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Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are 

neurodegenerative diseases that represents two ends of a continuous disease 

spectrum, sharing key pathological and genetic features, despite manifesting 

primarily as motor symptoms in ALS and behavioural symptoms in FTD. A proper 

understanding of their pathogenic mechanisms is crucial for developing new 

therapeutic approaches. However, a significant barrier to progress in this field is the 

poor translation of findings from animal models to clinical applications, particularly 

evident in the failure of many ALS clinical trials. This gap can be attributed, in part, 

to limitations in current experimental models. 

In this PhD thesis, we first faced mouse microglia limitations due to species-

specific differences. Shifting toward more human-based biomedical research, we 

edited a human embryonic stem cell (ESC) line to introduce the ALS-causing 

SOD1G93A mutation by Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/Cas9 technology. Our aim was to investigate whether the mutant SOD1 

directly impacts distinct microglial functions in human ESC-derived microglia in 

vitro. We found that SOD1G93A mutation altered the cytokine profile at baseline 

conditions, heightened the microglial response to a pro-inflammatory stimulus, 

moderately impaired phagocytic function, caused metabolic changes in 

unstimulated conditions, and adapted differently their metabolism in response to 

lipopolysaccharide (LPS) when compared to control microglia. 

In the recent years, the development of chimeric mouse models with human 

microglia has emerged as a promising tool for better understanding microglial 

biology, since human microglia engrafted in the mouse central nervous system 

(CNS) mimic more closely the primary human microglial transcriptome compared 

to in vitro microglia. While most of studies xenotransplanted human microglia into 

the brain, thus we opted for transplantation into the neonatal mouse spinal cord as 

this is more relevant in the ALS field. We found that administration of 50,000 

microglial progenitors (MPs) into the caudal spinal cord region of neonatal Rag2−/− 

IL2rγ−/− hCSF1KI mice resulted in robust human microglia (CD45+ P2RY12+) 

colonization throughout all the spinal cord, from cervical to sacral, at least up to 10 

months post-transplantation. Focusing on the lumbar spinal cord, we found that the 
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human microglial chimerism increased over the time and reached higher 

colonization in the white matter than in grey matter. 

In the last chapter of this PhD thesis, we characterized phenotypically a 

newly generated C9orf72 mouse model, knock-in for 30 GGGGCC (G4C2) repeats in 

the mouse C9orf72 gene. Although C9ORF72 mutations are the most common genetic 

cause of ALS and FTD, existing mouse models have failed to fully recapitulate the 

ALS motor symptoms or FTD behavioural features. We found that, after 18 months 

of follow up, our C9orf72 mouse model did not develop ALS-like motor deficits. In 

contrast, aged homozygous C9orf72 mice acquired some FTD-related behavioural 

deficits, including depressive-like behaviour and memory decline.  

In summary, this doctoral thesis characterized distinct novel experimental 

approaches to advance the investigation in the ALS and FTD field. These findings 

provide valuable insights that may help to better understand the pathogenic 

mechanisms involved in these diseases, which ultimately could facilitate the 

development of new therapeutical strategies of these neurodegenerative diseases.  
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AAV: Adeno-associated viral vector 

AD: Alzheimer’s disease 

ADAP: Adhesion and degranulation-
promoting adapter protein 

AIF: Apoptosis inducing factor 

ALS: Amyotrophic lateral sclerosis 

ALSbi: ALS with behavioural impairment 

ALScbi: ALS with cognitive and behavioural 
impairment 

ALSci: ALS with cognitive impairment 

ALSFRS-R: Revised Amyotrophic Lateral 
Sclerosis Functional Rating Scale 

AMPA: Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid 

ARE: Antioxidant response element 

ARM: Activated response microglia 

ASO: Antisense oligonucleotide 

Aβ: Amyloid-β 

BAC: Bacterial artificial chromosome 

BBB: Blood-brain barrier 

Bcl-2: B-cell lymphoma 

BDNF: Brain-derived neurotrophic factor 

BMP-4: Bone morphogenetic protein 4  

bp: Base pair 

C1q: Complement component 1q 

C9ORF72: Chromosome 9 open reading 
frame 72 

Ca+2: Calcium 

CEBPα: CCAAT enhancer binding protein 
alpha 

CEBPβ: CCAAT enhancer binding protein 
beta 

CHCHD10: Coiled-coil–helix-coiled–coil-helix 
domain-containing protein 10 

CMAP: Compound muscle action potential 

CMV: Cytomegalovirus 

CNS: Central nervous system 

CRISPR: Clustered Regularly Interspaced 
Short Palindromic Repeats 

CRM: Cytokine response microglia 

CSF: Cerebrospinal fluid 

CSF1: Colony stimulating factor 1 

CSF1R: CSF1 receptor 

CX3CR1: C-X3-C motif chemokine receptor 1 

DAM: Disease-associated microglia 

DDP4: Dipeptidyl peptidase 4 

DMEM/F12: Dulbecco's Modified Eagle 
Medium/Ham's F-12 

dPBS: Dulbecco’s Phosphate-buffered saline 

DPR: Dipeptide repeat 

EAAT2: Excitatory amino-acid transporter 2 

EB: Embryoid body 

ECAR: Extracellular acidification rate 

EDTA: Ethylenediaminetetraacetic acid 

EMA: European Medicine Agency 

ER: Endoplasmic reticulum 

ETC: Electron transport chain 

FACS: Fluorescence activated cell sorting 

fALS: familiar ALS 

FBS: Foetal bovine serum 

FCCP: Carbonyl cyanide-4-
(trifluoromethoxy)-phenylhydrazone 

FDA: Food and Drug Administration 

FTD: Frontotemporal dementia 

FTL-3: FMS- like tyrosine kinase 3 

FUS: Fused in sarcoma 

Fw: Forward 

geoMFI: Geometric mean fluorescence 
intensity 

GFR: Growth factor reduced 

GGGGCC: G4C2 

GM-CSF: Granulocyte-macrophage colony-
stimulating factor 

GOF: Gain of function 

GRN: Progranulin 

HAM: Human AD microglia 

HBSS: Hank’s Balanced Salt Solution 

HD: Huntington disease 
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HDR: Homologous directed repair 

HLA: Antigen presenting response 

HM: Homeostatic microglia 

hnRNPA1: Heterogeneous nuclear 
ribonuclear protein A1  

HPC: Hematopoietic progenitor cells 

HRE: Hexanucleotide repeat expansion 

Iba1: Ionized calcium-binding adapter 
molecule 1 

IFN: Interferon 

IGF-1: Insulin-like growth factor-1 

IL: Interleukin 

IL2rγ: Interleukin 2 receptor subunit gamma 

iPSC: Induced pluripotent stem cell 

IRF5: Interferon Regulatory Factor 5 

IRF8: Interferon regulatory factor 8 

IRM: Interferon response microglia 

IS: Intraspinal 

KI: Knock-in 

KO: Knockout 

LDAM: Lipid-droplet-accumulating microglia 

LOF: Loss of function 

LPS: Lipopolysaccharide 

MAFB: MAF BZIP transcription factor B 

MAPT: Microtubule-associated protein tau 

M-CSF: Macrophage colony stimulating factor 

MGnD: Microglial neurodegenerative 
phenotype  

MIMS: Microglia inflamed in multiple 
sclerosis 

MN: Motor neuron 

MND: Motor neuron disease 

MP: Microglial progenitor 

mtDNA: mitochondrial DNA 

NCL: Nucleolin 

NfH: Neurofilament heavy chain 

NfL: Neurofilament light chain 

NF-κB: Nuclear factor-κB 

NK: Natural killer 

NMDA: N-methyl-D-aspartate 

NO: Nitric oxide 

NORT: Novel object recognition test 

NRF2: Nuclear factor erythroid 2-related 
factor 2 

OCR: Oxygen consumption rate 

OPC: Oligodendrocyte progenitor cells 

OT: Off-target 

P2RY12: P2Y purinoreceptor 12 

PAM: Protospacer adjacent motif 

PB: Phosphate buffer 

PBMC: Peripheral blood mononuclear cells 

PBS: Phosphate buffer saline 

PCR: Polymerase chain reaction 

PD: Parkinson’s disease 

PET: Positron emission tomography 

PFA: Paraformaldehyde 

PNS: Peripheral nervous system 

Poly-GA: Poly-glycine-alanine 

Poly-GP: Poly-glycine-proline 

Poly-GR: Poly-glycine-arginine 

Poly-PA: Poly-proline-alanine 

Poly-PR: Poly-proline-arginine 

qPCR: Quantitative PCR 

Rag2: Recombination activating gene 2 

RAN: Repeat Associated Non-AUG 

RBP: RNA-binding protein 

RM: Ribosomal microglia 

RNAseq: RNA sequencing 

RNP: Ribonucleoprotein 

RNS: Reactive nitrogen species 

ROCKi: ROCK inhibitor 

ROS: Reactive oxygen species 

Rot/AA: Rotenone/antimicyin 

RRIM: RIPK1-regulated inflammatory 
microglia 

Rv: Reverse 
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sALS: Sporadic ALS 

SC35: Serine/arginine-rich splicing factor 

SCF: Stem cell factor 

SCOC: Spinal cord organotypic culture 

scRNAseq: single-cell RNAseq 

SEM: Standard error of the mean 

SIP: Stock Isotonic Percoll 

SOD1: Superoxide dismutase 1 

SPI1: SFFV pro-viral integration 1 

SQSTM1: Sequestosome 1 

SST: Sucrose splash test 

TARDBP: TAR DNA-binding protein 43 

TBK1: TANK-binding kinase 1 

tCRM: Transitioning CRM 

TDP-43: Transactive response DNA binding 
protein of 43 kDa 

Th: T-helper lymphocytes 

TMEM119: Transmembrane protein 119 

TNFR1: TNF-α receptor 1 

TNF-α: Tumour necrosis factor-alpha 

TPO: Thrombopoietin 

Treg: Regulatory T-lymphocytes 

UBQLN2: Ubiquilin 2 

UDP: Uridine diphosphate 

UPR: Unfolded protein response 

UPS: Ubiquitin-proteosome system 

VEGF: Vascular endothelial growth factor 
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1. Amyotrophic lateral sclerosis - Frontotemporal dementia 
spectrum disorder 

Historically, amyotrophic lateral sclerosis (ALS) and frontotemporal 

dementia (FTD) have been regarded as two distinct neurodegenerative diseases, 

with ALS affecting the motor nervous system and FTD, the cognitive functions. 

However, nowadays they are more commonly viewed as part of a continuous 

spectrum with overlapping symptoms due to shared pathological and genetic 

features (Gao et al., 2017). At one end of the spectrum, ALS patients exhibit pure 

motor symptoms while at the other end, FTD patients have behavioural and 

cognitive deficits. In between some patients fulfil the diagnostic criteria for both ALS 

and FTD (ALS/FTD). Additionally, some patients do not meet these strict criteria for 

both conditions, giving rise to some variants (Figure 1). Cognitive and behavioural 

alterations occur in 35-50% of ALS patients, including loss of normal language or 

executive function, apathy, irritability, depression, or sleep alterations, among 

others. About 15% of ALS patients have a concomitant diagnosis of FTD (Feldman 

et al., 2022). 

 
Figure 1. ALS/FTD spectrum disorder. ALSci=ALS with cognitive impairment; ALSbi=ALS with 

behavioural impairment; ALScbi=ALS with cognitive and behavioural impairment. MND=motor 

neuron disease. Extracted from Feldman et al., 2022. 

ALS, also known as Lou Gehrig's Disease, is the third neurodegenerative 

disease with higher incidence, after Alzheimer’s (AD) and Parkinson’s (PD) diseases. 

ALS is characterized by the degeneration of upper motor neurons (MNs), located in 

the cortex and brainstem, and lower MNs, situated in the brainstem and ventral horn 

of the spinal cord (Figure 2). ALS was first described by Jean-Marie Charcot in the 

late 19th century, since he linked the spasticity and muscle atrophy seen in patients’ 

legs with the MN death and sclerosis observed in their spinal cord.  
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Nowadays, global ALS incidence is approximately 1.68/100,000 person-

years and is projected to increase in the coming decades, largely due to aging 

population. Incidence can vary across regions and populations: Europe and North 

America have higher ALS incidence whereas Asian people show lower incidence 

(Feldman et al., 2022; Longinetti & Fang, 2019). ALS prevalence is about 6-9 

cases/100,000 people (Mead et al., 2023), being more common in males than 

females (ratio 1.34) (Feldman et al., 2022). ALS mostly debuts in adults between 50 

and 65 years old, with a progressive weakness and atrophy of voluntary skeletal 

muscles in the extremities, dysphagia, and dysarthria, as a consequence of MN 

dysfunction. The disease progresses over time leading to paralysis and respiratory 

failure and ultimately causing death within 2 and 5 years after the disease onset in 

80% of patients. There are some forms of ALS that are diagnosed in patients before 

the 25 years of age, referred to as juvenile ALS. This form of ALS usually progresses 

more slowly with some patients reported to become bedridden by 12 to 50 years. 

ALS has a heterogeneous phenotype depending on the affectation of upper and 

lower MNs and the location of the primary pathology, being the most common 

presentations the bulbar-onset and spinal-onset ALS (Feldman et al., 2022; 

Hardiman et al., 2017; Longinetti & Fang, 2019). Most ALS cases are sporadic, but 

there is a positive family history in ∼10% of patients, typically with an autosomal 

dominant pattern of inheritance and reduced penetrance (Feldman et al., 2022; 

Mead et al., 2023).  

FTD it is the third most common cause of dementia and the second most 

common early-onset dementia after AD, involving patients ranging from 45 to 65 

years old (Bang et al., 2015). FTD is characterized by the degeneration of the frontal 

cerebral lobule which can be extended until the temporal one, and courses with 

progressive changes in behaviour and executive function (behavioural variant), 

and/or language alterations (language variant) (Boeve et al., 2022). In ∼30% of FTD 

cases, there is a family history of dementia, indicating a significant genetic 

contribution. FTD patients’ survival varies from 3-14 years, depending on the 

phenotype. The estimated prevalence is 15–22/100,000 people worldwide, and its 

incidence 2.7–4.1/100,000 people-years, with apparently no differences between 

sexes (Onyike & Diehl-Schmid, 2013).  
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Figure 2. Upper and lower MNs degenerate progressively in ALS. Upper MNs are located in the 

motor cortex and brainstem and control lower MNs, which innervate skeletal muscles. Extracted  

from Mead et al., 2023. 

1.1. ALS/FTD genetics 

The discovery of genetic alterations implicated in both ALS and FTD 

strengthened the current notion that ALS and FTD share common pathogenic 

features (Figure 3, Table 1). It was particularly evident in 2011, when two 

independent studies identified a GGGGCC (G4C2) hexanucleotide repeat expansion 

(HRE) in the first intronic region of chromosome 9 open reading frame 72 

(C9ORF72) gene (DeJesus-Hernandez et al., 2011; Renton et al., 2011). This genetic 

mutation is currently the most prevalent in both diseases, accounting for 50% of 

familiar ALS (fALS) cases and 25% of familiar FTD cases. Besides, other genes 

related to ALS are also involved in FTD, and vice versa, such as, TAR DNA-binding 

protein 43 (TARDBP), fused in sarcoma (FUS), TANK-binding kinase 1 (TBK1), 

Valosin-containing protein (VCP), Coiled-coil–helix-coiled–coil-helix domain-

containing protein 10 (CHCHD10), Ubiquilin 2 (UBQLN2) or Sequestosome 1 

(SQSTM1), among others (Figure 3) (Gao et al., 2017; Zampatti et al., 2022). This 

expanding list of ALS/FTD-related genes opens interesting questions to fully 

elucidate why different genes cause the same diseases or how mutations in the same 

gene produce different clinical phenotype.  
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Figure 3. Genetic overlap in ALS/FTD spectrum disorder. Extracted from Gao et al., 2017. 

The understanding of ALS genetic landscape has expanded significantly since 

1993, when the first ALS-causing gene, the superoxide dismutase 1 (SOD1) gene, 

was discovered (Rosen et al., 1993). Since then, important efforts have been made 

to elucidate the complex genetic architecture of this disease. Currently, more than 

40 genes have been linked to ALS as cause or disease modifiers, with varying levels 

of genetic support in replication and functional data and overlapping with other 

diseases (Chia et al., 2018; Feldman et al., 2022; Goutman et al., 2022). In 10-15% of 

ALS cases, the disease is inherited within a family and the genetic alterations 

underlying the disease are known. The type of inheritance is mainly dominant with 

reduced penetrance, although recessive mutations have been also described. This 

ALS form is the so-called fALS (Table 1). As mentioned before, the G4C2 HRE is the 

most common genetic alteration found in fALS patients (40%), but other common 

ALS genes involved are SOD1 (12%), TARDBP (4%) and FUS (4%) (Table 1) 

(Goutman et al., 2022). The list of potential ALS genes (e.g. GLT8D1, TIA1, C21orf2, 

DNAJC7, LGALSL, KANK1, CAV1, SPTLC1, ACSL5) is still growing, but establishing the 

causality of many of these mutations is still challenging for geneticists and requires 

further validation (Mead et al., 2023). Nevertheless, in the vast majority of ALS 

patients (85%-90%), there is not an apparent family history, and it is known as 

sporadic ALS (sALS). In about 15% of sALS patients, they carry private mutations in 

the known ALS-associated genes, but not observed in their relatives (Table 1). 
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Importantly, in 85% of sALS patients, there is not a known cause explaining the 

disease (Feldman et al., 2022). 

Regarding FTD genetics, 30% of FTD patients are considered familial, being 

60% of those explained by mutations in microtubule-associated protein tau (MAPT), 

progranulin (GRN) and C9ORF72. Less common mutations, each accounting for less 

than 5% of cases, occur in genes such as TARDP, FUS, TBK1 or Charged 

multivesicular body protein 2B (CHMP2B). The remaining 70% of FTD patients 

accounts for sporadic cases (Olszewska et al., 2016; M. R. Turner et al., 2017).  

Gene Encoded protein Locus fALS sALS FTD 

ALS genes 
SOD1 Cu-Zn superoxide dismutase 21q22.11 12% 1-2%  
ALS2 Alsin 2q33.1 <1% <1%  
SETX Senataxin 9q34.13 <1% <1%  

SPG11 Spatacsin 15q21.1 <1% <1%  
VAPB Vesicle-associated membrane protein 20q13.32 <1% <1%  
ANG Angiogenin 16p11.2 <1% <1%  
FIG4 Polyphosphoinositide phosphate 6q21 3%  

SIGMAR1 Sigma non-opioid intracellular receptor 1 9p13.3 <1% <1%  
OPTN Optineurin 10p13 <1% <1%  
PFN1 Profilin-1 17p13.2 <1% <1%  

ERBB4 Receptor tyrosine-protein kinase erbB-4 2q34 <1%   
HNRNPA1 Heterogeneous nuclear riboprotein A1 12q13.13 <1% <1%  

MATR3 Matrin-3 5q31.2 <1% <1%  
ANXA11 Annexin A11 10q22.2 1% 1.7%  

NEK1 Serine–threonine protein kinase Nek1 4q33 1-2% <1%  
KIF5A Kinesin heavy chain isoform 5A 12q13.3 0.5-3% <1%  

GLT8D1 Glycosyltransferase 8 domain-containing 
protein 1 

3p21.1 <1% <1%  

C21orf2 
(CFAP410) 

Cilia and flagella-associated protein 410 
21q22.3 <1% <1%  

DNAJC7 DnaJ heat shock protein family (Hsp40) 
member C7 

17q21.2 <1% <1%  

LGALSL Galectin-related protein 2p14 <1% <1%  
ALS/FTD genes 

C9ORF72 Chromosome 9 open reading frame 72 9p21.2 40% 7% 25% 

CHCHD10 
Coiled-coil–helix-coiled–coil-helix domain-
containing protein 10 22q11.23 <1% <1% 2% 

SQSTM1 Sequestosome-1 5q35.3 1% <1% 1% 
TBK1 TANK-binding kinase 1 12q14.2 3% <1% 1% 
CCNF Cyclin F 16p13.3 1-3.3% <1% 1% 

Predominantly ALS genes also found in FTD 
TARDBP TAR DNA binding protein 43 (TDP-43) 1p36.22 4% 1% Rare 

FUS Fused in sarcoma 16p11.2 4% 1% Rare 
UBQLN2 Ubiquilin 2 Xp11.21 <1% <1% Rare 

(Table continues in the next page) 
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Gene Encoded protein Locus fALS sALS FTD 

Predominantly ALS genes also found in FTD 
OPTN Optineurin 10p13 <1% <1% Rare 

TUBA4A Tubulin α4A chain 2q35 <1% <1% Rare 
ATXN2 Ataxin 2 12q24.12 <1% <1% Rare 

TIA1 TIA1 Cytotoxic Granule Associated RNA 
Binding Protein 

2p13.3 2.2% <1% Rare 

Predominantly FTD genes also found in ALS 
VCP Valosin-containing protein 9p13.3 1% 1% 1.6% 

CHMP2B Charged multivesicular body protein 2B 3p11.2 <1% <1% 1% 
FTD genes 

GRN Progranulin 17q21.31 - - 5% 
MAPT Microtubule-associated protein tau 17q21.2 - - 25% 

Table 1. Genes implicated in ALS and FTD. Information extracted from Roggenbuck et al., 2017; 

Chia et al., 2018; Gregory et al., 2020; Saez-Atienzar et al., 2021; Goutman et al., 2022; Mead et al., 

2023. 

2. Amyotrophic lateral sclerosis 

2.1 ALS pathophysiology 

Several pathogenic mechanisms driving MN degeneration in ALS have been 

elucidated thanks to the identification of ALS genetic causes and the development of 

animal models (Figure 4) (Hardiman et al., 2017; Mead et al., 2023). However, as 

occurs in other neurodegenerative diseases, MN loss in ALS is likely the result of 

many interrelated pathways that disrupt a larger system progressively. The primary 

drivers underlying the disease and the relative extent to which each factor 

contributes to the pathology remain uncertain and, given the ALS heterogeneity 

observed in humans, probably not all the pathogenic mechanisms are involved in all 

ALS cases. In the following sections, the main ALS pathogenic mechanisms will be 

discussed.  
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Figure 4. Main pathogenic mechanisms involved in ALS. ER: Endoplasmic reticulum. Extracted 

from Mead et al.,2023. 

i. Aberrant RNA processing 

Proper RNA metabolism is fundamental for a correct cellular function and 

involves its transcription, splicing, nuclear export, and translation. The involvement 

of aberrant RNA processing as a key pathway affected in ALS pathophysiology arose 

from the discovery of neuronal cytoplasmatic inclusions of transactive response 

DNA binding protein of 43 kDa (TDP-43) in 95% of ALS patients, except for SOD1-

linked ALS (Neumann et al., 2006). TDP-43 (encoded by TARDBP) is a DNA- and 

RNA-binding protein, which usually localizes in the nucleus where is essential for a 

proper RNA regulation. However, in pathological conditions, TDP-43 accumulates 

into the cytoplasm as aggregates, thus its exclusion from its nuclear location induces 

dramatic changes in gene expression. Targeted transcripts are essential for healthy 

neuronal functioning, including RNA splicing, synapse function, neurotransmitter 

metabolism or neurite development, whose altered expression may directly affect 

the well-functioning of MNs (Sephton et al., 2011). TDP-43 associates with 

cytoplasmic miRNA complexes, being involved in miRNA formation and maturation. 

TDP-43-targeted miRNA were abnormally produced in ALS patients, in line with the 

altered miRNA observed when TDP-43 is silenced in in vitro conditions (Freischmidt 

et al., 2013; Kawahara & Mieda-Sato, 2012). Moreover, some ALS-causing mutations 
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are harboured in RNA-binding protein genes, including heterogeneous nuclear 

ribonuclear protein A1 (hnRNPA1) or FUS. In a similar manner to TDP-43, FUS is 

involved in mRNA splicing. It has been seen that both mutant proteins altered 

splicing events in neuronal function and support genes, such as neurexins, α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor GluR2 subunit or 

brain-derived neurotrophic factor (BDNF) (Arnold et al., 2013; Polymenidou et al., 

2011; Qiu et al., 2014). Finally, repeated expansions in C9ORF72 trigger the 

formation of abnormal RNA species and recruitment of RNA-binding proteins into 

RNA foci (Barmada, 2015; Kapeli et al., 2017).  

ii. Impaired proteostasis and protein aggregation 

Protein homeostasis, also known as proteostasis, consists of maintaining all 

proteins in the cell proteome in a conformation, concentration and location required 

for their correct function. It requires a proper protein synthesis, folding, trafficking 

and degradation. As in other neurodegenerative diseases, certain mutant proteins 

tend to misfold and assemble in neurotoxic aggregates (Lambert-Smith et al., 2022). 

In ALS, ubiquinated TDP-43 inclusions (Mackenzie et al., 2007; Neumann et al., 

2006), FUS aggregates (Hewitt et al., 2010), SOD1 inclusions (Forsberg et al., 2019; 

Shibata et al., 1994) or dipeptide repeat (DPR) proteins in C9orf72 cases (Schipper 

et al., 2016) are observed in spinal MNs and glial cells in ALS postmortem samples, 

providing clear evidence of proteostasis dysfunction in the disease.  

The accumulation of misfolded proteins induces endoplasmic reticulum (ER) 

stress, which triggers the unfolded protein response (UPR) to restore homeostasis 

(Jeon et al., 2023). However, in neurodegenerative diseases, including ALS, chronic 

ER stress and prolonged UPR induce apoptosis in MNs and glial cells (Ito et al., 

2009). In fact, reducing ER stress by pharmacological treatment in ALS mouse 

models slowed progression and attenuated clinical manifestations (Saxena et al., 

2009). On the other hand, the formation of aberrant proteins requires a proper 

degradation by autophagy and ubiquitin-proteosome system (UPS). Ubiquitin is 

specially known for its role in targeting proteins for quick degradation through the 

proteosome. The fact that intracellular inclusions in ALS-affected cells are ubiquitin-

positive (Leigh et al., 1991; Neumann et al., 2006) suggests a defective UPS pathway 

in ALS pathogenesis as these inclusions are not degraded (Bendotti et al., 2012). 
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Importantly, some of ALS-linked mutations affect proteins that interact with the 

UPS, such as VCP, are known to be substrates for this system (SOD1, TDP-43 or 

OPTN).  

