.2x10^-3 216345 

Snrnp70 0.88 8.3x10^-3 20637 

Ubp1 0.85 8.3x10^-3 22221 

Gm16440 3.04 8.3x10^-3 544998 

NA 2.73 8.4x10^-3 100862026 

Wsb1 0.79 8.4x10^-3 78889 

Psmb7 0.87 8.5x10^-3 19177 

Gm9385 0.77 8.6x10^-3 668829 

Selenow 1.17 8.6x10^-3 20364 

Lars2 0.86 8.6x10^-3 102436 

Luc7l3 0.81 8.7x10^-3 67684 

Atp6v0c 1.25 8.8x10^-3 11984 

4930426I24Rik 28.48 8.8x10^-3 100504512 

Gm20939 0.28 9.0x10^-3 100044193 

NA 2.94 9.0x10^-3 100862121 

Pcgf2 0.80 9.0x10^-3 22658 

Alkbh5 1.15 9.0x10^-3 268420 

Phc1 0.89 9.1x10^-3 13619 

Atxn7l2 0.84 9.1x10^-3 72522 

D330050I16Rik 2.08 9.1x10^-3 414115 

Gm19592 1.49 9.2x10^-3 100503203 

Hexdc 0.73 9.2x10^-3 238023 

Snord34 0.48 9.3x10^-3 27210 

Eml5 0.85 9.3x10^-3 319670 

NA 3.85 9.3x10^-3 100502907 
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Cdk5r2 1.23 9.3x10^-3 12570 

Ccnl2 0.81 9.4x10^-3 56036 

Arhgap4 0.65 9.4x10^-3 171207 

Pdxk 1.32 9.4x10^-3 216134 

ND1 0.85 9.4x10^-3 17716 

Pcgf5 1.85 9.6x10^-3 76073 

Gpr173 1.22 9.7x10^-3 70771 

Snord68 0.52 9.8x10^-3 100302565 

F3 0.58 9.8x10^-3 14066 

Gm19426 0.48 9.8x10^-3 100502874 

Cep70 0.86 9.9x10^-3 68121 

Pank4 0.77 9.9x10^-3 269614 

Carmil3 0.82 9.9x10^-3 268747 

Prpf4b 0.89 9.9x10^-3 19134 

Ogt 0.85 9.9x10^-3 108155 

 