Finally, both TDP-43 and FUS contain prion-like domains in its protein 

structures, which are fundamental for its self-aggregation properties. The prion-like 

domains are involved in stress granule formation, which are transient RNA-protein 

complexes formed in response to cellular stress. These granules sequester specific 

mRNAs to temporary prevent their translation (Lambert-Smith et al., 2022). In 

physiological conditions, there is a balance between the formation and disruption of 

this stress granules. However, in ALS this balance is disrupted leading to a more 

persistent and pathogenic accumulation of stress granules (Barmada, 2015). 

iii. Excitotoxicity 

Glutamate-mediated excitotoxicity refers to neuronal death triggered by a 

massive calcium (Ca+2) entry as a result of excessive or prolonged glutamate 

stimulation (Mead et al., 2023). It has been stablished as a major pathogenic 

mechanism in ALS given the presence of increased glutamate levels in cerebrospinal 

fluid (CSF) from ALS patients (Perry et al., 1990; Spreux-Varoquaux et al., 2002). 

Besides, Riluzole, the only approved drug for all ALS forms in Europe, inhibits 

glutamate release, a mechanism that seems to be shared among all ALS forms 

(Bensimon et al., 1994). 

Glutamate is the main excitatory neurotransmitter in the central nervous 

system (CNS) and acts through ionotropic and metabotropic receptors in the 

postsynaptic neurons. In pathological conditions, excitotoxicity is induced due to 

glutamate accumulation in the synaptic cleft and hypersensibilization of its 

receptors. Astrocytes are the main controllers of extracellular glutamate levels by 

removing it through the excitatory amino-acid transporter 2 (EAAT2). In this line, 

the loss of EAAT2 has been described in ALS patients (Bristol & Rothstein, 1996) 

and mouse models (Trotti et al., 1999), which would facilitate the accumulation of 

extracellular glutamate. Neuronal damage is induced by an increase of intracellular 

Ca+2, triggering mitochondrial damage, activation of Ca+2-dependent enzymes (e.g. 

nucleases, proteases, or lipases) and reactive oxygen species (ROS) generation 

(Mancuso & Navarro, 2015). MNs are particularly vulnerable to excitotoxicity 
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insults because they have lower expression of Ca+2-buffering proteins (e.g. 

parvalbumin and calbindin) (Ince et al., 1993) and high expression of N-methyl-D-

aspartate (NMDA) and AMPA receptors lacking GluR2 subunit, which are more Ca+2 

permeable (Williams et al., 1997). In contrast, MNs that show resistance to 

neurodegeneration in ALS (e.g. oculomotor or trochlear MNs) display higher 

expression of these proteins (Alexianu et al., 1994), supporting the relevance of 

excitotoxicity to MN vulnerability in ALS.  

iv. Oxidative stress 

Oxidative stress is produced by excessive formation of ROS and reactive 

nitrogen species (RNS) in the mitochondria and/or by deficient activity of the 

antioxidant systems (Mead et al., 2023). Evidence of the involvement of oxidative 

stress arose from studies in ALS patients that show increased presence of ROS- and 

RNS-oxidized proteins, lipid peroxidation, and DNA damage in CSF and spinal cord 

(Aoyama et al., 2000; Beal et al., 1997; Chang et al., 2008; Ferrante et al., 1997). 

Oxidation of mRNA has also been observed in ALS mouse models, occurring at early 

stages of the disease and resulting in decreased protein translation in MNs (Chang 

et al., 2008). Impairment in oxidative stress defence systems is also reported in ALS, 

including dysregulation of glutathione homeostasis (Kiyoung, 2021) and alterations 

in the nuclear factor erythroid 2-related factor 2 (NRF2) antioxidant response 

element (ARE) system (Jiménez-Villegas et al., 2021). Besides, oxidative stress can 

contribute to other ALS pathogenic mechanisms. For instance, it can promote TDP-

43 hyperphosphorylation and aggregation into insoluble inclusions (Goh et al., 

2018). Despite the importance of oxidative stress in the pathogenesis of ALS, a 

recent press release by Ferrer International SA announced that the free radical 

scavenger FAB122, an investigational oral formulation of Edaravone, failed to 

achieve its primary efficacy and key secondary endpoints in the Phase III ADORE 

(ALS Declaration with Oral Edaravone) trial (NCT0178810) for ALS. 
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v. Mitochondrial dysfunction 

Mitochondria are the cell organelle in charge of essential functions, including 

energy metabolism, Ca+2 homeostasis or programmed cell death. A proper 

mitochondrial functioning is especially relevant in MN survival and function, 

because they have high energetic demands, they are long-lived postmitotic cells 

prone to accumulate DNA damage arising from mitochondrial dysfunction and they 

require a fine regulation local Ca+2 dynamics. In this sense, it is extensively reported 

that mitochondrial impairment is linked to ALS, being one of the earliest events in 

the disease even before onset (Smith et al., 2019; J. Zhao et al., 2022).  

Decreased activity of the mitochondrial electron transport chain (ETC) along 

with reduced ATP production and reduced mitochondrial DNA (mtDNA) content 

have been described in spinal cord and skeletal muscle from ALS patients (Ghiasi et 

al., 2012; Vielhaber et al., 2000; Wiedemann et al., 1998, 2002). Mitochondria also 

exhibit morphological abnormalities, such as swelling and vacuolization, as 

observed in ALS patients and SOD1 and TDP-43 mouse models (Magrané et al., 

2014; Sasaki & Iwata, 2007). The exact mechanisms leading to mitochondrial 

dysfunction in ALS remain uncertain. However, it has been described that protein 

aggregates such as those generated by mutant SOD1, TDP-43 or C9orf72 can 

penetrate the mitochondrial membrane and disrupt the normal functioning of the 

mitochondrial ETC, increasing also oxidative stress (Ferri et al., 2006; Lopez-

Gonzalez et al., 2016; W. Wang et al., 2013). Moreover, and as stated earlier, 

mitochondria play a key role in intracellular Ca+2 homeostasis. This is important 

since studies in SOD1 mouse models have elucidated that MNs display a deficient 

Ca+2 influx into the mitochondria before the symptomatology of the disease leading 

to mitochondrial Ca+2 overload (M. Damiano et al., 2006; Fuchs et al., 2013). 

Mitochondrial Ca+2 overload is one of the pro-apoptotic ways to induce the swelling 

of mitochondria, with perturbation or rupture of the outer membrane, and in turn 

the release of mitochondrial apoptotic factors into the cytosol, such as cytochrome 

c, apoptosis inducing factor (AIF), procaspase-9, among others, and lead to neuronal 

cell death. Several B-cell lymphoma 2 (Bcl-2) protein family members prevent 

apoptosis upon mitochondrial Ca+2 overload since it stabilizes mitochondrial 

membrane. SOD1 protein can interact with Bcl-2. However, mutant SOD1 leads to 



Introduction 

24 
 

pro-apoptotic gain of function of Bcl-2, and thus, further increases MN apoptosis 

(Pedrini et al., 2010).   

vi. Cytoskeletal and trafficking defects 

MNs have notably long axons, extending across substantial distances, 

sometimes up to a meter in humans. This extensive axonal length necessitates 

efficient transport systems to ensure proper neuron function. Both anterograde 

(from the cell body towards the axon terminals) and retrograde (from the axon 

terminals back to the cell body) axonal transport are critical for delivering necessary 

components like mitochondria, signalling endosomes, proteins, and other cellular 

cargo. Impairment of axonal transport is known to be involved in ALS pathogenesis, 

as evidenced in ALS mouse models and in the human disease, with an accumulation 

of neurofilaments and organelles in proximal axons and MN somas (Hirano et al., 

1984; Sasaki & Iwata, 2007; Schmidt et al., 1987). Additionally, some ALS-associated 

mutations are present in cytoskeleton and trafficking genes, such as TUBA4A, PFN1, 

ALS2 or ANXA11, or other ALS-linked genes (FUS, TDP-43, or C9ORF72) affect 

indirectly this mechanism (Burk & Pasterkamp, 2019). For instance, TDP-43 has 

been reported to be involved in endosomal recycling pathway, decreasing the 

number and motility of recycling endosomes in dendrites in TDP-43-knockdown 

neurons (Schwenk et al., 2016). Overall, these defects may result in MNs being 

unable to deliver fundamental components to their synapses or transmit 

information back to soma, potentially initiating degeneration processes. 

vii. Neuroinflammation 

It is well-established in the field that although ALS is a MN disease, non-

neuronal cells also play a crucial role in the pathology, actively contributing to MN 

degeneration. This was evidenced in mice specifically expressing mutant SOD1 only 

in MNs, which did not show either MN degeneration or the typical ALS signs (Lino 

et al., 2002; Pramatarova et al., 2001). As in other neurodegenerative diseases, CNS 

inflammation is a prominent pathological feature in ALS. It is characterized by 

reactive microglia and astrocytes at sites of MN degeneration and, to lesser extent, 

to infiltration of peripheral immune cells (monocytes/macrophages, T-, B-, and 

natural killer (NK)-lymphocytes) into the CNS (E. Liu et al., 2021). Innate and 
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adaptative immune responses are evident during the whole disease course, even in 

presymptomatic stages (J. Liu & Wang, 2017).  

First evidence that inflammation might contribute to ALS pathology emerged 

from human postmortem studies which revealed marked microglial and astrocytic 

reactivity in degenerative areas of the CNS (T. Kawamata et al., 1992; Philips & 

Robberecht, 2011; Schiffer et al., 1996). Notably, patients from fast-progressing ALS 

exhibited a higher microglial reactivity in postmortem CNS compared to those with 

slower progression (Brettschneider et al., 2012). Recently, RNA sequencing 

(RNAseq) analysis in postmortem motor cortex samples showed an 

overrepresentation of microglial cells in sALS patients compared to healthy controls 

(Dols-Icardo et al., 2020). ALS patients also exhibited more activated dendritic cells, 

the professional antigen presenting cells that initiate the adaptative immune 

response, and T- and B-lymphocytes in the ventral horn of the spinal cord and 

degenerating corticospinal tracts compared to controls. In this line, positron 

emission tomography (PET) neuroimaging studies in presymptomatic and 

symptomatic ALS patients also reported widespread microglial activation in motor 

and non-motor CNS regions, even in early stages of the disease (Corcia et al., 2012; 

Tondo et al., 2020; M. R. Turner et al., 2004). 

Similar to immune cells, cytokine and chemokine levels in CSF and plasma 

samples from ALS patients also mirror CNS inflammation. Several studies have 

reported elevated levels of pro-inflammatory chemokines and cytokines in biofluids 

from ALS patients, sometimes with contradictory results (E. Liu et al., 2021; Lu et 

al., 2016; Moreno-Martinez et al., 2019; Tortelli et al., 2020). Hu et al., 2017 

performed a metanalysis assessing peripheral cytokines levels in ALS blood 

samples, confirming the increased concentration of tumour necrosis factor-alpha 

(TNF-α), TNF-α receptor 1 (TNFR1), interleukin (IL)-6, IL-1β and vascular 

endothelial growth factor (VEGF) in ALS patients. Interestingly, cytokine patterns in 

plasma and CSF correlates with patient survival (Olesen et al., 2020), further 

supporting the important contribution of inflammation to ALS pathogenesis. 
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CNS-resident glial cells 

Microglia and astrocytes are the main CNS glial cells involved in 

inflammatory processes in pathological conditions. Astrocytes constitute a large 

proportion of glial cells that develop important physiological functions (structural, 

metabolic, and trophic function) to ensure the correct functioning of neurons. 

Among them, astrocytes are involved in the brain-blood barrier (BBB), the release 

of neurotrophic factors and synaptic activity. Indeed, astrocytes play a role in the 

“tripartite synapse” by modulating the neuronal connectivity and regulating the 

composition of the extracellular space. Indeed, astrocytes exacerbate excitotoxicity 

in ALS by failing to efficiently clear glutamate from the synaptic cleft.  

Astrocytes respond to CNS degeneration through a process known as 

astrogliosis, which is characterized by an astrocytic proliferation, hypertrophy, 

expression changes and cytokine secretion (Pehar et al., 2017). Astrogliosis is 

recapitulated in several ALS mouse models and ALS patients (De Giorgio et al., 2019; 

Schiffer et al., 1996). Specific expression of mutant SOD1 in astrocytes resulted in 

astrogliosis but this was not sufficient to cause MN degeneration in mice (Gong et 

al., 2000). However, selective correction of mutant SOD1 in astrocytes or 

transplantation of wild-type astrocytes in SOD1 mice delayed disease onset and 

extended mouse survival, highlighting the involvement of astrocytes in ALS 

pathogenesis (Lepore et al., 2008; L. Wang et al., 2011; Yamanaka et al., 2008). A 

recent meta-analysis comparing the transcriptome of human ALS induced 

pluripotent stem cell (iPSC)-derived astrocytes and astrocytes from different ALS 

mouse models described that ALS astrocytes adopt a reactive pro-inflammatory 

state (Ziff et al., 2022). Astrocyte-mediated toxicity was confirmed in vitro since 

healthy MNs underwent cell death when cultured with ALS astrocytes (SOD1, 

C9orf72, sALS) (Haidet-Phillips et al., 2011; C. Zhao et al., 2020). The precise 

mechanism by which astrocytes mediate MN degeneration remains unclear, but it 

may be linked to alterations in their secretome. Studies suggest that this involves a 

reduction in neurotrophic factors and an increase in toxic elements, such as pro-

inflammatory cytokines (Ng& Ng, 2022). Importantly, there is a direct crosstalk 

between astrocytes and microglia. The transformation of astrocytes into a reactive 

state depends on reactive microglia through the secretion of IL-1α, TNF-α and 

complement component 1q (C1q). It has been demonstrated that colony stimulating 
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factor 1 (CSF1) receptor (CSF1R) knockout (KO) mice, which lack microglia, fail to 

induce the reactive inflammatory phenotype in astrocytes when exposed to 

lipopolysaccharide (LPS) injection (Liddelow et al., 2017). Since reactive pro-

inflammatory astrocytes are observed in human neurodegenerative diseases, 

including ALS, this finding is considered significant for understanding ALS 

pathogenesis. Given the central focus on microglial cells in this thesis, their role in 

ALS will be explored in greater detail in section 3 (Microglia in ALS). 

Peripheral immune system 

Monocytes and macrophages are phagocytes from the innate immune 

system. Monocytes circulate through the bloodstream, and they become resident 

macrophages and dendritic cells once recruited into body tissues. Their main 

physiological functions include antigen presentation, chemokines secretion to 

recruit other immune cells and phagocytosis of pathogens and cellular debris 

(Ginhoux & Jung, 2014). Whereas the proportion of monocytes among leucocytes in 

blood are not altered in ALS patients, it is reported that ALS monocytes are skewed 

towards a pro-inflammatory phenotype compared to controls (W. Zhao et al., 2017; 

Zondler et al., 2016). In fact, these differences are exacerbated in rapidly progressing 

patients in comparison with slowing progressing patients (W. Zhao et al., 2017).  

Macrophage activation and infiltration into both CNS and peripheral nervous 

system (PNS) occurs in early stages of the disease and increases with disease 

progression, as seen in SOD1 mouse models (Chiot et al., 2020; Chiu et al., 2009; 

Martínez-Muriana et al., 2016; Nardo et al., 2016) and postmortem ALS patients 

(Chiot et al., 2020). Some studies illustrating the role of non-neuronal cells in ALS 

pathogenesis showed attenuation of disease progression and increased lifespan of 

SOD1 mice when the expression of mutant SOD1 was decreased in microglia and 

macrophages (Beers et al., 2006; Boillée et al., 2006). Interestingly, targeting 

macrophages at the periphery has a therapeutic impact on ALS course. For instance, 

a study from our group reported that pharmacological inhibition of CSF1R slowed 

ALS progression by reducing macrophage PNS infiltration (Martínez-Muriana et al., 

2016). In this line, a recent study demonstrated that replacement of peripheral 

SOD1 by WT macrophages modified some ALS disease parameters by changing 

microglial reactivity (Chiot et al., 2020). Specifically, ALS disease onset was delayed 
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when macrophages were replaced at pre-symptomatic stage while SOD1G93A mouse 

survival was extended when replacement took place at the disease onset  (Chiot et 

al., 2020). 

NK cells are the innate effector lymphocytes, whose main function is to 

eliminate virus-infected cells and tumour cells. Its interest as players in ALS 

pathogenesis started few years ago when ALS patients were shown to exhibit an 

increased population of NK cells (Gustafson et al., 2017; Jin et al., 2020; Murdock et 

al., 2017). However, another study showed that ALS patients have a lower frequency 

of NK cells relative to other peripheral blood mononuclear cells (PBMC) (Garofalo 

et al., 2020). NK cells infiltration into the motor cortex and spinal cord was observed 

in ALS postmortem samples and in the mutant SOD1G93A mouse model (Garofalo et 

al., 2020). Interestingly, NK cells depletion in mutant SOD1G93A and TDP-43A315T 

mice increased mouse survival and delayed disease onset. Decrease in NK cells also 

affects other immune populations, leading to reduced microgliosis and a shift 

toward a more protective microglial phenotype, as well as an increase in the 

recruitment of regulatory T-lymphocytes (Tregs) into the CNS (Garofalo et al., 

2020). 

Amongst the cells that constitute the adaptative immune system, B-

lymphocytes and T-lymphocytes are the main components. Whereas some studies 

describe that B-cells, the antibody-producing cells, are not particularly involved in 

ALS, peripheral T-lymphocytes are key players in ALS pathogenesis (E. Liu et al., 

2021). Based on markers expression, T-cells can be classified as CD4+ cells and CD8+ 

cells. CD4+ T-cells, also known as T helper (Th) lymphocytes, are the responsible of 

orchestrating an appropriate and specific immune response against a pathogen by 

providing the necessary activation signals to CD8+ T-cells and B-cells. Upon 

activation, they can be polarized to several subsets (Th1, Th2, Th17, Treg) defined 

by their transcription factor expression patterns and their cytokine production (J. 

Liu & Wang, 2017; W. Zhao et al., 2013). In ALS patients, there are increased counts 

of pro-inflammatory Th1 and Th17 cells in the bloodstream (Jin et al., 2020; 

Saresella et al., 2013) whereas the number of Treg lymphocytes, which supress 

immune reactions, are reduced (Henkel et al., 2013; Jin et al., 2020; Saresella et al., 

2013). These findings correlate with those observed in SOD1G93A mice since blood 
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Th1 and Th17 cells increase at late disease stages while Treg population decreases 

over disease progression (Beers et al., 2011; Zhao, Beers, et al., 2012). It is unclear 

whether the counts of Th2 lymphocytes, which are neuroprotective, are altered in 

ALS since some studies report a reduction in ALS blood samples (Henkel et al., 2013; 

Jin et al., 2020) while others an increase (Saresella et al., 2013). 

On the other hand, CD8+ T-cells or cytotoxic T cells can eliminate both 

infected and tumour cells. Nevertheless, its involvement in ALS pathogenesis 

remains unclear. There is not a consensus about the percentages of CD8+ T cells in 

ALS patients’ blood. Whereas some studies report an increase in blood CD8+ T cells 

in ALS patients (Jin et al., 2020; Rentzos et al., 2012), others show a reduction 

(Mantovani et al., 2009) or no significant change (Murdock et al., 2017). In SOD1G93A 

mice, cytotoxic CD8+ cells infiltrate into the CNS (Beers et al., 2008; Chiu et al., 2008; 

Figueroa-Romero et al., 2020). Interestingly, SOD1G93A mice lacking CD8+ T-

lymphocytes exhibit greater MN survival and decreased neuroinflammation, 

suggesting the detrimental role of this T-cell subset in ALS pathogenesis (Nardo et 

al., 2018).  

 

2.2. ALS experimental models 

i. In vitro models 

Cell culture models allow the study of specific cellular mechanisms in a 

simpler scenario and to test the potential of pharmacological targets before moving 

to animal models. In the ALS field, a common cell line is NSC-34, a murine hybrid cell 

line generated by the fusion of mouse embryonic MN-enriched spinal cord cells and 

neuroblastoma cells. When differentiated, NSC-34 cells display several 

morphological and physiological MN features (Cashman et al., 1992). NSC-34 cells 

expressing mutant SOD1 exhibit cytoplasmic aggregation triggering some toxicity 

(B. J. Turner et al., 2005). Nevertheless, an important limitation of this model is the 

inability to model glutamate-induced excitotoxicity (Hounoum et al., 2016). Primary 

MNs from dissociated spinal cords from rat and mouse embryos are a more suitable 

model to assess neurotoxicity or neuroprotection (Nagai et al., 2007; Petrozziello et 

al., 2017). Also, primary co-cultures with MNs and glial cells (Díaz-Amarilla et al., 
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2011) or organotypic cultures, such as spinal cord organotypic culture (SCOC) 

(Guzmán-Lenis et al., 2009), can be developed in order to study the interaction 

between cell types.  

An increasing growing approach is the use of iPSCs. Their generation is based 

on reprogramming somatic cells from patients or healthy donors using the 

Yamanaka cocktail (Oct4, Sox2, Klf4 and Myc) (Takahashi & Yamanaka, 2006) and 

they can be differentiated into cell types relevant to human diseases in order to 

study the relationship between a complex genetic background and the associated 

phenotype. In the ALS field, several groups have differentiated iPSC into MNs 

(Workman et al., 2023) or glial cells (Birger et al., 2019; Funes et al., 2024; Lorenzini 

et al., 2023; Noh et al., 2023) harbouring ALS-related mutations or sporadic causes, 

giving some insights about the cell-autonomous pathogenic mechanisms.   

ii. In vivo mouse models 

The discovery of the genetic alterations underlying ALS (SOD1, C9ORF72, 

TARDBP and FUS) has facilitated the generation of transgenic mouse models that 

recapitulate some of the ALS clinical symptoms and pathogenic mechanisms (De 

Giorgio et al., 2019; Lutz, 2018). The first ALS mouse model featured a high copy 

number of human mutant SOD1, which overexpresses ubiquitously mutant SOD1 

protein with glycine-to-alanine transition at the 93th codon (Gurney et al., 1994). 

These mice develop a rapid progressive disease, being the ALS onset around 12 

weeks of age and leading to the endpoint at 4-5 months. SOD1G93A mouse model 

recapitulates some symptoms observed in ALS patients, for instance, muscle 

atrophy, denervation and paralysis in the hindlimbs, and the most characteristic 

histopathological hallmarks: MN loss and gliosis (Mancuso & Navarro, 2015). Other 

SOD1 mouse models have been developed harbouring other mutations (SOD1G37R, 

SOD1G85R), which would mimic a more slow-progressing disease (Todd & Petrucelli, 

2022). SOD1 mice are still the gold standard in ALS research even though (i) SOD1-

related cases represent a minimal percentage of all ALS patients (2%); (ii) there is 

no TDP-43 deposition in contrast to most ALS forms; (iii), these mice have several 

SOD1G93A copies and thus SOD1 protein is not expressed at the physiological levels; 

and (iv) the allele instability can alter the gene copy numbers, leading to variations 

in the phenotype (Acevedo-Arozena et al., 2011; Fisher et al., 2023). To overcome 
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these limitations, Joyce et al., 2014 generated a mouse model carrying a homozygous 

D83G mutation in the endogenous mouse SOD1 gene. These mice develop 

progressive degeneration of lower and upper MNs, likely due to the same unknown 

toxic gain of function as occurs in human fALS cases, but intriguingly lower MN cell 

death appears to stop in early adulthood and the mice do not become paralyzed. 

Humanized knock-in (KI) mouse models have been developed by replacing the 

mouse SOD1 gene by the human ortholog (Devoy et al., 2021). However, these 

humanized SOD1 mice carrying SOD1-causing mutations have not been reported in 

the literature.  

Given the central TDP-43 pathology observed in most ALS cases, several TDP-

43 mouse models have been generated overexpressing wild-type or mutant human 

TDP-43, leading to a dose-dependent and variable motor and behavioural 

phenotype and neuronal loss (Xu et al., 2010; Arnold et al., 2013). However, these 

mice showed some limitations: (i) they fail to fully develop the expected ALS-

phenotype; (ii) cytoplasmic TDP-43 inclusions are not detected; and (iii) the 

endogenous mouse TDP-43 remains intact and nuclear (De Giorgio et al., 2019; 

Fisher et al., 2023; Lutz, 2018; Todd & Petrucelli, 2022). To induce TDP-43 

aggregation in the cytoplasm, Igaz et al., 2011 generated a mouse model carrying 

TDP-43 missing the nuclear localization signal (TDP43ΔNLS). They observed 

cytoplasmic TDP-43 accumulation but poor aggregation (Igaz et al., 2011; Walker et 

al., 2015). Recent TDP-43 models have focused on expressing TDP-43 in a more 

physiological level by introducing point mutations in the mouse TARDBP gene 

(Q331K, M337V, G298S, N390D). These mice show mild MN degeneration and a 

subtle ALS-phenotype, often at advances ages (White et al., 2018; Ebstein et al., 

2019; Huang et al., 2020; Kim, White, et al., 2020). Similar to TDP-43 models, FUS 

rodent models can be broadly classified into those overexpressing wild-type FUS, 

FUS-null models, and mutant models. Unlike TDP-43 models, mouse models 

carrying FUS mutations exhibit ALS-like locomotor deficits and progressive MN 

degeneration (López-Erauskin et al., 2018; X. Zhang et al., 2020). Finally, reported 

C9orf72 mouse models harbouring the pathogenic G4C2 HRE have varying numbers 

of repeats and distinct phenotypes. They will be discussed more extensively given 

the importance within this PhD thesis.  
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2.3. ALS treatment 

Nowadays, there is not an effective cure for ALS. Even though more than 60 

compounds have been evaluated in clinical trials, only 4 treatments have been 

approved for clinical use (Genge et al., 2023; Mead et al., 2023). Riluzole was the first 

ALS treatment approved by Food and Drug Administration (FDA), the United States 

(US) regulatory agency, in 1995. This drug is an antiglutamatergic agent that 

reduces excitotoxicity and, although it triggers a modest improvement, it increases 

patient survival by 3 months (Bensimon et al., 1994; Lacomblez et al., 1996). Twenty 

years later, Edaravone, an antioxidant agent, was approved for ALS treatment in 

Japan (2015), US (2017), Canada (2018) and some Asian countries (China, 2019; 

Indonesia, 2020; Thailand, 2021), but not by the European Medicine Agency (EMA) 

(Mead et al., 2023). Its beneficial effect remains controversial, since there was not a 

significant improvement in ALS progression in treated patients comparted to 

placebo (Abe et al., 2014). However, post-hoc analysis revealed a significant effect 

in disease progression in a subset of patients with rapid ALS progression treated 

early in the disease (Abe et al., 2017). However, on 10 January of 2024, a press 

release by Ferrer Internacional SA announced that its anticipated free radical 

scavenger FAB122, an investigational oral formulation of Edaravone, failed to 

achieve its primary efficacy and key secondary endpoints in the Phase III ADORE 

(ALS Declaration with Oral Edaravone) trial (NCT0178810) for ALS. 

Recently, AMX0035, a combination of sodium phenylbutyrate and 

taurursodiol which targets mitochondrial dysfunction and ER stress, was approved 

in 2022 by the FDA. Although, efficacy studies showed that AMX0035 decreases the 

rate of decline and increases survival by 10 months (Paganoni et al., 2020, 2021), 

results from phase III (PHOENIX trial; NCT05021536) reported a lack of efficacy as 

ALS treatment (Amylyx Pharmaceuticals, 2024). Finally, in 2023, Tofersen 

(BIIB067) received an accelerated FDA approval for the treatment of SOD1-ALS 

specifically. Tofersen is an antisense oligonucleotide (ASO) that target mutant SOD1 

mRNA, hence reducing toxic SOD1 protein. Indeed, Tofersen was shown to reduce 

toxic SOD1 protein levels in treated patients’ CSF, and neurofilament light chain 

(NfL), a neuronal damage marker, in plasma (Miller et al., 2020, 2022). In a first 

phase III trial (VALOR clinical trial; NCT02623699), there was a tendency, but not 

statistically significant, in slowing the rate of disease progression (Miller et al., 
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2022). An on-going phase III trial (ATLAS clinical trial; NCT03070119), which is 

expected to be finished in 2027, recruited presymptomatic SOD1-ALS patients in 

order to evaluate if Tofersen can delay the symptoms onset or slow disease 

progression once it appears. 

The high failure rate in ALS clinicals trials is evident after almost 30 years of 

research since the first ALS treatment approval and demands a reflection to improve 

translation from animal models to clinical use (Genge et al., 2023; Mead et al., 2023). 

In the past clinical trials, ALS patients were considered as a homogenous group, and 

as clearly stated beforehand, the heterogeneity in ALS is high. Therefore, patients in 

clinical trials must be stratified by the driving pathogenic mechanisms, such as the 

genetic cause, and by the disease progression rate. Besides, given the late diagnosis 

of ALS patients and its rapid progression, it prevents the recruitment of early-stage 

patients which are more suitable for probably having a better improvement and 

response to the treatment. Moreover, there is a lack of reliable biomarkers of 

treatment efficacy or disease progression, which currently is only based on Revised 

Amyotrophic Lateral Sclerosis Functional Rating Scale (ALSFRS-R) score. There is 

not a surrogate biomarker for it, although some promising biomarkers are 

neurofilament heavy chain (NfH) and NfL in CSF and blood (Irwin et al., 2024). 

Importantly, this lack of translation to the clinics may be probably also due to the 

limitations in ALS mouse models. ALS field has mainly focused in the SOD1G93A 

mouse model, but as previously described SOD1-ALS represents a small proportion 

of human cases, and it does not develop TDP-43 pathology as most ALS patients. 

There is still a need of developing more reliable murine models of other genetic ALS 

subtypes for proper therapeutic testing. 
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3. Microglia in ALS 

3.1. Microglia generalities 

Microglia, the CNS-resident immune cells, were first described by Pío del Río-

Hortega in 1919 (Sierra et al., 2019). This myeloid population is originated via 

linage-specific transcription factors Pu.1 and Irf8 during primitive haematopoiesis 

in the yolk sac, invading the CNS in the early embryonic stages (Ginhoux et al., 2010; 

Kierdorf et al., 2013). Maintenance of the microglial pool along life is facilitated by 

its self-renewal capacity, meaning that microglia are maintained by local 

proliferation without peripheral input. It is highly dependent on CSF1R-signalling, 

driven by two ligands: IL-34, which is produced by neurons; and CSF1, which is 

secreted by astrocytes and oligodendrocytes (Borst et al., 2021; Paolicelli et al., 

2022). Microglial cells share markers with other CNS-associated myeloid cells 

(perivascular, meningeal, and choroid plexus macrophages), such as ionized Ca+2-

binding adapter molecule 1 (Iba1), C-X3-C motif chemokine receptor 1 (CX3CR1), 

CD11b or low expression of CD45. Nevertheless, there are some microglial-specific 

markers, such as P2Y purinoreceptor 12 (P2RY12) or Transmembrane protein 119 

(TMEM119), even though its expression may vary depending on its state (Paolicelli 

et al., 2022).  

Microglia are dynamic cells which are continuously scanning the local CNS 

environment through their motile ramified processes, being crucial for CNS 

homeostasis. Although microglia were particularly known for its pro-inflammatory 

actions following CNS insults, they also play a key role in several biological functions 

in homeostatic conditions: synapse modelling, myelination, neurogenesis, neuronal 

function, tissue repair, BBB permeability or vasculogenesis (Paolicelli et al., 2022; 

Salter & Stevens, 2017). Microglia are involved in synaptic pruning in development 

by engulfment of non-functional synapses to ensure a correct modelling and 

functioning of the neuronal circuits (Paolicelli et al., 2011). Besides, in CNS 

development, adult homeostasis and aging, apoptotic cells and myelin debris are 

generated and must be phagocytosed by microglia for an optimal neuronal activity 

(Galloway et al., 2019; Li & Barres, 2018). It has been also described that microglial 

cells are key in the maturation and differentiation of oligodendrocyte progenitor 

cells (OPC) to mature oligodendrocytes for a correct myelination process (Borst et 
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al., 2021). Finally, microglia are important in the CNS protection against external 

injurious agents, such as infectious agents, or self-aberrant proteins, including 

amyloid-β (Aβ), α-synuclein, SOD1 or prions. Through a plethora of membrane 

receptors -the so-called sensome-, these noxious agents are detected by microglia. 

An inflammatory response is then triggered by the production of cytokines and 

chemokines to recruit more cells and to clear the injurious agent with the final 

purpose of promoting tissue repair and rescuing CNS homeostasis (Hickman et al., 

2018). This physiological inflammatory phenomenon must be efficient and 

transient. However, when it becomes chronic and/or out of control, as occurs in 

neurological disorders, such as AD, PD or ALS, it is detrimental and contributes to 

neurodegeneration.  

Microglia are characterized by their heterogeneity and plasticity in terms of 

microglial states, being temporary and highly dependent on the context. 

Traditionally, microglia were classified using the M1/M2 dichotomy: M1, the 

classical activation, considered as pro-inflammatory and neurotoxic; and M2, the 

alternative activation, regarded as anti-inflammatory and neuroprotective. 

However, microglial cells in vivo do not strictly align with either of these categories, 

frequently displaying co-expression of M1 and M2 markers (Paolicelli et al., 2022; 

Ransohoff, 2016). With the advances in single-cell technologies and multi-omics, a 

growing list of microglial states have been proposed depending on the context 

(development, health, injury, and disease), disease models and species, based on its 

transcriptomics which reflect the biological pathways implicated. Some reported 

microglial states related with neurodegenerative diseases and ageing are disease-

associated microglia (DAM) (Keren-Shaul et al., 2017), microglial 

neurodegenerative phenotype (MGnD) (Krasemann et al., 2017), activated response 

microglia (ARM) (Frigerio et al., 2019), interferon-responsive microglia (IRM) 

(Frigerio et al., 2019), lipid-droplet-accumulating microglia (LDAM) 

(Marschallinger et al., 2020), human AD microglia (HAM) (Srinivasan et al., 2020), 

microglia inflamed in multiple sclerosis (MIMS) (Absinta et al., 2021) or RIPK1-

regulated inflammatory microglia (RRIM) (Mifflin et al., 2021), among others. 

Nevertheless, the functional implications of these microglial states and the 

relationships between them remain elusive and further studies are required to 
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completely understand the complexity of microglia in physiological and pathological 

conditions. 

3.2. Microglia in ALS pathogenesis 

Microglial cells play an undeniable role in ALS, but delineating the precise 

contribution of microglia to disease is being challenging. Literature evidences both 

neurotoxic and neuroprotective microglial roles in ALS, which may be related with 

a spatiotemporal regulation of microglial activation over the disease (Brites & Vaz, 

2014; Clarke & Patani, 2020; Geloso et al., 2017; Haukedal & Freude, 2019; Hickman 

et al., 2018; Motataianu et al., 2020; You et al., 2023). 

Some in vitro studies with primary mouse mutant SOD1G93A microglia 

pointed out the detrimental role of microglia in ALS pathology. Weydt et al., 2004 

described that SOD1G93A microglia exhibit an enhanced secretion of TNFα when 

stimulated with LPS, compared to wild-type microglia. In this line, other studies 

showed that SOD1G93A microglia are potentially toxic compared to the wild-type, 

through an increased production of ROS and nitric oxide (NO), and a decrease in the 

production of neurotrophic factors, such as insulin-like growth factor-1 (IGF-1). This 

neurotoxic potential was confirmed in co-cultures with MNs and SOD1G93A 

microglia, in which a decrease in MN survival was observed in comparison with 

control microglia (Beers et al., 2006; Liao et al., 2012; Q. Xiao et al., 2007). 

Evidence from ALS mouse models in vivo also proved the involvement of 

microglia in the disease. On one hand, microglia are stablished to be a determinant 

cell type involved in the disease course rather than ALS onset. It was described that 

removing mutant SOD1 expression specifically in microglia/macrophages, 

throughout Cre-Lox recombination by crossing CD11b-Cre recombinase and Lox-

SOD1G37R mice, was not able to change ALS onset, but it delayed ALS progression and 

increased survival (Boillée et al., 2006). Similarly, transplantation of wild-type 

microglia/macrophages in SOD1G93A-PU.1 KO mice, which lack myeloid and 

lymphoid cells, was able to increase MN survival, to delay ALS progression and to 

improve survival (Beers et al., 2006). Interestingly, transplanting SOD1G93A 

microglia/macrophages in PU.1 KO mice was not sufficient to induce MN disease 

(Beers et al., 2006). Modulating microglia specifically in vivo has been shown to 
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influence ALS progression. In this line, nuclear factor-κB (NF-κB) inhibition 

specifically in microglia rescued MN degeneration in vitro and increased SOD1G93A 

mice survival (Frakes et al., 2014). Besides, targeting microglia proliferation by a 

selective CSF1R inhibitor increased MN survival and ameliorated the disease in 

SOD1G93A mice (Martínez-Muriana et al., 2016).  

On the other hand, it has been described that there is a shift in the microglial 

phenotype from more neuroprotective in the early disease to more neurotoxic in the 

late stages. Despite the use of the old-fashioned M1/M2 dichotomy, Liao et al., 2012 

showed that, in the ALS onset, microglia have a more neuroprotective phenotype 

with an increased expression of Ym1, Cd163 and Bdnf, whereas microglia in end-

stage ALS late stage exhibit an increased Nox2 expression. However, transcriptomic 

analysis of isolated microglia from SOD1G93A mice at different disease time points 

(pre-symptomatic, early symptomatic and end-stage) showed a neurodegenerative-

specific transcriptome, in which microglia co-express neurotoxic (Mmp2, Optn or 

Cybb) and neuroprotective genes (Igf1 or Grn), whose expression is exacerbated 

with ALS progression (Chiu et al., 2013).  

Even though most transcriptomic studies describing microglial states in 

neurodegenerative diseases have focused on AD mouse models and human patients, 

some single-cell RNAseq (scRNAseq) studies have centred in elucidating the 

presence of different microglial states in ALS pathogenesis. The microglial state 

triggering more interest in the field is DAM, since it was the earliest in being 

identified. Its expression profile is characterized by downregulation of homeostatic 

genes (P2ry12, Cx3cr1, Tmem119), an upregulation of AD-associated risk genes 

(Apoe, Ctsd, Lpl, Tyrobp, Trem2) and genes related with phagocytic, lysosomal and 

lipid metabolism-related pathways (You et al., 2023). DAM are observed close to 

neurodegenerative areas, playing a protective role involving the clearance of 

misfolded and aggregated proteins that accumulate in neurodegenerative diseases 

(e.g. Aβ or SOD1 aggregates). It is thought that DAM are not necessarily associated 

with the specific primary cause of disease, suggesting that DAM are rather a general 

microglial response to neurodegeneration. In SOD1G93A mouse model, DAM 

accumulate in the spinal cord over disease progression (Keren-Shaul et al., 2017) 

and their presence in human postmortem samples has been confirmed by 
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quantitative polymerase chain reaction (qPCR) of key DAM genes (Jauregui et al., 

2023). RNAseq studies in postmortem cortex of sALS samples revealed an increased 

representation of a microglial subpopulation that overlapped with the DAM 

signature (Dols-Icardo et al., 2020). On the other hand, Krasemann et al., 2017 

described a MGnD phenotype triggered in a Trem2/Apoe-dependent manner, 

observed in ALS and AD mouse models. MGnD microglia are induced by 

phagocytosis of apoptotic neurons, which are a hallmark of neurodegeneration. 

Additionally, Mifflin et al., 2021 described RRIM specifically in SOD1G93A and OPTN 

KO ALS mouse models. RRIM are characterized by RIPK1-dependent production of 

classical pro-inflammatory cytokines, including an upregulation of Tnfa and Il1b. 

RRIM are increased in both ALS mouse models, although to a greater extent in OPTN 

KO mice, and their peak occurs at earlier timepoints in ALS pathogenesis compared 

to DAM. Whereas OPTN KO mice do not have protein aggregates, SOD1G93A mice do 

exhibit misfolded SOD1 protein. It may suggest that RRIM represent a different path 

in early ALS stages independent from protein aggregation, which would be more 

associated to DAM (Mifflin et al., 2021). The functional role and implication of these 

context-dependent and temporary microglial states in ALS pathogenesis needs to be 

fully understood. However, it opens new therapeutic avenues targeting specifically 

microglial states to restore homeostatic microglia as a treatment for 

neurodegenerative diseases.  

Although most advances have been done using mutant SOD1 mouse, other 

studies have focused on other ALS mouse models. Spiller et al., 2018 used the rNLS8 

mouse which expresses human TDP-43 in neurons in a doxycycline-dependent 

manner and demonstrated that microglia play a neuroprotective role in this ALS 

mouse model, by clearing the TDP-43 aggregates in neurons. This beneficial effect 

was confirmed by blocking microgliosis with a CSF1R inhibitor, being the animals 

unable to regain motor function (Spiller et al., 2018). Moreover, C9orf72 deficiency 

triggers a microglial transcriptome change from a homeostatic signature to an 

inflammatory type I interferon (IFN) signature (Lall et al., 2021). 

Genetic studies in patients and matched controls have identified loci 

associated with an increased risk for neurodegenerative diseases which are highly 

or preferentially expressed in microglia (Salter & Stevens, 2017). Notably, 
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polymorphisms in genes such as TREM2, C9orf72, GRN, PFN1, TBK1, OPTN, and 

UBQLN2 have been strongly associated with ALS (Haukedal & Freude, 2019; Limone 

et al., 2024). These genes encode proteins implicated in crucial microglial pathways, 

such as autophagy or regulating their activation. Consequently, understanding the 

impact of newly identified ALS-associated genetic variants on microglial activity 

may uncover the role of microglial cells in this complex disease. 

Modelling of iPSC-derived microglia from ALS patients in vitro have provided 

a valuable tool to study more in depth the pathological alterations in microglia 

driven by different ALS-related genes. Focusing in human C9orf72 iPSC-derived 

microglia, it has been described that mutant C9orf72 microglia have a deficit in 

autophagy and phagocytosis, an exacerbated response to LPS and, when co-

cocultured with MNs, C9orf72 microglia increase MN vulnerability to excitotoxicity 

(Banerjee et al., 2023). In this line, another study found metalloprotease-9 (MMP-9) 

as a microglial mediator of MN toxicity (Vahsen et al., 2023). However, Lorenzini et 

al., 2023 provided opposite results in their study, in which they described mild 

changes in gene expression and an increased phagocytosis in C9orf72 microglia 

compared to control microglia, and they did not observe an exacerbated reactivity 

to LPS. On the other side, mutant PFN1 iPSC-derived microglia exhibit an altered 

lipid metabolism and deficits in autophagy, which correlated in an inefficient 

phagocytic degradation. Mutant PFN1 microglia did not show an exacerbated 

response to LPS (Funes et al., 2024). Furthermore, mutant FUS iPSC-derived 

microglia did show altered chemoreceptor-activated Ca+2 signalling, but 

phagocytosis and cytokine release remained unchanged (Kerk et al., 2022). Lastly, 

sALS microglia exhibited an impairment in phagocytosis, which correlates with the 

disease progression. Interestingly, those fast-progressing ALS patients had a greater 

deficit in phagocytosis (Noh et al., 2023; Quek et al., 2022). Additionally, sALS 

microglia had an altered cytokine profile, an increased DNA damage and 

inflammasome activity (Quek et al., 2022) and an exaggerated response to stimuli 

(Noh et al., 2023). Overall, although each study focused on a specific ALS gene or 

sALS patients, they do observe a cell-autonomous dysfunction in microglial cells, 

generally affecting the phagocyting activity and the cytokine production.  
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3.3. Modelling human microglia in vitro and in vivo 

The need of moving to more human-based research, especially in the 

microglia field, relies in several reasons. First, rodents do not illustrate human 

genetic complexity, which is particularly important in polygenic diseases, such as 

ALS (Hasselmann & Blurton-Jones, 2020). Besides, a significant proportion of 

human genes lack a convincing ortholog in the murine genome (Mancuso et al., 

2019). For instance, some studies have shown that more than a half of AD-associated 

risk genes enriched in microglial cells do not have a clear mouse ortholog in terms 

of protein homology (Hasselmann & Blurton-Jones, 2020). It is also noteworthy to 

mention that gene expression can also differ between species. It has been described 

that even though mouse and human microglial transcriptome overlap considerably, 

there are notable species-specific differences in human genes regarding 

complement system, inflammatory cytokines, or neurodegenerative disease-

associated genes (AD, PD) (Galatro et al., 2017; Geirsdottir et al., 2019; Gosselin et 

al., 2017; Lloyd et al., 2022). This divergence is exacerbated by ageing, which is 

particularly relevant for neurodegenerative diseases occurring in the late life stages 

(Galatro et al., 2017). Lastly, recent single-cell transcriptomic studies have revealed 

that human microglia display a much more heterogeneous and complex response to 

disease rather than mouse counterparts (Geirsdottir et al., 2019; Mancuso et al., 

2024; Masuda et al., 2019). Overall, mouse microglia exhibit significant limitations 

for the study of microglia in human healthy and pathological conditions.  

Accessibility to human fresh CNS tissue is limited and, if so, the amount of 

material obtained is low for research purposes. Human primary microglia sources 

have been restricted to postmortem samples or surgery biopsies from patients 

(Hasselmann & Blurton-Jones, 2020). It supposes some limitations, such as the 

artefacts derived from the postmortem delay, the rapid microglial changes when 

placed outside the brain or the influence of the underlying pathology (epilepsy, 

brain tumour, etc) in the microglia phenotype (Bohlen et al., 2017; Butovsky et al., 

2014; Gosselin et al., 2017). Moreover, human microglial cell lines derive from 

primary microglia from embryonic or adult CNS that have been immortalized by 

viral transduction with oncogenes (Timmerman et al., 2018). However, this 

transformation may interfere in the microglial phenotype. Indeed, several studies 

have shown that human microglial cell lines do not proper recapitulate primary 
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human microglia genetically (Melief et al., 2016). There is therefore notorious 

limitation when working with human microglia. 

i. Human iPSC-derived microglia 

Since the discovery of the microglial ontogeny in 2010, several groups have 

designed different protocols to generate microglia-like cells from human iPSCs or 

embryonic stem cells (ESCs) (Sabogal-Guáqueta et al., 2020) (Table 2). In general, 

these protocols try to mimic in vitro the microglial ontogeny, first generating 

hematopoietic progenitor cells (HPC) to further mature into microglia-like cells 

(Hasselmann & Blurton-Jones, 2020; Timmerman et al., 2018). However, there is not 

still a consensus in the most appropriate method to produce human iPSC-derived 

microglia. First, the strategies used to produce microglial progenitors (MPs) differ. 

The most widely used method include the formation of embryoid bodies (EBs) and 

its differentiation into the mesoderm lineage to further induce haematopoiesis and 

produce HPC (Brownjohn et al., 2018; Haenseler et al., 2017; Muffat et al., 2016), 

even though others prefer to generate directly HPC using a monolayer approach 

(Abud et al., 2017; Douvaras et al., 2017; Pandya et al., 2017; Takata et al., 2017). 

Another point of divergence is the medium formulations for differentiation and 

maturation into microglia. While some protocols use different cocktails of cytokines 

or growth factors, others differentiate and mature microglia by co-coculturing with 

neurons or astrocytes (Table 2), which complicates the standardization and 

comparison of human iPSC-derived microglia studies. This controversy arises from 

the fact that what defines microglia identity in the CNS is still unclear. It has been 

described that interactions with other CNS resident cells (neurons, astrocytes and 

oligodendrocytes) are key in its maturation, thus culturing iPSC-derived microglia 

in the absence of other CNS cells may trigger some deficiencies in the microglia 

generated (Borst et al., 2021). Although the use of the microglial survival factor, IL-

34 or CSF1, is generalized among cultures, the other supplementations are still on 

debate. A recent work from Washer et al., 2022 performed a systematic comparison 

of all the published microglial protocols in order to identify which growth factors 

are necessary and which ones are redundant to produce microglial monocultures. 

They concluded that the cytokines that are beneficial to have a proper microglial 

specification are IL-34, granulocyte-macrophage colony-stimulating factor (GM-
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CSF), macrophage colony stimulating factor (M-CSF) and transforming growth 

factor beta (TFGβ).  

PROTOCOL Duration (days) HPC production Microglial Medium 

Muffat et al., 2016 75 EB CSF1 / IL-34 

Pandya et al., 2017 30 Direct diff. 
GM-CSF / M-CSF / IL-3 + 
Astrocyte coculture 

Abud et al., 2017 38 Direct diff. 
Insulin / IL-34 / M-CSF / TFGβ 
/ CD200 / CX3CL1 + FACS 

Haenseler et al., 2017 45 EB IL-34 / GM-CSF 

Douvaras et al., 2017 60 Direct diff. 
IL-34 / GM-CSF / M-CSF / FLT-
3 

Takata et al., 2017 46 Direct diff. CSF1 
Brownjohn et al., 

2018 
30 EB IL-34 / GM-CSF / FBS 

McQuade et al., 2018 60 Direct diff. 
IL-34 / M-CSF / TGFβ / 
CX3CL1 / CD200 

Konttinen et al., 2019 42 Direct diff. IL-34 / M-CSF 
Claes et al., 2019 38 Direct diff. IL-34 / M-CSF + FACS 

Svoboda et al., 2019 35 Direct diff. 
B27 / N2 / Albumax / NaCl / 
Pyruvate / Glutamax / TGFβ / 
IL-34 / CSF1 

Guttikonda et al., 
2021 

30 Direct diff.  IL-34 / M-CSF / FBS 

Reich et al., 2021 60 EB IL-34 / M-CSF / TFGβ 
Lanfer et al., 2022 28 Direct diff.  IL-34 / GM-CSF / FBS 

Dräger et al., 2022 15 Direct diff. IL-34 / GM-CSF / M-CSF / 
TFGβ 

Table 2. Microglial differentiation protocols from human stem cells. HPC: Hematopoietic 

progenitor cells; Diff: Differentiation; EB: Embryoid body; CSF1: Colony stimulating factor 1; IL-34: 

Interleukin 34; GM-CSF: Granulocyte-macrophage colony-stimulating factor; M-CSF: Macrophage 

colony stimulating factor; TGFβ: Transforming growth factor beta; CX3CL1: C-X3-C Motif Chemokine 

Ligand 1; FACS: Fluorescence-activated cell sorting; FTL-3: FMS- like tyrosine kinase 3; NaCl: Sodium 

chloride; FBS: foetal bovine serum. Modified from María Sabogal-Guáqueta et al., 2020; Washer et al., 

2022.  

Another innovative method to produce iPSC-derived microglia in a more 

straight-forward way and in shorter time is the overexpression of key transcription 

factors, known as forward reprogramming strategy (Csatári et al., 2024).  For 

instance, Chen et al., 2021 were able to generate microglia directly from iPSC in 10 

days by overexpression of SFFV pro-viral integration 1 (SPI1) and its cofactor 

CCAAT/enhancer-binding protein α (CEBPα) by viral transfection. Another study 

from Dräger et al., 2022 obtained iPSC-derived microglia in 8 days from an 

engineered iPSC line that overexpresses six transcription factors highly expressed 

in microglia (PU.1, MAF BZIP transcription factor B (MAFB), CEBPα, CCAAT 
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enhancer binding protein β (CEBPβ), interferon regulatory factor 5 (IRF5) and 

interferon regulatory factor 8 (IRF8)), in a doxycycline-dependent manner.  

In parallel, some studies have focused on the generation of microglial-like 

cells from definitive hematopoietic stem cells, such as CD34+ cord blood cells 

(Capotondo et al., 2017; Mathews et al., 2019), or directly from PBMCs obtained 

from patients (Quek et al., 2022). Although they obtained phenotypically compatible 

microglia-like cells, the origin source differs from yolk sac-derived primitive 

progenitors, which may influence the expression of key genes. It may suggest that 

these cord- or PBMC-derived cells could mimic more closely brain-infiltrating blood 

monocytes rather than resident microglia (Hasselmann & Blurton-Jones, 2020).  

However, microglia are highly sensitive to their environment, thus in vitro 

microglia exhibit significant transcriptomic and proteomic changes compared to ex 

vivo microglia (Gosselin et al., 2017; Lloyd et al., 2022; Mancuso et al., 2019). RNAseq 

studies from in vitro and ex vivo human microglia revealed an upregulation of genes 

related to inflammation and stress responses and a downregulation of pathways 

related with immune cell function and signalling, among others, when cultured in 

vitro (Gosselin et al., 2017). Importantly, some AD-associated risk genes also 

changed its expression in in vitro conditions (Gosselin et al., 2017). Moreover, in 

vitro human microglia resemble more accurately foetal rather than human adult 

microglia at the transcriptomic level (Timmerman et al., 2018). Besides, microglia 

in cell-culture conditions show a basal level of activation, given the proteomic 

similarities observed between in vitro microglia and the DAM microglia phenotype, 

and lack key receptors in the microglia sensome, such as P2RY12 or CX3CR1, 

suggesting a limitation in the ability to sense and respond to the environment (Lloyd 

et al., 2024). This evidences that in vitro human microglia do not properly represent 

the complex microglial biology observed in in vivo conditions and brings to light the 

need of new models to explore microglia in health and disease. 
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ii. Xenotransplantation of human microglia in the mouse CNS 

In recent years, chimeric mouse with human microglia have been developed 

to model more accurately human microglia in the living CNS (Abud et al., 2017; 

Capotondo et al., 2017; Hasselmann et al., 2019; Mancuso et al., 2019; Svoboda et al., 

2019; Xu, Li, et al., 2020; Fattorelli et al., 2021). Grosso modo, this innovative 

approach involves the differentiation of human iPSC to MPs, which are transplanted 

into neonatal mouse brain. Previously to the administration, endogenous mouse 

microglia are depleted pharmacologically by a CSF1R inhibitor to ease human 

microglia survival and colonization across the CNS (Fattorelli et al., 2021) (Figure 

5A).  

Xenotransplantation of MPs into the neonatal mouse brain results in in vivo 

differentiation of human microglia, which acquire a comparable transcriptome and 

proteome to human primary microglia. Indeed, xenotransplanted microglia adopt a 

homeostatic phenotype, restoring the expression of homeostatic microglial markers 

TMEM119, P2RY12 or CX3CR1 and decreasing DAM-associated markers, which is 

not observed in in vitro conditions (Lloyd et al., 2022; Mancuso et al., 2019). Human 

xenotransplanted microglia are able to spread widely across the CNS and persist in 

the long term. It has been shown that xenotransplanted microglia can persist up to 

6-month post-transplantation in the mouse brain (Figure 5B) (Xu et al., 2020; 

Hasselmann et al., 2019; Mancuso et al., 2024). Reported publications describe a 

human microglia chimerism ranging from 8-9% up to 80%, depending on the study 

(Fattorelli et al., 2021). However, Fattorelli et al., 2021 described a refined and 

optimized protocol for in vitro and xenotransplantation steps, having 60-80% of 

human xenotransplanted microglia consistently among several iPSC tested.  
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Figure 5. Human microglia xenotransplantation into the mouse CNS. A) Schematic diagram 

illustrating xenotransplantation protocol, which requires a coordinated in vitro differentiation into 

MPs and in vivo work. In this protocol, MPs are injected at P4 neonates after pharmacological 

microglial depletion; B) Representative image showing a high proportion of human engrafted 

microglia (human P2RY12+) 6-month post-transplantation. Extracted from Fattorelli et al., 2021. 

Human xenotransplanted microglia are functional in the mouse brain, since 

2-photon imaging in vivo showed how xenotransplanted microglia actively survey 

the CNS microenvironment by constant expansion and retraction of their 

ramifications (Hasselmann et al., 2019), and do interact with mouse neuronal cells, 

as seen with the observation of engulfed synaptic material inside the human 

microglia (Xu, Li, et al., 2020). Importantly, human xenotransplanted microglia can 

respond to acute stimuli, such as focal brain injury (Hasselmann et al., 2019), 

systemic LPS administration (Hasselmann et al., 2019; Svoboda et al., 2019) or Aβ 

oligomers injection (Mancuso et al., 2019), as well as chronic insults, for instance 

cuprizone-induced demyelination (Xu, Li, et al., 2020) or insoluble Aβ plaques 

accumulation (Hasselmann et al., 2019; Mancuso et al., 2024).  

This strategy involves the use of immunodeficient mice to avoid rejection of 

human cells. First published works used MITRG mice, which are recombination 

activating gene 2 (Rag2)- and interleukin 2 receptor subunit gamma (IL2rγ)-
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deficient and express the human forms of M-CSF, IL-3, GM-CSF and thrombopoietin 

(TPO), to perform the development of these humanized mouse models (Abud et al., 

2017; Hasselmann et al., 2019). Simplification of this transgenic mouse for this 

purpose was achieved afterwards, when it was proved that, apart from knocking-

out the genes triggering the immunodeficiency status, only the expression of human 

CSF1 was required to increase differentiation, engraftment, and survival of the 

human microglia (Hasselmann et al., 2019). This correlates with previous reports 

demonstrating that mouse CSF1 is not able to activate completely the human CSF1R 

signalling, indispensable for microglial survival (Rathinam et al., 2011). Therefore, 

the use of hCSF1KI Rag2-/- IL2rγ-/- transgenic mouse is the most widely used 

transgenic mouse for xenotransplantation purposes in the field (Xu, Li, et al., 2020; 

Fattorelli et al., 2021).  

Although this innovative experimental approach has overcome some of the 

previously described difficulties in the human microglia modelling, there are some 

limitations that must be considered. On one hand, xenotransplantation-compatible 

immunodeficient mice lack the adaptative immune system. Peripheral immune cells, 

such as T-cells, are described to influence microglial function in neurological 

diseases (E. Liu et al., 2021; W. Zhao et al., 2013). Thus, these humanized mouse 

models with human microglia do not recapitulate these interactions and roles in the 

pathology. In this line, Parajuli et al., 2021 performed xenotransplantation in 

immunocompetent adult mice using a trans-nasal administration, a less invasive 

approach than the intracranial normally used, after 1-week CSF1R inhibitor 

treatment for mouse microglia depletion. They reported that human microglia were 

able to colonize and persist 2 months after transplantation. On the other hand, even 

though mouse microglia are depleted by CSF1R inhibitors, they can repopulate and 

compete with human microglia for the niche, and it is yet unknown whether 

endogenous mouse microglia may interfere somehow in the human microglia 

(Hasselmann & Blurton-Jones, 2020). Finally, these chimeric mouse models lack the 

ability to assess how human xenotransplanted microglia interact with the 

surrounding human neuronal environment, which is important to understand the 

pathogenesis in neurological disorders.  
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Up to the date, in the neurodegenerative diseases field, published studies 

using this cutting-edge approach to assess human microglia in vivo have basically 

focused on AD. It has been described that human xenotransplanted microglia in an 

AD mouse model actively interact with Aβ plaques (Abud et al., 2017). Besides, 

human xenotransplanted microglia is able to respond to an acute injection of 

oligomeric Aβ, an AD-related challenge, as seen with a significant increase of the 

cytokine response microglia (CRM) (Mancuso et al., 2019). Comparison of the 

trajectory analysis of the human microglia response triggered with the mouse 

counterpart revealed a divergence sequence towards CRM cluster in the human 

microglia whereas to DAM in the mouse case (Mancuso et al., 2019).  Recently, 

Mancuso et al (2024) described extensively the response of human microglia to Aβ 

pathology by performing single cell transcriptomic analysis from xenotransplanted 

microglia in 6-month AD mouse models. They observed a complex and 

heterogeneous response to Aβ pathology with several microglial clusters: 

homeostatic (HM), ribosomal response (RM), DAM, IRM, antigen presenting 

response (HLA), CRM-1, CRM-2, and transitioning CRM (tCRM). Comparison with 

mouse microglia datasets revealed that DAM and IRM clusters do have similar 

counterparts in mouse; nevertheless, CRM and HLA clusters are human specific 

transcriptomic states. Interestingly, they also showed that human microglia display 

two main co-occurring transcriptional trajectories from HM to CRM, which are 

linked to soluble Aβ, or HM to DAM to HLA, which are more dependent on Aβ plaques 

(Mancuso et al., 2024). Overall, this opens a new avenue to explore human microglia 

response in other neurodegenerative diseases, such as ALS.  

 

4. C9orf72 ALS/FTD 

As stated before, C9orf72 G4C2 HRE is the most prevalent genetic alteration 

in ALS and FTD. An arbitrary number of 30 repeats is considered as the threshold to 

be pathogenic. However, most healthy individuals have less than 10 repeats, 

whereas ALS/FTD patients have between twenty and thousands of G4C2 repeats 

(Balendra & Isaacs, 2018). Interestingly, a somatic mosaicism in the HRE length is 

observed between CNS regions and other tissues within the same individual, due to 

genetic instability caused by the expansion (Nordin et al., 2014; van Blitterswijk et 
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al., 2013). Additionally, there is not a clear correlation between the number of 

repeats and the disease progression (Dols-Icardo et al., 2014; van Blitterswijk et al., 

2013).  

4.1. C9orf72 gene, protein, and function 

C9orf72 architecture is complex, since its gene includes 11 exons, produces 

3 alternatively spliced transcripts and 2 protein isoforms (Figure 6). Transcript 

variant 1 encodes for the short C9orf72 protein (222 amino acids) as it encompasses 

only non-coding 1a and coding 2nd-5th exons. On the other hand, mRNA variants 2 

and 3 produce the long protein isoform (481 amino acids) since it includes all 11 

exons. They differ in the inclusion of non-coding exon 1a (variant 2) or exon 1b 

(variant 3). The G4C2 HRE of interest is found in an intronic region between non-

coding exon 1a and 1b (Figure 6). Given the alternatively spliced mRNA produced, 

their location within the mRNA and its functional consequences will differ among 

them. In the transcripts 1 and 3, the repeats are included in the mRNA. When 

pathogenic, this region is expanded and mRNA acquires secondary structures, such 

as hairpins or G-quadruplexes, whose relevance will be discussed afterwards. In 

contrast, in variant 2, the repeats are placed in the promoter region, thus the HRE is 

not incorporated, but it may affect the transcript expression (Balendra & Isaacs, 

2018; Smeyers et al., 2021).  

 
Figure 6. C9ORF72 gene, transcripts variants and protein isoforms. C9orf72 gene includes 11 

exons, produces 3 transcript variants and codifies for 2 protein isoforms (short and long). Extracted 

from Balendra & Isaacs, 2018. 
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C9orf72 protein is mainly found in the CNS and immune system, and to a 

lesser extent in other organs, such as lung, heart, liver, kidney, and skeletal muscle. 

At the cellular level, it is particularly enriched in peripheral myeloid cells (CD14+ 

monocytes, eosinophils, and neutrophils) and microglia (Masrori et al., 2023; Rizzu 

et al., 2016). C9orf72 protein is highly conserved among species, sharing 98% of 

homology the mouse and human orthologs (Balendra & Isaacs, 2018). 

C9orf72 function is still a matter of research, but it seems to be involved in 

autophagy, endo-lysosomal trafficking and immune response (Beckers et al., 2021; 

Smeyers et al., 2021). It has been described that a decreased C9orf72 expression 

leads to a reduction in autophagy and lysosome trafficking and an accumulation of 

the substrates, such as p62 or TDP-43 (Banerjee et al., 2023; Beckers et al., 2023; 

Lall et al., 2021; O’rourke et al., 2016; Sellier et al., 2016; Sullivan et al., 2016; 

Webster et al., 2016). Besides, C9orf72 has been suggested to play an important role 

in the immune system, since C9orf72 KO mice exhibit an immune system 

dysregulation (Balendra & Isaacs, 2018; Jiang et al., 2016; O’rourke et al., 2016; 

Sullivan et al., 2016). 

 

4.2. C9orf72 pathogenesis 

Since the discovery of G4C2 HRE as a genetic cause of ALS/FTD, the scientific 

community have tried to elucidate the pathogenic mechanisms underlying the 

disease. Three potential mechanisms have been described: C9orf72 protein loss of 

function (LOF) or haploinsufficiency; a gain of function (GOF) of the repetitive RNA 

with the sequestration of RNA-binding proteins (RBPs) into RNA foci; and the 

formation of DPRs (Figure 7). However, the exact contribution and relevance of each 

one in ALS/FTD is still unclear.  
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Figure 7. LOF and GOF C9orf72 pathogenic mechanisms. RAN: Repeat Associated Non-AUG; DPR: 

Dipeptide repeat. Extracted from Schmitz et al., 2021.  

i. C9orf72 loss of function 

C9orf72 protein haploinsufficiency is due to the presence of the pathogenic 

G4C2 HRE mutation in the 1st intron, which causes an abortive transcription from 

exon 1a and a decreased promoter activity by epigenetic mechanisms (Balendra & 

Isaacs, 2018; Smeyers et al., 2021). It has been described that the expanded repeats 

are able to trigger DNA hypermethylation (Xi et al., 2015) and to bind trimethylated 

histones (Belzil et al., 2013), which would trigger a decreased transcription. In this 

sense, reduced C9ORF72 mRNA and protein is observed in frontal cortex and spinal 

cord of human C9orf72 ALS/FTD patients (Belzil et al., 2013; DeJesus-Hernandez et 

al., 2011; Gijselinck et al., 2012; Waite et al., 2014; S. Xiao et al., 2015).  

To fully understand the pathogenic contribution of LOF mechanisms in 

ALS/FTD, several animal models have been developed over the last decade. 

Whereas Caenorhabditis elegans and zebrafish C9orf72 LOF models do exhibit 

locomotion alterations (Ciura et al., 2013; Therrien et al., 2013), no neurological and 

motor phenotypes are observed in C9orf72-null mouse models. First, Koppers et al 

(2015) generated a conditional C9orf72-KO mouse lacking C9orf72 expression 

specifically in neurons. This C9orf72 LOF mouse model did not show MN 

degeneration, either motor dysfunction or altered survival (Koppers et al., 2015). 

Additionally, general C9orf72-null mice exhibited a robust immune phenotype, 
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including splenomegaly, lymphadenopathy, accumulation of enlarged macrophage-

like cells, expansion of myeloid and lymphoid cell populations and age-related 

neuroinflammation (Atanasio et al., 2016; O’rourke et al., 2016). Even, it was 

described that the severe autoimmunity induced led to a premature mortality 

compared to wild-type mice (Burberry et al., 2016). At the behavioural level, some 

studies reported altered social recognition and mild motor deficits (Atanasio et al., 

2016; Jiang et al., 2016), or late learning and memory deficits associated with 

exacerbated synaptic pruning (Lall et al., 2021). It was recently published that 

ubiquitous C9orf72 knock-down mice, which correlates better with the decreased 

expression observed in patients rather than a complete loss, had some FTD-like 

pathological signs, such as depression-like behaviour or social interaction 

abnormalities, and subtle motor alterations in aged mice (Lopez-Herdoiza et al., 

2023). Overall, it suggests that C9orf72 haploinsufficiency by itself is insufficient to 

trigger MN disease.  

ii. C9orf72 gain of function 

Gain of toxicity of the repetitive RNA is another important driver of C9orf72 

pathogenesis. On one hand, the G4C2 HRE is bidirectionally transcribed into 

repetitive RNA, forming sense and antisense RNA foci. This repetitive RNA forms 

stable secondary structures, such as hairpins and G-quadruplexes, which recruit 

RBPs. RNA foci are usually found in the neuronal nucleus, being less frequent in glial 

cells, and are detected widely in the CNS of C9orf72 HRE carriers (frontal and motor 

cortex, hippocampus, cerebellum, and spinal cord) (Gendron et al., 2014; McEachin 

et al., 2020). Many of the proteins sequestered in RNA foci are essential for normal 

RNA processing (e.g. hnRNPA1, hnRNPA3, hnRNPH, nucleolin (NCL), adhesion and 

degranulation-promoting adapter protein (ADAP), serine/arginine-rich splicing 

factor (SC35), Purα), thus their functional depletion could trigger neuronal toxicity 

(Barmada, 2015; Gendron et al., 2014). 

On the other hand, repetitive RNA can be translated into DPRs through non-

canonical repeat associated non-AUG-dependent (RAN) translation. They can be 

found in the neuronal cytoplasm as soluble oligomers or insoluble aggregates. Five 

different DPRs are produced: poly-GA (glycine-alanine), poly-GP (glycine-proline), 

poly-GR (glycine-arginine), poly-PA (proline-alanine) and poly-PR (proline-
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arginine). DPR inclusions are observed in different CNS regions, such as 

hippocampus, frontal cortex, motor cortex, cerebellum, and basal ganglia, and in less 

frequency in the spinal cord (Freibaum & Taylor, 2017; Schipper et al., 2016; 

Schmitz et al., 2021). 

Although poly-GA is the most abundant DPR, it seems that arginine-enriched 

DPRs (poly-GR and poly-PR) are the most neurotoxic ones due to their 

physicochemical properties. Some studies have shown that arginine-enriched DPRs 

are able to induce neurodegeneration in Drosophila models (Mizielinska et al., 

2014) and TDP-43 proteinopathy in mice overexpressing poly-GR (Cook et al., 

2020). Interestingly, Verdone et al., 2022 developed a knock-in mouse model with 

widespread expression poly-GR, which had sex-specific chronic ALS/FTD-like 

phenotypes, including mild MN loss and subtle motor and behavioural alterations. 

Poly-GR and poly-PR-mediated toxicity seems to be related with inhibition of 

translation and RNA decay (Moens et al., 2019; Sun et al., 2020) and interfering in 

the formation of membrane-less organelles, such as nucleolus (Lee et al., 2016). 

Nevertheless, the exact contribution of DPR pathology in ALS/FTD course remains 

unclear. It is described that DPR pathology appears early in the disease, before TDP-

43 pathology is triggered (Baborie et al., 2015; Vatsavayai et al., 2016). Regarding 

the correlation between DPRs burden and neurodegeneration, some studies report 

that poly-GR correlates better with neurodegeneration than other DPRs in disease-

related compared to unrelated CNS regions (MacKenzie et al., 2013; Saberi et al., 

2018; Sakae et al., 2018). In contrast to it, Davidson et al., 2016 did not observe any 

correlation in their study, suggesting that probably it is due to methodological issues 

that underestimates the burden of soluble DPRs in comparison with large insoluble 

inclusions and the absence of degenerating neurons in postmortem samples.  

Over the last years, experimental mouse models that express the C9orf72 

HRE mutation have been generated and they exhibit the previously described GOF-

related pathological mechanisms (Chew et al., 2015; Jiang et al., 2016; Y. Liu et al., 

2016; O’Rourke et al., 2015; Peters et al., 2015) (Table 3). However, they differ 

considerably in several aspects: (i) transgenesis methodology (bacterial artificial 

chromosome (BAC) or non-integrative viral vectors); (ii) extent of human C9ORF72 

gene in the transgenic expression cassette; (iii) number of G4C2 repeats; (iv) 
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spatiotemporal pattern of RNA foci and DPR aggregates; (v) neuropathological 

features; and (vi) ALS/FTD-related signs. Unfortunately, these models do not exhibit 

clinical phenotype of the disease, and the only one of them that did show ALS/FTD 

signs has not been replicated in some laboratories (Y. Liu et al., 2016; Mordes et al., 

2020; Nguyen et al., 2020). The absence of a clear ALS/FTD phenotype in these 

models is likely because the G4C2 HRE introduced in the animals does not localize 

in the C9orf72 mouse gene and thus it does not alter the expression and function of 

the endogenous gene (Shao et al., 2019).  

Recently, multiple evidences support that a decrease of C9orf72 expression 

is an early contributor to the disease development, which would synergize with GOF 

mechanisms to produce ALS/FTD phenotype. Reduced C9orf72 activity triggers 

neurodegeneration in human iPSC-derived MNs by modulating their vulnerability 

to degenerative stimuli, such as DPR pathology or glutamate-mediated 

excitotoxicity (Shi et al., 2018). In a similar way, it was observed in C9orf72-null rats 

which were more susceptible to excitotoxic insults, triggering an ALS-compatible 

phenotype (Dong et al., 2021). Other in vivo studies revealed that C9orf72 loss 

increased gain of toxicity, exacerbating motor deficits and behavioural alterations 

in G4C2 HRE expressing animal models (Shao et al., 2019; Zhu et al., 2020). In 

conclusion, the current knowledge about C9orf72 pathogenesis relies on the 

necessary contribution of both LOF and GOF mechanisms to produce an ALS/FTD 

phenotype. As it has been described extensively, current murine C9orf72 models are 

not useful enough to study new therapies for ALS/FTD. Given that this mutation is 

the main cause of genetic forms of ALS and FTD, there is an urgent need to generate 

new murine C9orf72 models carrying G4C2 HRE that do recapitulate both LOF and 

GOF pathogenic mechanisms and do exhibit clinical signs of the disease. 
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Paper 
Chew et al 

(2015) 
Peters et 
al (2015) 

O’Rourke et 
al (2015) 

Jiang et al 
(2016) Liu et al (2016) 

Transgenesis AAV2/9 BAC BAC BAC BAC 
C9orf72 gene Full sequence Exon 1-6 Full sequence Exon 1-5 Full sequence 

G4C2 HRE size 66 500/300 100-1000 450 500 

Flanking 
regions 

5’: 119 bp 
3’: 100 bp 

5’: 141 Kb 
5’: 110 Kb 
3’: 20 Kb 

5’: 140 Kb 
5’: 52 Kb 
3’: 19 Kb 

C9
or

f7
2 

p
at

h
ol

og
y 

RNA foci 
Yes  
(6 months) 

Yes  
(3,10,24 
months) 

Yes 
(3,6,8 
months) 

Yes  
(2, 6 months) 

Yes  
(2 months) 

DPRs 
Yes 
(Poly-GA, -GP, -
GR) (6 months) 

Yes 
(Poly-GP) 
(4, 10, 24 
months) 

Yes 
(Poly-GP) (20 
months) 

Yes  
(Poly-GA,-GP, -
GR) (3, 6, 22 
months) 

Yes  
(Poly-GA, -GP) 
(Acute-
progressing mice) 

TDP-43 
pathology 

Nuclear pTDP-
43 inclusions  
(6 months) 

Not 
detectable 

Not 
detectable 

pTDP-43, but 
not 
mislocalized or 
in aggregates 
(22 months) 

Nuclear and 
cytoplasmic 
aggregates 
(Acute-
progressing mice) 

Neuronal 
loss 

Yes (Mild) 
Whole cortex, 
motor cortex 
and cerebellar 
Purkinje cells 
(6 months) 

Not 
detectable 

Not 
detectable 

Yes (Mild): 
Hippocampus 
No: SC 

Yes: SC, cortex, 
hippocampus 
(Acute progression 
mice) 

Motor 
phenotype 

↓ Motor 
coordination  
(6 months) 

Normal Normal Normal 

Gait abnormalities,  
↓ grip strength 
(16 weeks) (Acute-
progressing mice) 

Behaviour 

↑ Anxiety 
↑ Hyperactivity 
↓ Socialization 
(6 months) 

Normal Normal 

↑ Anxiety 
↓ Spatial 
learning 
↓ Working 
memory 
(12 months) 

↑ Anxiety 
(12 months) 

Survival Not analysed Normal Not analysed Not analysed Decreased 

Others     

Acute-progressing 
mice: 5-7 months 
Slow-progressing 
mice: 12-17 
months 

Table 3. Summary of C9orf72 GOF mouse models reported in the literature. AAV: Adeno-

associated viral vector; BAC: Bacterial artificial chromosome; pTDP-43: phosphorylated TDP-43; SC: 

Spinal cord. Adapted from Batra & Lee, 2017; Balendra & Isaacs, 2018.  
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Hypothesis 

The general objective of the current thesis is to generate and characterize 

new experimental models for ALS and FTD that will facilitate the understanding of 

the pathogenic mechanisms of these two neurodegenerative diseases. Our main 

hypotheses are the following: 

1. Our gene editing strategy will allow us the generation of a human ESC line 

carrying the ALS-causing SOD1G93A mutation.  

2. The ALS-linked mutant SOD1G93A will directly alter key microglial functions 

in human ESC-derived microglia.  

3. Human microglia xenotransplantation into the mouse spinal cord will result 

in a chimeric, humanized, mouse model with human microglia colonization 

throughout all the mouse spinal cord. 

4. The C9orf72 G4C2 HRE knock-in mouse model will develop a phenotype that 

mimic ALS and/or FTD. 

 

Objectives 

This PhD thesis has been structured into three chapters according to the 

following specific aims.  

Chapter 1. ALS-linked SOD1G93A mutation disrupts microglial functions in a 

cell-autonomous manner in human embryonic stem cell-derived microglia in 

vitro. 

 To generate an isogenic cell line carrying the SOD1G93A mutation in human 

ESC using Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/Cas9 technology. 

 To establish an in vitro differentiation protocol for differentiating human ESC 

into microglia. 

 To assess the impact of the SOD1G93A mutation on distinct microglial 

functions (cytokine production, phagocytosis and cell metabolism) in in vitro 

human ESC-derived microglia.  
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Chapter 2. Xenotransplantation of human microglia into the mouse spinal 

cord.  

 To establish a protocol of human microglia xenotransplantation into the 

neonatal Rag2−/− IL2rγ−/− hCSF1KI mouse spinal cord.  

 To evaluate the extent of the human microglia engraftment throughout the 

mouse spinal cord over time, with a particular interest in the lumbar spinal 

cord. 

Chapter 3. Phenotypic characterization of a novel C9orf72 G4C2 HRE knock-in 

mouse model 

 To assess whether the C9orf72 G4C2 HRE knock-in mouse model develops 

ALS-like motor deficits.  

 To evaluate whether the C9orf72 G4C2 HRE knock-in mouse model 

recapitulates FTD-like behavioural deficits. 
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Chapter 1. ALS-linked SOD1G93A mutation disrupts microglial functions 

in a cell-autonomous manner in ESC-derived microglia in vitro 

Stem cell maintenance 

Human ESC (WA09 also referred to as H9, Lot RB66492, WiCell) were 

cultured in feeder-free conditions in Matrigel Growth Factor Reduced (GFR) 

Basement Membrane Matrix (#356230, Corning)-coated 6-well plates in mTeSR1 

medium (#85850, StemCell Technologies) with 100 U/mL Penicillin-Streptomycin 

(#15140-122, Gibco). Medium was changed daily. ESC cells passing was performed 

weekly using Versene (#15040-066, Gibco). ESC were maintained in a 5% CO2 

incubator (Heraeus HERAcell 150) at 37ºC. 

To cryopreserve ESC, cells were washed with Dulbecco’s Phosphate-buffered 

saline (dPBS) (#14190-144, Gibco), detached with Versene and resuspended in 

CryoStor CS10 freezing medium (#07959, StemCell Technologies). Cryovials were 

kept in Mr Frosty freezing recipient (#5100-0036, ThermoFisher) at -80ºC 

overnight and then transferred to a nitrogen tank the following day. 

CRISPR/Cas9 genome editing 

CRISPR/Cas9 strategy design was performed by Sigma-Aldrich CRISPR 

Design customer service in collaboration with Transgenic Animal Unit (UAT, 

CBATEG-UAB). CRISPR reagents were delivered into ESC by electroporation using a 

Super Electroporator NEPA21 Type II (Nepagene) according to manufacturer’s 

protocol. Briefly, ESC were pre-treated with 10 µM Y-27632 ROCK inhibitor (ROCKi) 

(#Y0503, Sigma-Aldrich) to ease survival before dissociating in a single cell 

suspension with TrypLE Select Enzyme (#12563-011, Gibco) for 3-5 min at 37ºC, 

which was inactivated by diluting 10 times with dPBS. Cells were then washed twice 

with Opti-MEM medium (#11058-021, Gibco) to remove any residual medium from 

stem cell culture. 106 cells were transfected with 1.6 µM sgRNA (5’-

GAATCTTCAATAGACACAT-3’; custom-made, Sigma-Aldrich), 0.8 µM Cas9 

ribonucleoprotein (RNP) (#C120010, Sigma-Aldrich) and 5 µg single-stranded 

oligodonor (ssODN) (5’-

ATGCTTTTTCATTATTAGGCATGTTGGAGACTTGGGCAATGTGACTGCTGACAAAGAT

GCTGTGGCTGATGTGTCTATTGAAGATTCTGTGATCTCACTCTCAGGAGACCATTGCAT
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CAT-3’; custom-made, Sigma-Aldrich) in a total volume of 100 µL. Electroporation 

conditions are summarized in Table 4. After electroporation, ESC were seeded at a 

low density of 100,000 cells/well from 6-well plate in mTeSR1 medium containing 

10 µM ROCKi for 24h. The following day, a full medium change was performed to 

remove ROCKi. Three or four days later, individual colonies were picked up 

manually and plated in a Matrigel-coated 96-well plate. When clones showed 

optimal size, they were duplicated to obtain DNA for genotyping and to 

cryopreserve as a backup. 

 Voltage Length Interval Number Decay Rate Polarity 

Poring pulse 135 V 2.5 ms 50 ms 2 10 % + 
Transfer pulse 20 V 50 ms 50 ms 5 40 % +/- 

Table 4. Electroporation conditions for ESC (WA09) CRISPR/Cas9 gene editing. 

Potential off-target sites analysis 

Potential off-target arisen from CRISPR/Cas9 technology were predicted in 

silico by COSMID bioinformatics-based tool (Cradick et al., 2014). Relevant 

parameters introduced in the search were: Homo sapiens GRCh38 (hg38) (target 

genome); 5’-GAATCTTCAATAGACACAT-3’ (sgRNA); NGG (Protospacer adjacent 

motif (PAM) suffix); and ≤3 mismatches, 1-base deletion and/or 1-base insertion 

allowed. According to the score, top 10 off-target sites (OT1-OT10) were selected 

for further analysis.  

Genotyping 

DNA was extracted using Genomic DNA Kit (#0603, DANAGEN) following 

manufacturer’s protocol. ESC were detached by TrypLE Select (#12563-011, Gibco) 

dissociation and then, digested with lysis buffer for 15 min at 55ºC. Proteins were 

eliminated using protein precipitation buffer and DNA was precipitated with 2-

propanol (#131090, Panreac) and further washed with 70% ethanol. Finally, DNA 

pellets were dried at room temperature for approximately 30 min and then 

solubilized with DNA hydration solution for 1h at 65ºC. DNA concentration was 

quantified using a NanoDrop 2000 spectrophotometer (ThermoFisher). 

To screen positive clones for SOD1G93A knock-in, the region flaking the SNP of 

interest in SOD1 gene was amplified by PCR using Taq DNA polymerase (#10342-

020, Invitrogen). Primers and cycle conditions are specified in Table 5. The PCR 
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product was digested by BccI (#R0508L, New England Biolabs) or EaeI (#R0704S, 

New England Biolabs) restriction enzymes (10U) for 1h at 37ºC and then BccI and 

EaeI were inactivated at 65ºC for 20 min and 10 min, respectively. Expected bands 

in non-edited and edited clones were predicted using the Restriction analyser tool 

from Molecular Biology tools (Molbiotools) 

(https://molbiotools.com/restrictionanalyzer.php) (Table 6). Finally, resulting 

digestions, together with a 100bp DNA ladder (#G210A, Promega) were analysed by 

standard electrophoresis in a 4% agarose gel and imaged in a ChemiDoc MP Imaging 

System (BioRad). 

Gene Fw/Rv Sequence (5’ 3’) 
PCR 

Product 
PCR 

Conditions 

SOD1 
Fw CATCAGCCCTAATCCATCTGA 

236 bp 

95°C for 3 min, 
35x (95°C for 
15s, 60°C for 
30s, 72°C for 
45s) and 72°C 
for 2 min 

Rv CGCGACTAACAATCAAAGTGA 

OT 1 
Fw CCAGGCACTGTGTAAGCCTTTACC 

276 bp 
Rv AGCTTGCCTGACCTTCGCCT 

OT 3 
Fw CCACGTCCATCAGTTTGGAGC 

285 bp 
Rv CCGCAAGCTAAATGACTTCCAGTG 

OT 5 
Fw CAAGCTCAGTGGATTTTCTGGACG 

314 bp 
Rv CAGAATTGGTAGAGAGAAGGGGAG 

OT 8 
Fw 

GGACCATTTATATCCACATACGAAACAACAG
AG 292 bp 

Rv CCATTAGATGGCTAGATCGTGGAG 

OT 9 
Fw ACCCTGAAATACTGTTCATATAGGAACGCC 

275 bp 
Rv TCATGTTAACTGGACTCAGGAGCC 

OT 10 
Fw ATGCAAGGTCATTTCAACTGCAAAACAGAGG 

310 bp 
Rv GTGACTAAGGTACCTCAGTGAATTAGAACTC 

OT 2 

Fw GGGTTTTGTGTAGACTTGTACCACTCAG 

326 bp 

95°C for 3 min, 
35x (95°C for 
30s, 63.7°C for 
45s, 72°C for 
45s) and 72°C 
for 2 min 

Rv CTGGACCAGAGCTAGTCAACAGA 

OT 4 
Fw CCCAGAGACTCAAGGACCTTTTC 

325 bp 
95°C for 3 min, 
35x (95°C for 
30s, 61.1°C for 
45s, 72°C for 
45s) and 72°C 
for 2 min 

Rv GAGGTGGGATGAGGGAAGTC 

OT 6 
Fw 

AAACCATTCTTAATTCTACTCTCGAAAGAAA
ACCAGC 307 bp 

Rv CATTGGAGCAGAACAGAGAGGTAG 

OT 7 

Fw 
GTGAGTCCTTTAAAAGTGGTTATGAAATCTC

TGG 
294 bp 

95°C for 3 min, 
35x (95°C for 
30s, 56.2°C for 
45s, 72°C for 
45s) and 72°C 
for 2 min 

Rv 
CATAGTTAGATTAACTGGGTCTTATGTCCAA

GAG 

Table 5.  Primer sequences and PCR conditions. OT: Off-target; Fw: Forward; Rv: Reserve; bp: base 

pair. 
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To confirm the absence of any undesired genetic modification in SOD1 locus 

and potential off-target sites, specific PCR products were analysed by Sanger 

sequencing in Servei de Genòmica (UAB). Primers and PCR conditions for each locus 

are specified in Table 5. Forward and reverse sequences for each gene were 

analysed using Geneious Prime software.  

 BccI EaeI 

Sequence recognition 
5’…CCATC(N)4 ↓…3’ 
3’…GGTAG(N)5 ↑…5’ 

5’…Y↓GGCCR …3’ 
3’…RCCGG↑R…5’ 

No gene edition 
166 bp 
48 bp 
22 bp 

95 bp 
83 bp 
58 bp 

Gene edition 
214 bp 
22 bp 

141 bp 
95 bp 

Table 6.  Expected bands in non-edited and edited clones after BccI or EaeI digestion. 

Directed differentiation of human ESC into microglia 

Human control and SOD1G93A ESC were differentiated into microglia based on 

previously published protocols from (Douvaras et al., 2017; Fattorelli et al., 2021; 

Haenseler et al., 2017) with few modifications. At  7̴5% confluency, ESCs were 

dissociated into single cell suspension using TrypLE Select (#12563-011, Gibco) and 

plated into AggreWellTM 800 24-well plate (#34811, StemCell Technologies) at a 

density of 4·106 cells/well in mTeSR1 medium (#85850, StemCell Technologies) 

with 10 µM Y-27632 ROCKi (#Y0503, Sigma-Aldrich), 50 ng/mL BMP-4 (#120-05, 

PeproTech), 50 ng/mL VEGF (#100-20, PeproTech) and 20 ng/mL SCF (#300-07, 

PeproTech). After seeding, the plate was centrifuged at 100g for 3 min to ensure a 

proper cell distribution among the microwells. During the following 3 days, 75% 

medium change was performed daily with the same medium (mTeSR1 medium with 

BMP-4, VEGF and SCF) without ROCKi. On day 4, embryoid bodies were harvested 

and transferred to a reversible 37 µm cell strainer (#27250, StemCell Technologies). 

Approximately 20 EBs per well were plated in 6-well plates in X-VIVO 15 medium 

(#BE02-060F, Lonza) supplemented with 1 mM Glutamax (#35050-038, 

ThermoFisher), 100 U/mL Penicillin-Streptomycin (#15140-122, Gibco), 50 µM 2-

mercaptoethanol (#31350-010, ThermoFisher), 50 ng/mL SCF (#300-07, 

PeproTech), 50 ng/mL M-CSF (#300-25, PeproTech), 50 ng/mL IL-3 (#200-03, 

PeproTech), 50 ng/mL FLT3 (#300-19, PeproTech) and 5 ng/mL TPO (#300-18, 

PeproTech). EBs were cultured with the previous medium for 7 days, followed by a 
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complete medium change on day 8. On day 11, differentiation medium was replaced 

with X-VIVO 15 medium (#BE02-060F, Lonza) with 1 mM Glutamax (#35050-038, 

ThermoFisher), 100 U/mL Penicillin-Streptomycin (#15140-122, Gibco), 50 µM 2-

mercaptoethanol (#31350-010, ThermoFisher), 50 ng/mL FLT3 (#300-19, 

PeproTech), 50 ng/mL M-CSF (#300-25, PeproTech) and 25 ng/mL GM-CSF (#300-

03, PeproTech). On day 18 onwards, human MPs accumulated in the supernatant 

were collected weekly to differentiate into microglia. MPs were plated in different 

plate formats and density depending on the assay (specified in following sections) 

in microglia differentiation medium, formed by advanced Dulbecco's Modified Eagle 

Medium/Ham's F-12 (DMEM/F12) medium (#12634-010, Gibco) supplemented 

with 1 mM Glutamax (#35050-038, ThermoFisher), 50 U/mL Penicillin-

Streptomycin (#15140-122, Gibco), 50 µM 2-mercaptoethanol (#31350-010, 

ThermoFisher), 100 ng/mL IL-34 (#200-34, Peprotech) and 10 ng/mL GM-CSF 

(#300-03, PeproTech). 50% of the medium was changed 3 times per week for 2 

weeks, being used for functional assays at day 12-14. During all the process, pictures 

were taken using an Olympus CSK1 inverted microscope.  

Fluorescence activated cell sorting (FACS) 

At day 14th of differentiation, microglia were detached by incubation of 

trypsin (T4674, Sigma-Aldrich), diluted at 0.25% in Hank’s Balanced Salt Solution 

(HBSS) without Ca2+ and Mg2+ buffer (#14170-088, Gibco), at 37ºC for 7 minutes. To 

stop the trypsin reaction, DMEM medium containing 10% heat-inactivated FBS 

(#A5256701, Gibco) was added and by pipetting gently, cells were harvested in 1.5 

mL microcentrifuge tubes. Cells were centrifuged at 900g for 10 min at 4ºC. Primary 

antibodies (1:300; CD45-PerCP (#GTX79950, GeneTex), CD11b-PE/Cy7 (#101216, 

BioLegend), P2RY12 (#GTX16888, GeneTex) were diluted in DEMEM-10% FBS and 

incubated for 1h at 4ºC in soft agitation. For P2RY12 staining, the secondary 

antibody Alexa Fluor 647 (1:500; #ab150075, Invitrogen) was incubated for 45 min 

at room temperature in agitation. Cells were finally washed with DMEM-10% FBS, 

centrifuged at 900g for 6 min at 4ºC and fixed with 2% paraformaldehyde (PFA). 

Unstained samples, single stainings and isotype-matched control samples were used 

to determine nonspecific binding and autofluorescence. Samples were processed on 
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a FACS Canto Flow Cytometer (BD Bioscience) or CytoFLEX (Beckman Coulter) and 

all data were processed using FlowJo® software V.10. 

Immunofluorescence 

Microglial cells, cultured on 12 mm-glass coverslips at a density of 

50,000/well in 24-well plate, were fixed with 4% PFA for 15 min at room 

temperature at 14th day of differentiation and kept with dPBS at 4ºC until needed. 

Cells were washed twice with phosphate buffer saline (PBS), PBS with 0.1M Glycine 

(#G8898, Sigma-Aldrich), PBS 0.1% Tween (P1379, Sigma-Aldrich) and PBS 0.1% 

Triton X-100 (#X-100, Sigma-Aldrich). Each wash was performed for 5 min. Cells 

were incubated with the blocking solution (PBS containing 0.1% Triton X-100 and 

5% donkey serum (#S30-100ML, Sigma-Aldrich) for 30 min at room temperature in 

continuous agitation. Primary antibodies anti-Iba1 (1:400; #019-19714, Wako 

Chemicals) and anti-P2RY12 (1:200; #GTX16888, GeneTex) were diluted with PBS 

0.1% Triton X-100 and incubated overnight at 4ºC in agitation. The following day, 

cells were washed with PBS 0.1% Triton X-100 and incubated with the 

corresponding secondary antibodies (anti-rabbit Alexa Fluor 488 (1:200; #A-

21206, Invitrogen); anti-rabbit Alexa Fluor 594 (1:200; #A-21207, Invitrogen) 

which were diluted in PBS 0.1% Triton X-100 supplemented with 1.5% donkey 

serum for 1h at room temperature. Finally, coverslips were dehydrated with series 

of graded ethanol and mounted in DPX mounting medium (#44581, Sigma-Aldrich). 

Representative images were captured using an Olympus BX51 microscope attached 

to Olympus DP73 Camera. 

Luminex (bead-based multiplex assay) 

Conditioned medium from SOD1G93A and control microglia, which were 

plated in 96-well plates at a density of 25,000 cells/well (n=3-4), was collected in 

basal conditions and after 6h, 14h and 24h of 10 ng/mL LPS (#L2880, Sigma-

Aldrich) stimulation. IL-1β, IL-10 and IL-17A concentration was measured using 

ProcartaPlex™ Human Essential Panel 2, 4 plex (#EPX040-10008-901, 

ThermoFisher) Multiplex Immunoassay, following its specific commercial protocol 

on a MAGPIX Luminex Analyzer (ThermoFisher). 
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Isolation of myelin debris and conjugation to pHrodo  

Microglial phagocytosis was assessed by pHrodo-conjugated myelin 

internalization, prepared as described in Gómez-López et al., 2021. Myelin debris 

were extracted from wild-type C57BL6/J 4-month female mice, which were 

euthanised with an overdose of pentobarbital sodium (Dolethal) (#07400060, 

Vetoquinol, >200mg/kg) and perfused transcardially with saline (0.9% NaCl). Each 

brain hemisphere was first cut in small pieces and then digested enzymatically with 

dPBS containing 0.1% collagenase (#C-2674, Sigma-Aldrich) and 0.1% DNase I 

(#11284932001, Roche) for 30 min at 37ºC (Amo-Aparicio et al., 2018). Brains were 

diluted with dPBS (#14190-144, Gibco), 7 mM ethylenediaminetetraacetic acid 

(EDTA) (#E5134, Sigma-Aldrich) and 2% heat-inactivated FBS (#A5256701, Gibco) 

and passed through a 70µm filter mesh (#141379C, ClearLine). Myelin debris were 

obtained after 70%/30% Percoll gradient, prepared by diluting Stock Isotonic 

Percoll (SIP) (#P1644, Sigma-Aldrich) in dPBS. Percoll gradient containing the cell 

suspension was centrifuged at 18ºC at 500g for 30 min and myelin debris were 

collected with a Pasteur pipette and quantified by BCATM protein Assay kit (#23250, 

ThermoFisher) according to manufacturers’ protocol. Myelin debris were 

conjugated with pHrodo Green STP Ester (#P35369, ThermoFisher). Briefly, 0.277 

mg myelin debris were diluted with dPBS (pH=8) up to a volume of 225 µL, which 

was incubated with 25 µL pHrodo (8.9 mM) for 45 min at room temperature 

protected from light in agitation. Then, it was resuspended with dPBS (pH=7) having 

a final concentration of 0.3 mg/mL. 

Phagocytosis assay 

Control and SOD1G93A MPs were plated in 96-well plate at a density of 25,000 

cells/well for 14 days (n=4). Six replicates were plated per differentiation (three for 

basal conditions and three for LPS stimulation). In treated microglia, LPS (10 

ng/mL) (#L2880, Sigma-Aldrich) was added to the medium for 24h before adding 

myelin. 1 µg of pHrodo-myelin was added for 30 min, 3h and 24h in fresh medium 

to eliminate LPS. Finally, cells were collected for flow cytometry analysis as 

described before. Microglia population was defined by CD45+ CD11b+ cells and, 

within it, the proportion of positive cells for pHrodo signal and the geometric mean 
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fluorescence intensity (geoMFI), as a measure of the quantity of myelin 

phagocytosed by phagocytic microglia, were calculated.  

Cell metabolism assay 

Mitochondrial respiration was evaluated using the Seahorse XF Cell Mito 

Stress Test Kit (Agilent) in a Seahorse XFe96 analyser (Agilent). Independent 

microglial differentiations (n=3-4) were carried out in parallel.  20,000 MPs were 

seeded per well in a Seahorse XF96 cell culture microplate (#103794-100, Agilent) 

for 14 days of differentiation. Ten replicates were plated per differentiation (five for 

basal conditions and five for LPS stimulation). 24 hours prior to the experiment, five 

replicates were stimulated with LPS (10 ng/mL). On the day of experiment itself, 

microglial cells were incubated in Seahorse XF DMEM medium (#103575-100, 

Agilent) supplemented with 10 mM Glucose (#103577-100, Agilent), 1 mM 

Pyruvate (#103578-100, Agilent) and 2 mM L-Glutamine (#103579-100, Agilent) 

for 1 hour in a non-CO2 incubator at 37ºC. Oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) were monitored three times in basal 

conditions and in response to the sequential injection of 2 µM Oligomycin, 1 µM 

carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) and 0.5 µM 

rotenone/antimycin A (Rot/AA), according to the assay manual. Data was analysed 

using Wave software. For normalization, Hoescht staining (2 µM) was performed to 

label nuclei. Nine images per well covering 40% of the central area were taken with 

a Zeiss Axio Observer Z1 equipped with Apotome inverted fluorescent microscope, 

then mosaic of the well images was made using ZenBlue software and nuclei were 

quantified with Fiji software. 

Measurement of ROS levels 

Control and SOD1G93A MPs were seeded at 25,000 cells/well on 12 mm glass 

coverslips for 14 days. Each biological replicate (n=4) included two technical 

replicates. Cells were washed with dPBS and incubated for 20 min in HBSS medium 

(#14170-088, Gibco) supplemented with 200 nM MitoTracker™ Deep Red FM 

(#M46753, ThermoFisher) and 3 µM MitoSOX™ Red (#M36008, ThermoFisher). 

Then, cells were washed with dPBS, fixed with 4% PFA in 0.1M phosphate buffer 

(PB) for 15 min at room temperature. Finally, cells were mounted with DAPI-

Fluoromount G mounting medium (#0100-20, Southern Biotech). Five random 
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images per technical replicate were acquired with a digital camera Nikon DS-Ri2 

attached to a Nikon Eclipse Ni-E microscope. Fluorescence intensity and area of 

MitoSOX and Mitotracker stainings were analysed using Image J software. 

Normalization of results was performed by DAPI nuclei counting. 

Statistical analysis  

Statistical analysis and graphical representations were performed using 

GraphPad Prism version 9.0.0 (GraphPad Software). The normality of data 

distribution was assessed using Shapiro-Wilk test. Specific statistical tests for each 

analysis are specified in the results section. All data are shown as mean ± standard 

error of the mean (SEM). Statistically significant was considered at p<0.05.  
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Chapter 2. Xenotransplantation of human microglia into the mouse 

spinal cord 

Ethical statement 

All experimental procedures were performed under the approval from the 

Animal Experimentation Ethics and Biosafety Committees of the Universitat 

Autònoma de Barcelona (CEEAH 6500 and HR-725-23) and followed the European 

Communities Council Directive 2010/63/EU and the Spanish regulations for the use 

of laboratory animals (RD 53/2013) and biosafety (RD 664-97, RD 178/04).   

Animals 

Rag2−/− IL2rγ−/− hCSF1KI mice (strain #017708) were purchased from The 

Jackson Laboratory and bred and maintained in the animal facilities from 

Universitat Autònoma de Barcelona. Mice were housed in microisolator cages under 

a controlled environment (22 ± 2ºC, 12h light/dark cycle) with food and water ad 

libitum.  

Eight-week-old females were used for mating in trios to generate pups for 

cell transplantation. Coordination between mice mating and the in vitro 

differentiation of human MPs from ESC (WA09) was required to ensure that 

postnatal day 4 (P4) mice coincide with the 18th day of the in vitro microglia 

differentiation protocol for successful cell transplantation. To assess the likelihood 

of pregnancy, vaginal plugs were checked the morning after mating.  

Mouse microglia depletion 

Endogenous mouse microglia were depleted pharmacologically by 

administering the CSF1R inhibitor, Sotuletinib (BLZ945) (#S7725, Selleck Chem), 

prepared with 20% (2-hydroxypropyl)-β-cyclodextrin (#H0979, TCI Chemicals). 

Rag2−/− IL2rγ−/− hCSF1KI pups were administered intraperitoneally at 48 hours (P2 

day) and 24 hours (P3 day) before cell transplantation, at a dose of 200 mg/kg, using 

an insulin syringe (29G, 0,33x12mm needle; #N14107, ICO Plus3).  

Human MPs generation 

In vitro human ESC (WA09, Lot RB66492, WiCell) differentiation to MPs were 

performed as described in Chapter 1. At the day 18th, MPs accumulated in the 
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supernatant were collected and resuspended in dPBS (#14190-144, Gibco) at a 

concentration of 50,000 cells/µL. 

Human microglia transplantation 

The xenotransplantation protocol was adapted from Ayers et al., 2015; 

Fattorelli et al., 2021. In brief, human MPs were resuspended in dPBS at a 

concentration of 50,000 MPs/μL. P4 pups were anesthetized by hypothermia 

induced by ice immersion, and then an injection of the cell suspension (1μL/spinal 

cord) was performed into the spinal cord, at the level of the hips, using a 10 µL-

Hamilton syringe (#7635-01; Hamilton Co.) coupled to a 26G needle (#7804-03; 

Hamilton Co.). More details about the intraspinal (IS) injection will be described in 

the results section. As a proof of concept of the injection, fast green (#F7258, Sigma-

Aldrich) diluted in dPBS was used. Afterwards, mice were placed on a heating pad 

at 37 °C to recover before being returned to their cage. 

Histological analysis 

Animals were euthanized with an overdose of pentobarbital sodium 

(Dolethal) (#07400060, Vetoquinol, >200mg/kg) at different timepoints after the 

cell transplantation (5 days, 1 month, 2 months, 5 months and 10 months) and 

perfused transcardially with cold 4% PFA in PBS for approximately 15 min. Spinal 

cords were harvested, post-fixed in cold 4% PFA in PBS for 1h and embedded in 30% 

sucrose (#A2211, PanReac AppliChem) solution in PB, with 0.05% sodium azide, for 

cryopreservation.  

Tissues were embedded in O.C.T. Compound (#4583, Tissue-Tek) and 

quickly frozen on a plate in contact with nitrogen liquid. Spinal cords were cut 

longitudinally (P9) or transversally at a thickness of 20 µm using a cryostat (Leica). 

Slides were stored at -20ºC until needed.  

For immunofluorescence staining, spinal cord sections were first washed 

with PBS and then permeabilized with PBS 0.3% Triton X-100 (#X-100, Sigma-

Aldrich) (10 min/wash). Slides were incubated with the blocking solution, 

containing 10% normal donkey serum (#S30-100ML, Sigma-Aldrich) for 1h at room 

temperature. Then, primary antibodies were incubated overnight at 4ºC diluted 

with the blocking solution. The primary antibodies used were anti-Iba1 (1:400; 
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#019-19714, Wako Chemicals), anti-human P2RY12 (1:1000; #HPA014518, Merck) 

and anti-human CD45 (1:200; 368502, Biolegend). The following day, sections were 

washed with PBS 0.3% Triton X-100 and the corresponding secondary antibodies 

were incubated for 2h at room temperature. The secondary antibodies used were, 

respectively, anti-rabbit Alexa Fluor 488 (1:200; #A-21206, Invitrogen); anti-rabbit 

Alexa Fluor 594 (1:200; #A21207, Invitrogen); anti-mouse Alexa Fluor 647 (1:200; 

#A31571, Invitrogen) or anti-mouse Alexa Fluor 594 (1:200; #A21203, Invitrogen). 

Finally, sections were washed with PBS 0.3% Triton X-100, PBS and PB, and 

mounted in DAPI-Fluoromount G medium (#0100-20, Southern Biotech).  

Representative pictures of human microglia engraftment were taken in BX51 

Olympus microscope equipped to a DP50 digital camera at 10X magnification. For 

the quantification of the human microglia chimerism across the spinal cord at 2, 5 

and 10 months of age, images were taken with a digital camera Nikon DS-Ri2 

attached to a Nikon Eclipse Ni-E microscope. For each spinal cord section, six 

pictures were taken at 40X magnification, capturing the dorsal horn, ventral horn 

and white matter surrounding the ventral horn, from both hemi-spinal cords. 

Quantification of the percentage of human microglia in the distinct areas of the 

spinal cord were performed using Image J software, by analysing the proportion of 

Iba1+ cells expressing also human CD45 in a region of interest of 84,240 µm2. The 

average of 3 spinal cord sections was calculated per animal.  

Statistical analysis 

GraphPad Prism version 9.0.0 (GraphPad Software) was used to perform 

data representation and statistical analysis. Data was expressed as mean ± SEM. To 

analyse the chimerism of human microglia in the spinal cord over the months, data 

normality was checked using Shapiro-Wilk test and then, Kruskal-Wallis test with 

Dunn’s multiple comparisons was performed. Differences were considered 

significant at p<0.05. 
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Chapter 3. Phenotypic characterization of a novel C9orf72 G4C2 HRE 

knock-in mouse model 

Ethical statement 

All experimental procedures were approved by the Universitat Autònoma de 

Barcelona Animal Experimentation Ethical Committee (CEEAH 6500) and followed 

the European Communities Council Directive 2010/63/EU and the Spanish 

regulations for the use of laboratory animals (RD 53/2013).  

Animals 

Mice were housed in a controlled environment (22 ± 2ºC, 12h light/dark 

cycle) in conventional open cages with food and water ad libitum, in the Universitat 

Autònoma de Barcelona animal facilities. 

Mice carrying 30 repeats of G4C2 HRE in the first intron of the C9orf72 gene 

(C9orf72 HRE knock-in or C9) were generated in the Transgenic Animal Unit (UAT, 

CBATEG-UAB). The G4C2 HRE is preceded by a STOP region flanked by two loxP 

sites. Briefly, a gene targeting approach was employed using u129/Sv ESCs to 

introduce the desired mutation. Recombinants clones were then injected into 

blastocytes of C57BL/6JOlaHsd, which were subsequently transferred to recipient 

females. Chimeric mice were crossed with wild-type C57BL/6J mice to determine 

germ line transmission and C9orf72 HRE knock-in animals were selected in the 

descendance and confirmed by genotyping.  

Both heterozygous and homozygous C9orf72 HRE knock-in animals were 

generated. These animals were crossed with CAGGCre-ERTM mice (#004682, 

Jackson Labs), a strain which has a tamoxifen-inducible cre recombinase driven by 

ubiquitous chicken beta actin promoter/enhancer coupled with the 

cytomegalovirus (CMV) enhancer. When bred, Cre-mediated recombination results 

in the deletion of the floxed stop region. CAGGCre-ERTM mice were bred as 

heterozygous, since homozygous mice are not viable or fertile.  

Body weight and survival analysis 

Body weight of all animals was monitored monthly using a standard scale. 

For the survival study, animals were followed up for two years. The human endpoint 
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for animal euthanasia included a weight loss of more than 20%, apathy to human 

manipulation or veterinarian criteria (e.g. idiopathic ulcerative dermatitis or 

tumour development).  

Genotyping 

DNA was extracted from mouse tails using Genomic DNA Mouse Tail Kit 

(#0603, DANAGEN) following manufacturer’s protocol. Briefly, tissue was digested 

with lysis buffer overnight at 55ºC. The following day, proteins were eliminated 

using protein precipitation buffer and DNA precipitation was performed with 2-

propanol (#131090, Panreac). After washing with 70% ethanol, DNA pellets were 

dried at room temperature for approximately 30 min and then solubilized with DNA 

hydration solution for 1h at 65ºC. DNA concentration was quantified using a 

NanoDrop 2000 spectrophotometer (ThermoFisher). For further assays, DNA was 

diluted at 50 ng/µL with RNase-free water (#AM9915G, Invitrogen).  

CreER and Neo genotyping was performed by PCR reaction using DreamTaq 

DNA polymerase (#EP0703, ThermoFisher) using the primers and cycle conditions 

listed in Table 7. Heterozygous and homozygous C9orf72 animals were determined 

by qPCR using iTaq Universal SYBR Green Supermix (#1725124, Bio-Rad) in a 

CFX384 Touch CFX384 Touch Real-Time PCR Detection System (Bio-Rad).  Relative 

expression of Neo versus the housekeeping gene Gapdh was performed (Table 7) 

using the 2ΔΔCt method. Wild-type and heterozygous animals were used as controls 

and homozygous animals were considered when fold change (vs heterozygous) ≥ 2. 

Gene Fw/Rv Sequence (5’ 3’) PCR Product PCR Conditions 

Conventional PCR 

CreER 
Fw GCTAACCATGTTCATGCCTTC 

180 pb 

94°C for 2 min, 
11x (94°C for 
20s, 65°C for 15s 
(-0.5°C per cycle 
decrease), 68°C 
for 15s), 28x 
(94°C for 15s, 
60°C for 15s and 
72°C for 10s) and 
72°C for 2 min 

Rv AGGCAAATTTTGGTGTACGG 

Internal 
control 
(CreER) 

Fw CAAATGTTGCTTGTCTGGTG 

200 pb 
Rv GTCAGTCGAGTGCACAGTTT 

Neo 
Fw CTTGGGTGGAGAGGCTATTC 

280 pb 
95°C for 3 min, 
35x (95°C for 
15s, 60°C for 30s, 
72°C for 45s) and 
72°C for 2 min 

Rv AGGTGAGATGACAGGAGATC 

Trpv1 
Fw TTCAGGGAGAAACTGGAAGAA 

490 pb 
Rv TAGTCCCAGCCATCCAAAAG 

(Table continues in the next page) 
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Gene Fw/Rv Sequence (5’ 3’) PCR product PCR conditions 

qPCR 

Neo 
Fw CTTGGGTGGAGAGGCTATTC 

 

95°C for 3 min, 
40x (95°C for 
10s, 60°C for 
30s) 

Rv AGGTGAGATGACAGGAGATC 

Gapdh 
Fw TCAACAGCAACTCCCACTCTTCCA 
Rv ACCCTGTTGCTGTAGCCGTATTCA 

Table 7.  Primer sequences and PCR conditions. Fw: Forward; Rv: Reserve; bp: base pair. 

Tamoxifen induction 

CreER tamoxifen-mediated induction was performed as described in Sanchis 

et al., 2020 to 8 weeks old animals for 11 consecutive days. CreER+/- animals, but 

also CreER-/- littermates, were administrated to control tamoxifen effects in the 

model. Tamoxifen (#T5648, Sigma-Aldrich) was dissolved in ethanol (#32205, 

Sigma-Aldrich) at 10 mg/100 µL in continuous agitation at 37ºC. Then, it was diluted 

to 10 mg/mL in corn oil (#C8267, Sigma-Aldrich). A daily dose of 1 mg (100 μl) was 

administered intraperitoneally to each mouse. 

Functional assessment 

Distinct functional tests to evaluate motor and behavioural features were 

performed at 2, 8, 12 and 18 months of age. Exceptionally, novel object recognition 

test (NORT) was done at 14 months of age instead of 12 months of age. Basal 

measurements were done at young adult 2-months-old animals. 8-months-old mice 

were considered between mature adult and middle-aged; 12/14-months-old mice, 

middle-aged; and 18-months-old animals belonged to the elderly group (Flurkey et 

al., 2007).  

Rotarod test 

Rotarod test was performed to assess locomotor coordination, strength and 

balance (Mancuso et al., 2011). Mice were placed on a rotating rod (Ugo Basile®) at 

a constant speed of 14 rpm and the duration each animal remained on the rod was 

measured. For each animal, three trials were given and the longest latency before 

failing was recorded. An arbitrary cut-off time of 180 s was chosen. At 2 months of 

age, animals were trained to achieve baseline levels (180 s at 14 rpm). The training 

consisted of achieving 180s on the rod first at 8 rpm, then at 11 rpm and finally 

14rpm, distributed during several days. 
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Electrophysiological tests 

Motor nerve conduction tests were used to assess the neuromuscular 

integrity (Mancuso et al., 2011; Navarro & Udina, 2009). Electrophysiological tests 

were performed under anaesthesia (sodium pentobarbital sodium; 50mg/kg i.p.; 

#P3761, Sigma-Aldrich) and animals were immobilized in a prone position on a 

thermostated to maintain body temperature. The sciatic nerve was stimulated 

percutaneously by a single electrical pulse of 20µs (Grass S88) delivered by a 

monopolar needle placed in the sciatic notch. The impulse conducted through α-

motor axons initiates synaptic transmission at the neuromuscular junction, which 

leads to the production of an action potential in the membrane of the skeletal 

muscles. The evoked compound muscle action potential (CMAP) of plantar 

interosseus, tibialis anterior and gastrocnemius muscles were recorded using 

microelectrodes carefully inserted in the desired muscle. The recorded action 

potential was amplified and digitized with Power Lab recording system 

(PowerLab16SP, ADInstrument) to measure the CMAP amplitude.  

Open field test 

Open field test was used to evaluate general locomotor activity (Seibenhener 

& Wooten, 2015). Prior to the test, mice were allowed to acclimate to the 

behavioural room for a minimum of 30 min. Mice were individually placed into a 

white methacrylate box (50 x 50 x 33 cm) and allowed to explore for a period of 6 

min. Their exploratory behaviour was recorded for automated assessment by ANY-

maze Video Tracking software version 7.20 (Stoelting Co.). The time spent in the 

central area, corresponding to the inner 900 cm2, was measured to evaluate anxiety-

like behaviour. The arena was cleaned with 70% ethanol between trials to exclude 

possible interferences. 

Sucrose splash test 

Sucrose splash test (SST) was used to measure depression-like and 

anhedonic behaviour as performed in Lago et al., 2020. Previously to the test, 

animals were habituated for, at least, 30 min in the test room. A 10% sucrose 

(#A2211, PanReac) solution, diluted in tap water, was applied to the dorsal coat of 

the mice. Thereafter, mice were placed individually in a glass container (10,5 x 10,5 

x 13,5 cm) and the grooming behaviour was recorded for 5 minutes. Latency from 
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the sucrose splash to the first grooming and the total grooming time were measured 

as indicator of motivational behaviour, anhedonia, and self-care. Recipients were 

cleaned with 70% ethanol before placing new animals to avoid possible olfactive 

clues.  

Novel object recognition test 

NORT was performed to evaluate memory (Lueptow, 2017). The test, 

performed in an arena sized 45 x 45 x 30 cm, was distributed in 3 consecutive days: 

habituation, familiarization and testing sessions. Each day, before the session, mice 

were acclimated to the behavioural room for a minimum of 30 min. The arena was 

cleaned with 70% ethanol between trials to avoid any possible olfactive 

interferences. The first day (habituation session), mice were placed in the open 

arena in the absence of any object for 10 min. The second day (familiarization 

session), two identical objects (A1 and A2) were placed in opposite corners of the 

arena and mice were allowed to explore them for 10 min. 24 hours after, memory 

was assessed in the testing session by putting back the animal for 10 min to the 

arena, where one of the familial objects was substituted by a novel object (B). Novel 

and familial objects were randomly changed to avoid any place preference. Both 

training and testing sessions were recorded using the ANY-maze Video Tracking 

software version 7.20 (Stoelting Co.) and further analysed manually. The time of 

active exploration (sniffing or touching) to each object was measured in the training 

and testing sessions. Animals that did not reach a minimum total exploration time 

for both objects of 15s were excluded in the analysis. The fraction of time exploring 

each object over the total exploration time was analysed. 

Statistical analysis 

GraphPad Prism version 9.0.0 (GraphPad Software) was used for statistical 

analysis. Normal distribution of the data was checked by Shapiro-Wilk test. The 

statistical test used in each analysis was specified in the figure caption in the results 

section. Data are shown as mean ± SEM. Differences were considered statistically 

significant if p<0.05. 
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Chapter 1  
ALS-linked SOD1G93A mutation disrupts microglial functions in a 

cell-autonomous manner in human ESC-derived microglia in vitro
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Overview 

Microglia are well-stablished to contribute to ALS pathogenesis. Mutations in 

the SOD1 gene are among the genetic factors that cause ALS, which have facilitated 

the generation of ALS mouse models. However, the most widely used ALS mouse 

model overexpresses human mutant SOD1G93A, hindering the possibility to fully 

elucidate the physiopathological contribution of mutant SOD1 to ALS-relevant cell 

types. Besides, species differences have been shown to be relevant in microglia, 

especially regarding the altered expression of neurodegenerative disease-

associated risk genes in the mouse microglial transcriptome and the incomplete 

representation of the heterogeneity and complexity of human microglial states in 

the mouse microglia. Moving to more human-based biomedical research, the ability 

to differentiate human stem cells to microglia in vitro, combined with the advances 

in gene editing approaches, allows a more accurate assessment of the causative 

relationship between a genetic background and the associated phenotype. 

In this context, we aimed at assessing the effects of mutant SOD1 to microglial 

function in vitro. By generating an isogenic human ESC line carrier for the SOD1G93A 

point mutation by CRISPR/Cas9 technology, we characterized SOD1G93A ESC-

derived microglia phenotypically and functionally in vitro compared to the control. 

In this sense, we evaluated how mutant SOD1G93A affects the microglial cytokine 

profile, phagocytic function and cell metabolism in basal and in response to a pro-

inflammatory stimulus.  
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CRISPR/Cas9 gene editing of SOD1G93A knock-in in a human ESC line 

Considering that SOD1G93A mouse model is the most widely used in ALS field 

(Gurney et al., 1994; Lutz, 2018), we focused on SOD1G93A mutation to assess its cell-

autonomous effects specifically on human ESC-derived microglia. Via CRISPR/Cas9 

technology, we engineered human ESC line (WA09) with the aim of generating two 

isogenic cell lines that differ only by the pathogenic point mutation of interest. We 

targeted the 4th exon of SOD1 gene, where the Gly-to-Ala mutation in 93rd position is 

located, by a sgRNA followed by the PAM sequence. To promote editing by 

homologous directed repair (HDR), we introduced a ssODN, which included three 

main features: GGT>GCT codon conversion of interest (Gly93Ala); GCC>GCT 

synonymous substitution (Ala95Ala) that mutates PAM to avoid Cas9 re-cutting 

upon editing; and 59-pb and 53-pb left and right homology to ensure proper 

recombination in the desired locus. Importantly, these two genetic modifications 

abolished the recognition site for BccI and EaeI restriction enzymes, respectively, 

useful for genotype analysis (Figure 8A). Positive clones for SOD1G93A knock-in were 

screened by BccI and EaeI digestion of SOD1 region, since edited clones showed 

longer bands (BccI: 214 pb; EaeI: 141 pb) compared to non-edited ones (BccI: 166 

pb; EaeI: 95 pb) (Figure 8B). Finally, Sanger sequencing confirmed the presence of 

both homozygous SOD1G93A and PAM mutations, without other non-desired 

modifications in the SOD1 locus (Figure 8C).  
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Figure 8. CRISPR/Cas9 engineering of SOD1G93A knock-in in human ESC (WA09). A) Schematic 

representation of the human SOD1 locus and CRISPR/Cas9 strategy, including single guide RNA 

(sgRNA) target site and single stranded oligodonor (ssODN) features. Full sequence of ssODN is not 

shown. PAM, protospacer-adjacent motif; HDR, homology-directed repair. B) Representative 

electrophoresis gels of SOD1 locus in non-edited (SOD1WT ESC) and edited (SOD1G93A ESC) in 

undigested conditions, after BccI and EaeI digestion. C) Sanger sequencing results from SOD1WT and 

SOD1G93A region of interest, showing inclusion of both genetic alterations: GGT>GCT (Gly93Ala) and 

GGC>GCT (Ala95Ala).  

Off-target effects of CRISPR/Cas9 technology, caused by unintended editing 

of genomic sites similar to the targeted region, remains a major concern. Therefore, 

top 10 potential off-target sites were predicted in silico by COSMID bioinformatics-

based tool (Figure 9A) (Cradick et al., 2014). None of the 10 potential off-target sites 

analysed (OT1-OT10) by Sanger sequencing showed differences in the sequence 

between control and edited SOD1G93A cell line (Figure 9B). In summary, isogenic 

human control and homozygous SOD1G93A ESC lines were successfully engineered to 

further assess the impact of mutant SOD1 on relevant cell types in ALS pathology, in 

our case, microglia.  
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Figure 9. Off-target analysis of SOD1-sgRNA. A) Computationally predicted top 10 off-target sites 

by COSMID tool ranked according to decreasing likelihood of occurrence (score value). For each off-

target site, mismatches in relation to sgRNA target site (SOD1 gene), genomic location, the predicted 

Cas9 cut site and DNA strand (+/-) are also shown. B) Sanger sequencing of the top 10 off-target sites 

in control and SOD1G93A ESC lines. Shaded region marks the sgRNA recognition sequence in the off-

target locus.  
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Generation of microglia-like cells from human ESC in vitro 

Our differentiation protocol was based on previously established protocols 

(Douvaras et al., 2017; Fattorelli et al., 2021; Haenseler et al., 2017) to sequentially 

direct SOD1G93A and isogenic control ESC (WA09) to microglia-like cells (Figure 

10A). This strategy aims at recapitulating the in vivo microglial developmental 

ontogeny (Ginhoux et al., 2010). As a first stage, stem cells constitute EBs, which are 

3D spherical aggregates which comprise components from the three embryonic 

layers (endoderm, mesoderm and endoderm) (Van Wilgenburg et al., 2013) (Figure 

10B.2). EBs were initially derived for 4 days to the mesodermal lineage through the 

addition of bone morphogenetic protein 4 (BMP-4) and, VEGF and stem cell factor 

(SCF) factors to induce HPC (Pick et al., 2007). For the generation of hematopoietic 

cells, EBs were cultured for 1 week with medium containing SCF, M-CSF, IL-3, Flt-3 

and TPO cytokines (Figure 10B.3-4). Then, in the final myeloid stage, through the 

addition of Flt-3, M-CSF and GM-CSF, EBs produced MPs which could be collected 

weekly from the supernatant (Figure 10B.5) (Yanagimachi et al., 2013). Finally, MPs 

were terminally differentiated into microglia-like cells for 12-14 days by using GM-

CSF and IL-34, essential for microglia survival and development (Y. Wang et al., 

2012) (Figure 10B.6).  

To confirm that human ESC-derived microglia-like cells were in fact 

microglial cells, we analysed the expression profile of specific surface microglial 

markers. First, we confirmed that 92.3% of cells were CD45low CD11b, 

demonstrating the microglial phenotype of the differentiated cells (Figure 10C). To 

further corroborate that our cells were microglia, we evaluated the expression of 

P2RY12, whose expression is restricted to homeostatic microglia in the CNS but not 

found in other myeloid cells (Butovsky et al., 2014). Again, most CD45+CD11b+ cells 

(99.6%) were also positive for P2RY12 (Figure 10C,D). Overall, these data prove that 

our protocol yielded large amounts of microglia from human ESC. 
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Figure 10. Generation and characterization of microglial-like cells derived from human ESC. 

A) Schematic timeline of the microglial differentiation protocol created with BioRender.com. B) 

Representative pictures of the microglial differentiation at different time points of the protocol. (1) 

Stem cell (WA09) culture before starting the differentiation; (2) Growing EB present in a microwell 

from an AggreWellTM 800 plate (Day 3); (3) EB plated in regular 6-well plates with differentiation 

medium supplemented with SCF, M-CSF, IL-3, Flt-3 and TPO (Day 4); (4) EBs tend to attach and to be 

surrounded by stromal cells (Day 8); (5) MPs in the supernatant before collection for microglia 

differentiation (Day 15); (6) Microglia-like cells at the end of the protocol (Day 14 of microglia 

differentiation). Scale bar: 100 µm (1,4,5); 50 µm (2,3,6). C) Flow cytometry graphs defining the 

microglial population based on CD45 and CD11b expression; and P2RY12 expression within CD45+ 
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CD11b+ population. D) Representative immunofluorescence images of human ESC-derived microglia 

against Iba1 and P2RY12. Scale bar: 50 µm.  

In vitro SOD1G93A microglia exhibit an altered cytokine profile in basal 

conditions and an exacerbated response to pro-inflammatory stimuli 

We first evaluated the cytokine profile of SOD1G93A and control microglia in 

basal conditions by measuring cytokine concentration in the conditioned medium. 

We found that the anti-inflammatory cytokine IL-10 secretion was significantly 

higher in SOD1G93A microglia (56.72 ± 8.95 pg/mL) compared to control microglia 

(14.14 ± 4.03 pg/mL, p=0.0286) (Figure 11A). Regarding the pro-inflammatory 

cytokine IL-1β, we found undetectable levels in the supernatants of control 

microglia (<2.26 pg/mL), whereas those from mutant SOD1G93A microglia had a 

higher, although non-statistically significant, secretion (2.89 ± 0.48 pg/mL, 

p=0.4286) (Figure 11A). Finally, the pro-inflammatory cytokine IL-17A did not show 

any significant change in the supernatants of mutant SOD1 (3.57 ± 0.47 pg/mL) 

compared to the control SOD1G93A microglia (3.29 ± 0.19 pg/mL, p>0.9999) (Figure 

11A). These results suggest that the SOD1G93A mutation alters cytokine secretion in 

unstimulated microglia. 

To assess how SOD1G93A microglia respond to a pro-inflammatory stimulus, 

we incubated microglial cells with LPS (10 ng/mL) for 6, 14 and 24h and we then 

evaluated the levels of cytokines in the supernatant over time. We observed that the 

secretion of all cytokines analysed was pronounced in SOD1G93A compared to control 

microglia (Figure 11B). At 6h after LPS stimulation, we found a significantly stronger 

secretion of IL-1β (50.9 ± 3.86 pg/mL) and IL-10 (4,948.33 ± 2,864.89 pg/mL) in 

LPS-treated SOD1G93A microglia in comparison with control microglial production 

(IL-1β: 26.53 ± 6.45 pg/mL, p=0.0215; IL-10: 354.19 ± 103.35 pg/mL, p=0.0126) 

(Figure 11B). IL-17A secretion was increased in a significant manner after 14h of 

LPS-stimulation in SOD1G93A microglia (10.92 ± 1.03 pg/mL) compared to the 

control (7.21 ± 1.28 pg/mL, p=0.0497) (Figure 11B). These results evidence that 

SOD1G93A microglia exhibit an exacerbated response to pro-inflammatory stimuli.   
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Figure 11. Cytokine profile in control and SOD1G93A microglial conditioned medium at baseline 

conditions and upon LPS stimulation. A) Levels of IL-1β, IL-17A and IL-10 in the conditioned 

media secreted by SOD1G93A and control microglia in baseline conditions. B) Levels of IL-1β, IL-17A 

and IL-10 in the conditioned media secreted by SOD1G93A and control microglia after 6, 14 and 24h 

of LPS stimulation (10 ng/mL). N=3-4 differentiation/condition. *p<0.05. Mann-Whitney test in A; 

Two-way ANOVA with Bonferroni’s post hoc correction in B. Data shown as mean ± SEM. BDL: Below 

detection limit; MDL: Method detection limit.  

Mutant SOD1G93A affects microglial phagocytosis in vitro 

Next, we aimed at assessing whether SOD1G93A mutation had an impact on 

microglial phagocytic function in an unstimulated state. We exposed control and 

SOD1G93A microglia with 1 µg pHrodo-myelin for 30 min and 3h and then we 

quantified pHrodo signal by flow cytometry. It is a pH-sensitive dye that becomes 

fluorescent only in acidic environments, such as phagosomes at the end of the 

phagocytosis process (Gómez-López et al., 2021). Regarding the proportion of 

phagocytic microglia, meaning those microglia with positive signal for pHrodo, we 

observed a significant reduction of phagocytic cells after 3h of myelin exposure in 

SOD1G93A microglia (52.73 ± 1.85%) versus control microglia (61.25 ± 2.51%, 

p=0.0340) (Figure 12A, B). In parallel, we quantified the pHrodo-geoMFI within the 

population of phagocytic microglia as a quantitative parameter for the myelin 

internalization or degradation within the phagolysosome. Phagocytic SOD1G93A 

microglia tended to have a decrease in pHrodo signal at 30 min (151,575 ± 7,978 

AU) compared to control (177,158 ± 7,978 AU, p=0.0591). This slight decrease 
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reached the significance after 3h of myelin exposure (Control: 268,092 ± 10,833 AU; 

SOD1G93A: 235,557 ± 7,593 AU, p=0.0286) (Figure 12A, C). Overall, these results 

suggest that SOD1G93A mutation affects microglial phagocytosis in vitro. 

 
Figure 12. Functional phagocytosis assay in SOD1G93A and control microglia at baseline 

conditions in vitro. A) Representative flow cytometry histograms at 0h, 30 min and 3h after 

exposure to pHrodo-conjugated myelin. B) Quantification of the proportion of phagocytic control and 

SOD1G93A microglia 30 min and 3h after myelin exposure. C) Quantification of pHrodo-Myelin 

phagocytosed within the phagocytic population expressed as geoMFI (AU) after 30 min and 3h of 

myelin exposure. N=4 differentiations/condition. *p<0.05. Unpaired t-test in B (30 min, 3h) and C 

(30 min); Mann-Whitney test in C (3h). Data shown as mean ± SEM. GeoMFI: Geometric mean 

fluorescence intensity; AU: Arbitrary units. 

In vitro SOD1G93A microglia display metabolic disturbances in basal conditions  

Alterations in energy metabolism have been described in ALS (H. Kawamata 

& Manfredi, 2017; Vandoorne et al., 2018). To study whether energy metabolism is 

affected in in vitro microglia carrying the SOD1G93A mutation, we evaluated 

mitochondrial respiration by measuring the OCR after treatment with distinct ETC 

modulators in control and SOD1G93A microglia in basal conditions. Simultaneously, 

ECAR was measured as an indirect parameter of the glycolytic metabolism. We did 

not find any significant differences in basal OCR levels between control and 

SOD1G93A microglia. Although basal ECAR values tended to be higher in SOD1G93A 

microglia, this increase did not reach statistical significance (time 7.76 min: 
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p=0.0520) (Figure 13A). Upon exposition to oligomycin, an inhibitor of the 

mitochondrial ATP-synthase (complex V), both control and SOD1G93A microglia 

exhibited a similar decrease in OCR (p>0.05). However, oligomycin also caused a 

more pronounced reduction in ECAR in SOD1G93A microglia compared to control 

(Figure 13A).  

We then treated microglia with FCCP, an uncoupling agent that collapses the 

proton gradient and mimics a physiological energy demand by pushing the ETC to 

operate at maximum capacity. Interestingly, SOD1G93A microglia showed a 

significant increase in both OCR and ECAR upon FCCP treatment in comparison with 

control microglia (p<0.0001) (Figure 13A), resulting in an increased maximal 

respiration capacity. This suggests that SOD1G93A microglia possess a higher 

capacity to operate to the maximum respiration in response to a physiological 

energy demand.  

Finally, mitochondrial respiration was shut down by a combination of 

rotenone, a complex I inhibitor, and antimycin A, a complex III inhibitor. OCR was 

reduced to similar values in both control and SOD1G93A microglia, indicating that the 

SOD1G93A mutation did not altered non-mitochondrial respiration in microglia 

(p>0.05). ECAR was also reduced upon rotenone incubation, but SOD1G93A microglia 

display non-significantly higher values compared to the control (time=55.61 min: 

p=0.0880; time 66.06 min, 75.51 min: p>0.05) (Figure 13A). 

To elucidate some possible mechanisms underlying the previous metabolism 

disturbances detected in SOD1G93A microglia, we measured ROS levels and active 

mitochondria content in control and SOD1G93A microglia. As expected, due to the 

antioxidant function of SOD1 enzyme, mutant SOD1G93A microglia exhibit a 

significant increase in ROS levels in terms of area (Control: 576.0 ± 41.34 µm2; 

SOD1G93A: 792.6 ± 47.18 µm2, p=0.0136) and intensity (Control: 8,664 ± 1,323 AU; 

SOD1G93A: 13,208 ± 1,375 AU, p=0.0547) (Figure 13B, D). Nevertheless, we did not 

find differences in mitochondria content between control (Area: 508.3 ± 43.44 µm2; 

Intensity: 7,373 ± 347 AU) and SOD1G93A microglia (Area: 696.3 ± 100.5 µm2, 

p=0.1369; Intensity: 9,106 ± 1,689 AU, p=0.3537) (Figure 13C, E), discarding that 

the increased maximal respiration capacity observed in SOD1G93A was due to higher 

mitochondria content. 
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Figure 13. SOD1G93A microglia cell metabolism in basal conditions. A) OCR and B) ECAR values 

in control and SOD1G93A microglia at baseline conditions and after the sequential injection of different 

mitochondrial electron transport chain complex inhibitors (oligomycin and Rot/AA) and the 

mitochondrial uncoupling agent FCCP. OCR and ECAR were measured three times initially and after 

each injection. Values are normalized by 1000 cells. N=3-4 differentiations/condition. C) 

Representative images of MitoSOX (ROS levels) and D) Mitotracker (active mitochondria) stainings 

in control and SOD1G93A microglia. Scale bar: 50 µm. E) MitoSOX and F) Mitotracker area (µm2) and 

fluorescence intensity (AU) quantification normalized by cell number. N=4 

differentiations/condition. **** p<0.0001, *p<0.05. Two-way RM ANOVA in A (OCR) and Mixed-

effects analysis in A (ECAR) with Bonferroni’s post hoc correction; unpaired t-test in D, E. Data shown 

as mean ± SEM. OCR: Oxygen consumption rate; ECAR: Extracellular acidification rate; Rot/AA: 

Rotenone/antimycin A; FCCP: carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone; AU: 

Arbitrary units. 
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In vitro SOD1G93A microglia adapt differently their metabolism in response to 

LPS  

 Metabolic reprogramming towards glycolysis is required to transform 

microglia from a resting to an activated state (Strogulski et al., 2023; Q. Wang et al., 

2022). To evaluate how SOD1G93A microglia adapt metabolically to pro-

inflammatory stimulus, we evaluated mitochondria respiration (OCR values) and 

glycolysis (ECAR values) after 24h of LPS treatment. Compared to LPS-stimulated 

control microglia, LPS-stimulated SOD1G93A microglia showed lower, although not 

significant, mitochondrial oxidative phosphorylation activity, reflected with 

decreased OCR values specially at baseline timepoints (time 1.31 min: p= 0.0745) 

(Figure 14A). This correlates with the higher ECAR values (glycolytic metabolism) 

observed in LPS-stimulated SOD1G93A microglia, being significant at baseline 

conditions (p<0.05) (Figure 14A). In response to different mitochondrial stressors 

(oligomycin, FCCP and Rot/AA), LPS-SOD1G93A microglia showed a slight decrease, 

but non-significant, in OCR compared to LPS-control microglia (p>0.05). Regarding 

the glycolytic metabolism, LPS-control microglia were able to slightly increase ECAR 

values in response to the mitochondrial stressors. Contrarywise, the ECAR values 

were not modified by the mitochondrial stressors in LPS-SOD1G93A microglia, which 

is likely due to their higher ECAR values observed at baseline timepoints (Figure 

14A).  

No differences in ROS levels were found in microglia carrying or not the 

SOD1G93A mutation after LPS stimulation, neither in MitoSox area (LPS-Control: 

735.9 ± 113.7 µm2; LPS-SOD1G93A: 834.1 ± 53.61 µm2, p=0.6857) nor in MitoSox 

fluorescence intensity (LPS-Control: 12,741 ± 835 AU; LPS-SOD1G93A: 13,057 ± 1,734 

AU, p=0.8747) (Figure 14B,D). Indeed, MitoSox values were elevated in LPS-

stimulated control microglia compared to unstimulated controls, but this increase 

was not observed in SOD1G93A microglia (see Figures 13D and 14D). These findings 

suggest that while control microglia increase ROS levels upon LPS stimulation, this 

response is absent in SOD1G93A microglia, likely due to their already elevated basal 

ROS levels. Similar to unstimulated conditions, mitochondrial content did not vary 

upon LPS stimulation in control and SOD1G93A microglia as shown by Mitotracker 

area (LPS-Control: 616.3 ± 58.3 µm2; SOD1G93A: 678 ± 104.2 µm2, p=0.6235) and 
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Mitotracker fluorescence intensity (LPS-Control: 7,876 ± 1,335 AU; SOD1G93A: 8,193 

± 2,116 AU, p=0.9033).   

 

Figure 14. SOD1G93A microglia cell metabolism upon LPS stimulation. A) OCR and B) ECAR 

values in LPS-stimulated control and SOD1G93A microglia at baseline conditions and after the 

sequential injection of different mitochondrial electron transport chain complex inhibitors 

(oligomycin and Rot/AA) and the mitochondrial uncoupling agent FCCP. OCR and ECAR were 

measured three times initially and after each injection. Values are normalized by 1000 cells. N=3 

differentiations/condition. C) Representative images of MitoSOX (ROS levels) and D) Mitotracker 

(active mitochondria) staining in LPS-stimulated control and SOD1G93A microglia. Scale bar: 50 µm. 

E) MitoSOX and F) Mitotracker area (µm2) and fluorescence intensity (AU) quantification normalized 

by cell number. N=4 differentiations/condition. LPS stimulation was performed at 10ng/mL for 24h 

prior to the assays. *p<0.05. Two-way RM ANOVA in A with Bonferroni’s post hoc correction; Mann 

Whitney test in D (area); unpaired t-test in D (Integrated density), E. Data shown as mean ± SEM. 

OCR: Oxygen consumption rate; ECAR: Extracellular acidification rate; Rot/AA: Rotenone/antimycin 

A; FCCP: carbonyl cyanide-4-(trifluoromethoxy)-phenylhydrazone; AU: Arbitrary units. 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 
Xenotransplantation of human microglia 

 into the mouse spinal cord



 



Results | Chapter 2 

99 
 

Overview 

A proper human microglia modelling is being a challenge for decades. 

Although mouse microglia is comparable to the human in general terms, species-

specific differences in neurodegenerative-associated risk microglial genes and the 

absence of a clear ortholog in the mouse genome hinders a good understanding of 

their contribution to pathology. Importantly, the generation of human iPSC-derived 

microglia in vitro has overcome partially these limitations. However, microglia are 

highly sensitive to the environment as important transcriptomic changes have been 

described in microglia grown in cell-culture conditions compared to ex vivo 

microglia. For this reason, there is an urgent need to explore new microglia 

experimental models. In the recent years, chimeric mouse with human microglia in 

the living mouse brain have been developed. Interestingly, human microglia grown 

in the mouse CNS mimics more closely the primary human microglia. Thus, these 

cutting-edge humanized mouse models may be an innovative tool to elucidate the 

role on microglia in healthy and disease.  

In this chapter, we aimed at developing a chimeric mouse model with human 

microglia in the mouse spinal cord, a model of particular relevance to the ALS field. 

By adapting previous works of human microglia xenotransplantation into the mouse 

brain, we set up a protocol to administrate human microglia into the spinal cord and 

we characterized its engraftment and distribution in the mouse spinal cord, 

monitoring them for up to 10 months post-transplantation.  
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Xenotransplantation of human microglia into the mouse spinal cord 

All published protocols aimed at integrating human microglia into the mouse 

CNS are performed in the brain (Abud et al., 2017; Hasselmann et al., 2019; Mancuso 

et al., 2019; Svoboda et al., 2019; Xu, Li, et al., 2020; Fattorelli et al., 2021).  However, 

we are interested in setting up this strategy in the mouse spinal cord, since lower 

MNs located in the spinal cord degenerate in ALS and, most studies in the ALS field, 

particularly using the SOD1G93A mouse model, are focused on spinal MNs (Mancuso 

& Navarro, 2015). Thus, we consider interesting to develop a chimeric mouse model 

with human microglia engrafted in the mouse spinal cord to assess the role of 

microglia in ALS pathology. For this purpose, we adapted the already published 

protocol from Fattorelli et al., 2021, but using an IS administration in neonatal mice 

as described in Ayers et al., 2015 (Figure 15A).  

First, as a proof-of-concept of the administration, we injected Fast Green dye 

through IS administration to P4 neonates to quickly visualize its localization and 

distribution in the spinal cord. Given the small size of P4 mice and the 

immunosuppressive status of Rag2−/− IL2rγ−/− hCSF1KI mice, which is needed to 

avoid rejection of the injected human cells, we decided not to open any scission to 

minimize the risk of infection. Therefore, we set two references to define the 

injection point: the intersection between the hip level and the tail (Figure 15A). 

Moreover, the injection was performed in a depth of 1-2 mm. As a reference point to 

ensure proper needle placement within the spinal cord, we observed that the 

ventral portion of the vertebra in P4 mice is already ossified and firm, while the 

dorsal portion remains softer and easily penetrated. With these considerations, we 

successfully visualized the spinal cord turning green within 5 minutes following the 

IS injection of Fast Green, confirming the effectiveness of the IS protocol (Figure 

15B). To further validate the success of the IS administration, we injected 50,000 

MPs as described previously. Since Iba1 labels both mouse and human microglia, we 

tracked the human cells using a specific antibody against human CD45 (hCD45). Five 

days post-transplantation, we confirmed the engraftment of human cells (Iba1+ 

hCD45+) into the spinal cord, particularly in the most lateral areas, in close 

association to the meninges (Figure 15C).   
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Figure 15. Xenotransplantation protocol of human microglia into the mouse spinal cord. A) 

Schematic representation of the xenotransplantation protocol into the mouse spinal cord used in our 

study, which requires a coordinated work of in vitro iPSC-derived microglial precursors generation 

and in vivo work Rag2−/− IL2rγ−/− hCSF1KI mice. Created with Biorender.com. EBs: Embryoid bodies; 

IS: Intraspinal; MPs: Microglial precursors; i.p.: intraperitoneally; P2/3/4: Postnatal day 2/3/4. B) 

Picture showing green staining in all spinal cord after Fast Green IS administration at P4 neonate. C) 

Representative images of Iba1 (mouse and human microglia), human CD45 (hCD45) and merge in 

the spinal cord at P9. Scale bar=50 µm. hCD45: human CD45. 

Engrafted human microglia co-express the prototypical microglial markers 

P2RY12 and CD45 

First, we studied whether the human MPs injected intraspinally could 

differentiate into microglia in vivo and persist in the mouse spinal cord 1 month after 

transplantation. Histological spinal cord section of xenotransplanted mice showed 

the presence of engrafted human microglia as verified by the expression of human 

P2RY12 (Figure 16A), a cell marker restricted to homeostatic microglia in the CNS 

(Butovsky et al., 2014), indicating that human MPs differentiate into microglia and 

survived for 1 month. Similarly, we also observed the expression of human CD45 
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(Figure 16B), a common marker of myeloid cells (Paolicelli et al., 2022). Indeed, 

most human P2RY12+ cells co-labelled with the human CD45 marker, indicating 

engrafted human microglia expressed both prototypical microglial markers in the 

mouse spinal cord (Figure 16C). In contrast to day 5 post-transplantation, the 

presence of human microglia was not restricted to the outermost area of the spinal 

cord at 1-month post-transplantation, since they were observed within the spinal 

cord parenchyma, particularly, in white matter regions. 

 
Figure 16. CD45 and P2RY12 expression in engrafted human microglia in the mouse spinal 

cord. Representative pictures of xenotransplanted human microglia in the lumbar spinal cord 1-

month post-transplantation showing labelling against A) human P2RY12 (hP2RY12); B) human 

CD45 (hCD45) and C) merge. Scale bar=100 µm.  

Human microglia populate and persist throughout the lumbar spinal cord 

over a period of at least of 10 months  

The most widely used ALS mouse model, SOD1G93A model, exhibits hindlimb 

atrophy and paralysis as one the main symptoms. These muscles are mainly 

innervated by MNs whose soma are located in the lumbar spinal cord (Mancuso & 

Navarro, 2015). Given the interest of this spinal cord region in ALS, we characterize 

the survival and distribution of human microglia in the lumbar spinal cord of 

xenotransplanted mice for 10 months. As expected, the presence of human microglia 

(hP2RY12+) in the lumbar spinal cord increased with the age (Figure 17A). 

Engrafted human microglia started to populate the spinal cord from the periphery 

to the central part. At 2 months of age, we observed that human microglia were 

mainly detected in the white matter of the spinal cord, to a lesser extent, in the grey 

matter, including the ventral horn. In 5-month-age transplanted mice, human 

microglia were already present in almost all white matter and started to populate, 

to a greater extent than at 2 months post-transplantation, the dorsal and ventral 
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horns. Finally, at 10 month of age, human microglia were detected in virtually all the 

spinal cord including white and grey matter (Figure 17A).  

We then quantified the degree of human microglia chimerism in specific 

areas of the lumbar spinal cord white and grey matter at various timepoints post-

transplantation. Microglia were identified as those Iba1+ cells, which include both 

human and mouse microglia. Human microglia were distinguished from mouse 

microglia by using the hCD45 marker. At 2 months of age, we observed that the 

percentage human microglia chimerism (% of human microglia relative to total 

microglia) was 49% in the dorsal horn (Figure 17B,E), 68% in the ventral horn 

(Figure 17C,E) and 72% in the white matter (Figure 17D,E). Over time, the 

proportion of human chimerism increased in both grey and white matter. In the 

dorsal horn, we observed that human microglia engraftment was approximately 

71% at 5 months post-transplantation and about 84% at 10 months (Figure 17B,E). 

In the ventral horn, chimerism was around 79% and 91% at 5 and 10 months, 

respectively (Figure 17C,E). Despite the greater degree of chimerism observed in 

the grey matter areas at 10 months post-transplantation relative to 5 months, no 

statistical differences were observed. Importantly, the highest degree of chimerism 

was observed in the white matter, reaching values of 98% at both 5 and 10 months 

post-transplantation (Figure 17D,E).  
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Figure 17. Human microglia chimerism in the lumbar spinal cord over time. A) Representative 

pictures of xenotransplanted human microglia (hP2RY12+) in the lumbar spinal cord at 2, 5 and 10 

months post transplantation. Scale bar=100µm. B) Representative images of Iba1 (mouse and human 

microglia), human CD45 (hCD45) and merge in the dorsal horn of the lumbar spinal cord at 2, 5 and 

10 months post-transplantation. Scale bar=50µm. C) Representative images of Iba1 (mouse and 
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human microglia), hCD45 and merge in the ventral horn of the lumbar spinal cord at 2, 5 and 10 

months of transplantation. Scale bar=50µm. D) Representative images of Iba1 (mouse and human 

microglia), hCD45 and merge in the white matter of the lumbar spinal cord at 2, 5 and 10 months 

post-transplantation. Scale bar=50µm. E) Quantification of human chimerism, as the proportion of 

human CD45+ relative to Iba1+ cells, in the dorsal horn, ventral horn and white matter from the 

lumbar spinal cord at 2, 5 and 10 months post-transplantation. n=2 (2 month); n=3 (5 month); n=4 

(10 month). *p<0.05. Kruskal-Wallis test with Dunn’s multiple comparisons per region. Data shown 

as mean ± SEM. SC: Spinal cord. 

Human microglia spread throughout all the mouse spinal cord over time 

Finally, we investigate whether human microglia were able to populate other 

regions beyond the lumbar spinal cord in the xenotransplanted mice. We observed 

a wide population of human microglia (hP2RY12+) in cervical and thoracic spinal 

cord at 5 months post-transplantation (Figure 18A). Similarly, hP2RY12+ human 

microglia populate white and grey matter of thoracic and sacral mouse spinal cord 

at 10 months of age (Figure 18B).  

 
Figure 18. Human microglia engraftment in all spinal cord. A) Representative pictures of 

xenotransplanted human microglia (hP2RY12+) in the cervical and thoracic spinal cord at 5 months 

post-transplantation. Scale bar=100 µm. B) Representative pictures of xenotransplanted human 

microglia (hP2RY12+) in the thoracic and sacral spinal cord at 10 months post-transplantation. Scale 

bar=100 µm. 



 

 



 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 
Phenotypic characterization of a novel C9orf72 

 G4C2 HRE knock-in mouse model
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Overview 

Pathogenic G4C2 HRE in C9ORF72 gene is the most prevalent genetic cause 

in ALS and FTD. However, current C9orf72 mouse models fail to fully recapitulate 

motor ALS-like and behavioural FTD-like signs and symptoms. Nowadays, it is quite 

stablished that both C9orf72 LOF and GOF pathogenic mechanisms are required to 

produce an ALS/FTD phenotype. Whereas C9orf72 haploinsufficiency by itself is not 

enough to trigger MN disease, GOF animal models that expressed the human 

pathogenic G4C2 HRE exogenously by BAC or viral vectors do not exhibit a clear 

phenotype of ALS/FTD. Importantly, in current C9orf72 GOF mouse models, the 

endogenous mouse C9orf72 gene remains intact due to the non-integrative 

methodology used to generate the model, and therefore the expression and function 

of the mouse C9orf72 is not affected.  

Some years ago, in our research group, we generated a transgenic mouse 

carrier for 30 G4C2 repeats in the mouse C9orf72 gene, specifically in the intronic 

region between exon 1a and 1b, where the HRE are usually located. Therefore, in 

this context, we have characterized our novel C9or72 mouse model phenotypically 

at the motor level, in order to elucidate whether ALS- and/FTD-like phenotype is 

reproduced.  
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Generation of our C9orf72 G4C2 HRE knock-in mouse model 

Current C9orf72 mouse models express the human C9ORF72 gene containing 

the pathogenic G4C2 repeats through BACs or adeno-associated viral vectors 

(AAVs), meaning that the endogenous mouse C9orf72 gene remains intact (Chew et 

al., 2015; Jiang et al., 2016; Y. Liu et al., 2016; O’Rourke et al., 2015; Peters et al., 

2015). In this context, we developed a mouse model including G4C2 HRE in the 

mouse C9orf72 gene, specifically in the intronic region between exon 1a and 1b, 

where the HRE are usually located. The vector used to engineer this mouse (shown 

in Figure 19A) includes several features: i) 5’- (3K pb) and 3’- (5K pb) homology 

arms to ensure proper gene targeting; ii) a STOP region; iii) the neomycin-resistance 

gene (neo) under the control of phosphoglycerate kinase 1 (PGK) promoter, with 

the purpose of selecting the recombinant clones; iv) LoxP sites flanking the STOP 

and Neo sites; v) FRT sites flanking the neo region; vi) 30x G4C2 repeats; and vii) 

C9orf72 exon 1b. Given the inclusion of LoxP sites, we could remove the STOP region 

and neo cassette by crossing our C9orf72 G4C2 HRE knock-in mouse model 

(abbreviated hereinafter as C9 animals) with mice expressing a tamoxifen-inducible 

Cre recombinase (CreER) ubiquitously. Cre-mediated recombination was induced 

by tamoxifen administration at 8 weeks-old mice for 11 consecutive days (Figure 

19B).  

In this study, we characterized our C9 mice phenotypically for two years 

(Figure 19B). We focused on the motor function and behaviour as these are the main 

symptoms of C9orf72-related ALS/FTD. We included six experimental groups as 

shown in Figure 19C. No CreER-expressing mice (CreER-/-) include (i) wild-type 

(WT) animals; (ii) CreER-/- C9STOP/+, which are heterozygous animals; and (iii) CreER-

/- C9STOP/STOP, which are homozygous (Figure 19C). In these groups, the 30x G4C2 

repeats are preceded by the STOP and neo cassette. Since these mice do not express 

the tamoxifen-inducible Cre recombinase, the STOP region and neo cassette are not 

cleaved. Given that the pathogenic G4C2 HRE is located in an intronic region, we 

hypothesize that this STOP region may not have any direct effect on the C9orf72 

expression. On the other hand, CreER-expressing animals (CreER+/-) comprise (iv) 

CreER+/- animals as controls; (v) CreER+/- C9fl/+, which are heterozygous mice; (vi) 

CreER+/- C9fl/fl, which are homozygous animals (Figure 19C). CreER+/-, CreER+/- C9fl/+ 

and CreER+/- C9fl/fl animals have the STOP-neo region floxed and thus, it would 



Results | Chapter 3 

111 
 

express the C9orf72 gene in a physiopathological manner without any potential 

interference of the STOP-neo presence. 

 
Figure 19. Study design for the characterization of our C9orf72 G4C2 HRE knock-in (C9) mouse 

model. A) Schematic representation of the targeted region of the C9orf72 gene and the vector used 

to generate our transgenic C9 mice. PGK: Phosphoglycerate kinase. B) Study design for the 

phenotypic characterization at the motor and behavioural level of C9 mice for two years of follow-

up. Created with BioRender.com. i.p.: intraperitoneal administration; SST: Sucrose splash test; NORT: 

Novel object recognition test. *NORT was performed at 14 months of age instead of at 12 months as 

the other tests. C) Summary of the experimental groups analysed in this study. Created with 

BioRender.com. 
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C9 animals do not exhibit reduced lifespan and relevant body weight changes 

Since we characterized these C9 animals for the first time and ALS/FTD 

debuts in adult people, we followed up the animals for two years. First, we evaluated 

the survival rate of heterozygous and homozygous C9 animals compared to controls. 

We did not find any significant difference in survival between WT and CreER-/- 

C9STOP/+ or CreER-/- C9STOP/STOP mice (p=0.5490; Figure 20A) or between CreER+/- 

and CreER+/- C9fl/+ or CreER+/- C9fl/fl animals (p=0.1544; Figure 20B).  

ALS mouse models exhibit body weight loss with disease progression due to 

muscle atrophy (Todd & Petrucelli, 2022). Consequently, we assessed body weight 

of mice as indicator of animal welfare. We found that mice from all the experimental 

groups increased their body weight with aging (Figure 20C-F), both in males (Figure 

20C,D) and in females (Figure 20E,F). Notably, C9 mice exhibited reduced body 

weight, statistically significant observed in heterozygous C9 mice, both in CreER-/- 

C9STOP/+ animals (males and females; Figure 20C,E) and CreER+/- C9fl/+ females, but 

not in homozygous C9 mice (Figure 20F). 
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Figure 20. Follow-up of control, heterozygous and homozygous C9 animals for 2 years. A) 

Survival rate of WT (N=5), CreER-/- C9STOP/+ (N=17) and CreER-/- C9STOP/STOP (N=6) animals for 24 

months. B) Survival rate of CreER+/- (N=8), CreER+/- C9fl/+ (N=19) and CreER+/- C9fl/fl (N=9) animals 

for 24 months. C) Body weight in WT (N=3-12), CreER-/- C9STOP/+ (N=7-9) and CreER-/- C9STOP/STOP 

(N=7-13) males for 18 months. D) Body weight in CreER+/- (N=3-13), CreER+/- C9fl/+ (N=7-8) and 

CreER+/- C9fl/fl (N=8-16) males for 18 months. E) Body weight in WT (N=5-16), CreER-/- C9STOP/+ (N=8) 

and CreER-/- C9STOP/STOP (N=5-14) females for 18 months. F) Body weight in CreER+/- (N=5-14), 

CreER+/- C9fl/+ (N=8-13) and CreER+/- C9fl/fl (N=3-12) males for 18 months. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. *WT vs CreER-/- C9STOP/STOP; # WT vs CreER-/- C9STOP/+; % CreER-/- C9STOP/+ 

vs CreER-/- C9STOP/STOP; $ CreER+/- vs CreER+/- C9fl/+; & CreER+/- C9fl/fl vs CreER+/- C9fl/+. Mantel-Cox test 

in A, B; Mixed-effects analysis with Bonferroni’s post hoc correction in C, D, E, F. Data shown as mean 

± SEM.  
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C9 mice do not develop an ALS-like phenotype 

Our primary interest was first to assess whether our C9 animals developed 

motor alterations, compatible with an ALS phenotype. We monitored rotarod 

performance as the main functional outcome to evaluate motor coordination.  We 

found that control (WT and CreER+/-) and homozygous C9 (CreER-/- C9STOP/STOP and 

CreER+/-C9fl/fl) animals remained on the rotating rod for the full test duration of 180s 

without falling (Figure 21A,B), indicating no motor impairment. A slight decreased 

in rotarod performance was observed in some groups at 18 months of age, probably 

due to the high body weight in aged animals. Heterozygous animals (CreER-/- 

C9STOP/+ and CreER+/- C9fl/+ animals) were excluded from the rotarod analysis, 

because they were uncooperative. Despite they had the ability to perform well (as 

shown with the EMG results, Figure 21C-H), they did not execute the rotarod task 

effectively.  

To identify any potential damage in spinal MNs that may not have been 

detectable in the rotarod assessments, we performed electrophysiological tests to 

evaluate neuromuscular integrity by measuring the evoked CMAP in the plantar, 

tibialis anterior, and gastrocnemius muscles. In males, the electrophysiological 

results (Figure 21C-H) showed no substantial differences in CMAP amplitudes 

across the time points analysed (2, 8, 12, and 18 months of age) when comparing 

WT, CreER-/- C9STOP/+, and CreER-/- C9STOP/STOP experimental groups (Figure 21C-E), 

as well as CreER+/-, CreER+/- C9fl/+ and CreER+/- C9fl/fl animals (Figure 21F-H). Similar 

electrophysiological results were observed in females (Figures 21I-N), with no 

differences in CMAP amplitudes noted in the plantar (Figure 21I,L), tibialis anterior 

(Figure 21J,M), and gastrocnemius muscles (Figure 21K,N) across any of the 

experimental groups analysed as they aged (up to 18 months). 
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Figure 21. Motor function evaluation in C9 and control animals for 18 months. A) Rotarod test 

performance in WT (N=4-12), CreER+/- (N=3-8), CreER-/- C9STOP/STOP (N=6-8) and CreER+/- C9fl/fl (N=6-

16) males. B) Rotarod test performance in WT (N=7-16), CreER+/- (N=4-8), CreER-/- C9STOP/STOP (N=6-

9) and CreER+/- C9fl/fl (N=3-6) females. C) CMAP amplitudes of the plantar, D) tibialis anterior and E) 

gastrocnemius muscles in WT (N=3-12), CreER-/-C9STOP/+ (N=7-9) and CreER-/- C9STOP/STOP (N=5-8) 

males. F) CMAP amplitudes of the plantar, G) tibialis anterior and H) gastrocnemius muscles in 



Results | Chapter 3 

116 
 

CreER+/- (N=3-8), CreER+/- C9fl/+ (N=7-8) and CreER+/- C9fl/fl (N=9-16) males. I) CMAP amplitudes of 

the plantar, J) tibialis anterior and K) gastrocnemius muscles in WT (N=5-16), CreER-/- C9STOP/+ (N=6-

9) and CreER-/- C9STOP/STOP (N=5-10) females. L) CMAP amplitudes of the plantar, M) tibialis anterior 

and N) gastrocnemius muscles in CreER+/- (N=5-8), CreER+/- C9fl/+ (N=8-11) and CreER+/- C9fl/fl (N=3-

6) females. Mixed-effects analysis with Bonferroni’s post hoc correction between groups. Data shown 

as mean ± SEM. 

Control and homozygous C9 animals display similar ambulatory ability 

Next, we aimed to determine whether our C9 mouse model could exhibit 

some behavioural deficits related with FTD-like symptoms. In the behavioural 

characterization, we only included control (WT and CreER+/-) and homozygous C9 

(CreER-/- C9STOP/STOP and CreER+/- C9fl/fl) animals, since we reasoned that, in case of 

any alteration, it would be more evident in homozygotes than in heterozygotes, as 

the G4C2 repeats affects both copies of the C9orf72 gene. We first evaluated the 

general ambulatory ability of the mice in an open field at various timepoints (2, 8, 

12 and 18 months of age). While the total distance traversed decreases with ageing, 

no significant differences were observed between groups (Figure 22A). This trend 

was consistent when analysing males and females separately (Figure 22B,C), 

confirming the absence of sex differences. These findings suggest that homozygous 

C9 (CreER-/- C9STOP/STOP and CreER+/- C9fl/fl) animals exhibit similar ambulatory 

ability than controls.  

 

Figure 22. Open field test in control and homozygous C9 animals for 18 months of age. A) Total 

ambulatory distance of all WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in an open 

field arena. B) Total ambulatory distance in males. C) Total ambulatory distance in females. N: WT= 

3-12M, 5-16F; CreER+/-= 3-10M, 5-10F; CreER-/- C9STOP/STOP= 5-12M, 5-14F; CreER+/- C9fl/fl= 8-16M, 3-

10F. *p<0.05, **p<0.01, ***p<0.001. *WT; # CreER+/-; $ CreER-/- C9STOP/STOP; & CreER+/- C9fl/fl (vs 2-

month). Mixed-effects analysis with Bonferroni’s post hoc correction between groups and versus 

basal measurements (2-month). Data shown as mean ± SEM.  
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C9 animals display anhedonia and depressive-like behaviour  

FTD patients present distinct behavioural changes, including apathy, 

decreased motivation or lack of interest in former hobbies (Ahmed et al., 2017). To 

assess whether our C9 mouse model developed depressive-like behaviour, we 

conducted the sucrose splash test. At 2 months of age, we found no significant 

differences in grooming time between the groups (WT: 132 ± 8s; CreER-/- C9STOP/STOP: 

128 ± 8s; p > 0.9999; Cre+/-: 128 ± 10s; CreER+/- C9fl/fl: 131 ± 9s; p > 0.9999) (Figure 

23A). However, as the animals aged, C9 mice, both CreER-/- C9STOP/STOP and CreER+/- 

C9fl/fl, spent less time grooming after the sucrose splash compared to WT and 

CreER+/- animals, respectively, suggesting anhedonic behaviour (Figure 23A). This 

reduction was already apparent at 8 months of age, with C9 animals showing a 

significant decrease in total grooming time (CreER-/- C9STOP/STOP: 78 ± 8s; CreER+/- 

C9fl/fl: 87 ± 8s) compared to their respective controls (WT: 132 ± 7s, p<0.001; Cre+/-

: 138 ± 10s, p=0.0021) and their baseline measurements at 2 months of age (Figure 

23A). This trend persisted as the animals continued to age (12 and 18 months).  

When separated by sex, differences in the onset of depressive-like behaviour 

were observed. In males, the reduction in grooming time was particularly evident at 

8 months of age, in both C9 groups (CreER-/- C9STOP/STOP and CreER+/- C9fl/fl) (Figure 

23B). Although female C9 mice also developed an anhedonic phenotype, it emerged 

at later stages (18 months) compared to males (Figure 23C).  

Latency to start grooming is a parameter to evaluate motivational behaviour. 

At 8 months of age, C9 animals exhibited a significant longer latency to start 

grooming after the sucrose splash in comparison with control animals (WT: 15 ± 2s, 

CreER-/- C9STOP/STOP: 43 ± 8s, p=0.0110; Cre+/-: 12 ± 2s, CreER+/- C9fl/fl: 22 ± 3s, 

p=0.0425) at the age of 8 months. (Figure 23D). However, this was a transient 

observation, as no differences were detected at 12 and 18 months of age. A similar 

pattern emerged when males and females were analysed separately over 18 

months. Overall, these results indicate that C9 animals exhibit anhedonia and 

depressive-like behaviour. 
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Figure 23. Sucrose splash test in control and homozygous C9 animals for 18 months of age. A) 

Total grooming time in all WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals. B) Total 

grooming time males. C) Total grooming time in females. D) Latency to start grooming behaviour in 

all WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals. E) Latency to start grooming 

behaviour in males. F) Latency to start grooming behaviour in females. N: WT= 2-13M, 4-18F; 

CreER+/-= 2-10M, 4-9F; CreER-/- C9STOP/STOP= 4-12M, 4-13F; CreER+/- C9fl/fl= 6-16M, 3-10F. *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. *WT vs CreER-/- C9STOP/STOP; # CreER+/- vs CreER+/- C9fl/fl; % 

CreER-/- C9STOP/STOP vs CreER+/- C9fl/fl; $ CreER-/- C9STOP/STOP (vs 2-month); & CreER+/- C9fl/fl (vs 2-

month). Mixed-effects analysis with Bonferroni’s post hoc correction between groups and versus 

basal measurements (2-month). Data shown as mean ± SEM.  

Aged C9 animals do not exhibit anxiety-like behaviour  

Some of the reported C9orf72 mouse models and FTD patients have some 

anxiety-related symptoms (Ahmed et al., 2017). The anxiety-like behaviour was 

screened in our homozygous C9 animals and controls by measuring the time spent 

in the central area of the open field. The tendency to remain close to the walls, the 

so-called thigmotaxis, is an anxiety index in mice (Seibenhener & Wooten, 2015). 

WT and CreER-/- C9STOP/STOP animals and CreER+/- and CreER+/- C9orf72fl/fl animals 

spent comparable time in the inner area in all the timepoints tested (Figure 24A). 

Similarly, we did not find differences between the experimental groups when 

studied males (Figure 24B) and females (Figure 24C) separately. Thus, these results 

indicate that our C9 mouse model do not acquire anxiety-like behaviour with ageing.  
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Figure 24. Anxiety assessment in control and homozygous C9 animals for 18 months of age. A) 

Time spent in the central area of all WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in 

an open field arena. B) Time spent in the central area in males. C) Time spent in the central area in 

females. N: WT= 3-11M, 5-16F; CreER+/-= 3-10M, 5-9F; CreER-/- C9STOP/STOP= 5-10M, 5-11F; CreER+/- 

C9fl/fl= 8-11M, 3-8F. Mixed-effects analysis with Bonferroni’s post hoc correction between groups and 

versus basal measurements (2-month). Data shown as mean ± SEM.  

Aged C9 animals exhibit memory decline 

Memory dysfunction is a feature of some FTD variants and has been 

recapitulated in some FTD mouse models (Ahmed et al., 2017). Therefore, we 

investigated whether our C9 model have also alterations in this type of memory. To 

assess this, we performed NORT with a retention period of 24h, which evaluates 

recognition memory by measuring rodent’s spontaneous preference for novelty. 

First, we performed NORT in young adult 2-months-old animals as basal 

measurements. In the familiarization day (2nd day of test), we did not observe 

differences in the total exploration time among controls (WT and CreER+/-) and C9 

animals (CreER-/- C9STOP/STOP and CreER+/- C9fl/fl) (Figure 25A). No sex differences 

were found regarding total exploration time at this age (Figure 25B). As expected, 

since both objects (A1 and A2) are identical in the familiarization session, the 

fraction of time exploring each object was equal (fraction≈0.5) in all the 

experimental groups (Figure 25C), meaning that there is not preference for any 

object. Same results were observed when analysed by sex (Figure 25D,E). In the 

testing day (3rd day of test), WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl 

animals exhibited similar total exploration time (Figure 25F) and not sex differences 

were observed, although CreER+/- C9fl/fl females tended to explore less than CreER+/- 

C9fl/fl males (p=0.0701) (Figure 25G). As expected, 2-months-old controls (WT and 

CreER+/-) and C9 animals (CreER-/- C9STOP/STOP and CreER+/- C9fl/fl) had a preference 
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for the novel object, as the time fraction exploring it was significantly higher than 

the familial one in all the groups (Figure 25H) and per sex (Figure 25I,J). Overall, 

these results indicate that controls (WT and CreER+/-) and C9 animals (CreER-/- 

C9STOP/STOP and CreER+/- C9fl/fl) display proper episodic memory at 2 months of age.  

 

Figure 25. NORT in control and homozygous C9 animals at 2 months of age. A) Total exploration 

time of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the familiarization session 

(Day 2), and B) distributed per sex. C) Fraction of time exploring A1 and A2 objects (A1=A2) of WT, 

CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the familiarization session (Day 2); D) in 

males and E) females. F) Total exploration time of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- 

C9fl/fl animals in the testing session (Day 3), and G) distributed per sex. H) Fraction of time exploring 



Results | Chapter 3 

121 
 

familial and novel objects of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the 

testing session (Day 3); I) in males and J) females. N: WT= 18 (9M, 9F); CreER+/-= 10 (5M, 5F); CreER-

/- C9STOP/STOP= 14 (8M, 6F); CreER+/- C9fl/fl= 16 (10M, 6F). *p<0.05, ***p<0.001, ****p<0.0001. Kruskal-

Wallis test with Dunn’s multiple comparisons in A and F; Two-way ANOVA with Bonferroni’s post 

hoc correction in B, C, D, E, G, H, I, J. Data shown as mean ± SEM. M: Male; F: Female. 

We also evaluated episodic memory by NORT in 8-months-old animals, an 

age range considered to be between mature adult and middle-aged (Flurkey et al., 

2007). No statistical differences were observed in the total exploration time 

between the control groups (WT, CreER+/-) and C9 (CreER-/- C9STOP/STOP and CreER+/- 

C9fl/fl) during the familiarization (Figure 26A) and testing sessions (Figure 26F). 

Additionally, not sex differences were found within each group during 

familiarization (Figure 26B) or testing session (Figure 26G). As seen in 2-months-

old animals, WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals spent 

similar amounts of time exploring identical A1 and A2 objects during familiarization 

(Figure 26C). However, when analysed per sex, CreER+/- C9fl/fl males showed a 

preference for A1 object in (Figure 26D) while CreER+/- C9fl/fl females preferred 

object A2 (Figure 26E). In the testing session, control mice (WT, CreER+/-) and 

CreER-/- C9STOP/STOP animals showed significant preference for the novel object, but 

this was not observed in CreER+/- C9fl/fl mice (Figure 26H). Interestingly, all 8-

months-old females demonstrated significant novel object discrimination, 

indicating intact episodic memory (Figure 26J). In contrast, males did not show this 

ability, with only CreER+/- males significantly preferring the novel object compared 

to WT, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl males (Figure 26I).  
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Figure 26. NORT in control and homozygous C9 animals at 8 months of age. A) Total exploration 

time of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the familiarization session 

(Day 2), and B) distributed per sex. C) Fraction of time exploring A1 and A2 objects (A1=A2) of WT, 

CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the familiarization session (Day 2); D) in 

males and E) females. F) Total exploration time of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- 

C9fl/fl animals in the testing session (Day 3), and G) distributed per sex. H) Fraction of time exploring 

familial and novel objects of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the 

testing session (Day 3); I) in males and J) females. N: WT= =14 (7M, 7F); CreER+/-= 8 (5M, 3F); CreER-

/- C9STOP/STOP= 10 (4M, 6F); CreER+/- C9fl/fl= 10 (7M, 3F). **p<0.01, ***p<0.001, ****p<0.0001. One-way 

ANOVA with Bonferroni’s post hoc correction in A and F; Two-way ANOVA with Bonferroni’s post 

hoc correction in B, C, D, E, G, H, I, J. Data shown as mean ± SEM. M: Male; F: Female. 
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Next, we focused on episodic memory of middle-aged 14-months-old C9 

animals (Flurkey et al., 2007). We did not observe significant differences in the total 

exploration time between control (WT, CreER+/-) and C9 (CreER-/- C9STOP/STOP and 

CreER+/- C9fl/fl) animals during both familiarization (Figure 27A) and testing (Figure 

27F) sessions. Nevertheless, CreER-/- C9STOP/STOP animals showed a trend toward less 

exploration compared to their WT control animals (p=0.0711) in the familiarization 

session (Figure 27A). No sex differences were noted for this parameter (Figure 27B, 

G). In the familiarization session, when animals were exposed to two identical 

objects (A1 and A2), all groups spent an equal amount of time on each object 

(fraction ≈ 0.5) (Figure 27C), with no significant sex differences (Figure 27D,E). 

Interestingly, control animals (WT and CreER+/-) exhibited a significant preference 

for the novel object over the familiar one in the testing session, while C9 animals 

(CreER-/- C9STOP/STOP and CreER+/- C9fl/fl) were unable to discriminate between the 

novel and familiar objects (Figure 27H), indicating impairments in memory. When 

analysed by sex, control females showed a clear preference for the novel object, 

while C9 females did not (Figure 27J). Similar to 8 months of age, CreER-/- males 

displayed a preference for the novel object, while this was not observed in WT and 

C9 males (Figure 27I). 
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Figure 27. NORT in control and homozygous C9 animals at 14 months of age. A) Total 

exploration time of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the familiarization 

session (Day 2), and B) distributed per sex. C) Fraction of time exploring A1 and A2 objects (A1=A2) 

of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the familiarization session (Day 2); 

D) in males and E) females. F) Total exploration time of WT, CreER+/-, CreER-/- C9STOP/STOP and 

CreER+/- C9fl/fl animals in the testing session (Day 3), and G) distributed per sex. H) Fraction of time 

exploring familial and novel objects of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals 

in the testing session (Day 3); I) in males and J) females. N: WT= 11 (6M, 5F); CreER+/-= 9 (3M, 6F); 

CreER-/- C9STOP/STOP= 11 (7M, 4F); CreER+/- C9fl/fl= 9 (6M, 3F). *p<0.05, **p<0.01; ***p<0.001. Kruskal-

Wallis test with Dunn’s multiple comparisons in A; One-way ANOVA with Bonferroni’s post hoc 

correction in F; Two-way ANOVA with Bonferroni’s post hoc correction in B, C, D, E, G, H, I, J. Data 

shown as mean ± SEM. M: Male; F: Female. 
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Finally, as preliminary results, we performed NORT on old 18-months-old 

animals (Flurkey et al., 2007). Control (WT and CreER+/-) and C9 (CreER-/- 

C9STOP/STOP and CreER+/- C9fl/fl) animals spent similar amount of time exploring 

objects during the familiarization (Figure 28A) and testing sessions (Figure 28C). On 

the second day, all the groups spent comparable time fraction exploring A1 and A2 

objects, although WT mice showed a trend towards spending more time with the A2 

object (p=0.0907) (Figure 28B). In the testing, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl 

animals did not exhibit a preference for the novel object, unlike WT mice (Figure 

28D). CreER+/- animals also showed a trend towards a preference for the novel 

object, but this was not significant. Overall, consistent with the results from 14-

month-old animals, these findings suggest that 18-month-old C9 animals may also 

exhibit memory impairments. 

 
Figure 28. NORT in control and homozygous C9 animals at 18 months of age. A) Total 

exploration time of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the familiarization 

session (Day 2). B) Fraction of time exploring A1 and A2 objects (A1=A2) of WT, CreER+/-, CreER-/- 

C9STOP/STOP and CreER+/- C9fl/fl animals in the familiarization session (Day 2). C) Total exploration time 

of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- C9fl/fl animals in the testing session (Day 3). D) 

Fraction of time exploring familial and novel objects of WT, CreER+/-, CreER-/- C9STOP/STOP and CreER+/- 

C9fl/fl animals in the testing session (Day 3). N: WT= 6 (3M, 3F); CreER+/-= 4 (2M, 2F); CreER-/- 
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C9STOP/STOP= 5 (2M, 3F); CreER+/- C9fl/fl= 4 (2M, 2F). **p<0.01. One-way ANOVA with Bonferroni’s post 

hoc correction in A; Kruskal-Wallis test with Dunn’s multiple comparisons in C; Two-way ANOVA 

with Bonferroni’s post hoc correction in B and D. Data shown as mean ± SEM.
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ALS field faces an urgent need to find new experimental models to fully 

elucidate neuronal and non-neuronal mechanisms that lead to MN degeneration and 

to evaluate new therapeutical approaches. This need is partially responsible for the 

absence of effective therapies for ALS as findings from animal models have not 

reliably translated to clinical success. Until recently, most clinical trials included 

sALS and fALS patients, carriers for distinct mutations, despite relying on data 

obtained from a single animal model, predominantly the most widely used SOD1G93A 

mouse model (Mead et al., 2023). In this doctoral thesis, we pretend to address this 

gap in the ALS field. On one hand, we tackled the limitations of mouse microglia, 

moving to a more human-based microglial approach by studying ALS iPSC-derived 

microglia in vitro, and then by generating an in vivo model by xenotransplanting 

human microglia in the mouse spinal cord. On the other hand, we faced the lack of a 

C9orf72 ALS/FTD mouse model that fully recapitulates clinical signs and 

histopathological features. 

Human SOD1G93A ALS microglia 

Among non-neuronal cells involved in ALS physiopathology, we focused our 

interest on microglial cells. Several studies support both neurotoxic and 

neuroprotective roles during the disease course in several ALS mouse models (Beers 

et al., 2006; Boillée et al., 2006; Chiu et al., 2013; Clarke & Patani, 2020; Spiller et al., 

2018; You et al., 2023). Besides, mutations in ALS-related genes, such as C9ORF72 

(Banerjee et al., 2023; Lorenzini et al., 2023; Vahsen et al., 2023), PFN1 (Funes et al., 

2024), FUS (Kerk et al., 2022), as well as sALS microglia (Noh et al., 2023; Quek et 

al., 2022), seem to show altered physiological functions in human ALS iPSC-derived 

microglia. Although the gold standard animal model in ALS field is the SOD1G93A 

mouse, an extensive study of the contribution of mutant SOD1 on human microglial 

functioning has not been reported.  

To address this limitation, we engineered human ESC to introduce the G93A 

mutation in the SOD1 gene using CRISPR/Cas9 technology. Although most SOD1 

mutations found in ALS patients, including G93A, are usually heterozygous, with 

only a few exceptions being homozygous variants (e.g. L84F, N86S, D90A, L117V, 

L126S, L144S, G27delGGACCA) (Gagliardi et al., 2022; Saccon et al., 2013), we opted 
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to use a homozygous SOD1G93A cell line. This approach was chosen because it is likely 

to cause greater cellular dysfunction than heterozygous SOD1G93A cell line. 

Additionally, CRISPR/Cas9 gene editing allowed us to have the control isogenic cell 

line, which shares the same genetic background except for this point mutation of 

interest. This allowed us to assess the impact of mutant SOD1 in the human genetic 

background, accounting for both known and unknown genetic modifiers.  

Most studies investigating the impact of mutant SOD1G93A on microglial 

phenotype have been performed in rodent models that overexpress the mutant 

human SOD1G93A gene (Beers et al., 2006; Boillée et al., 2006; Chiu et al., 2013; Liao 

et al., 2012; Y. Liu et al., 2009; Vaz et al., 2019; Weydt et al., 2004; Q. Xiao et al., 2007). 

However, this may not provide the most appropriate experimental setting, as 

SOD1G93A in these models is often expressed at levels up to 25 times higher than 

endogenous murine SOD1, making it non-physiological  (Fisher et al., 2023; Jonsson 

et al., 2006). As a result, the phenotype observed in SOD1G93A mouse model may not 

fully represent the disease as seen in ALS patients, who carry only a single copy of 

the mutant SOD1 gene. It is debated that the phenotypic features observed in the 

SOD1G93A mouse model may result from a high overexpression of SOD1 protein, 

rather than being solely attributed to the SOD1G93A mutation itself (Shibata, 2001). 

In fact, even overexpression of wild-type human SOD1 in mice results in axonopathy 

and mitochondrial vacuolation (Jaarsma et al., 2001) and can cause ALS-like disease 

when expressed at similar levels as mutant SOD1G93A in SOD1G93A mice (Graffmo et 

al., 2013). Thus, our human ESC line expresses mutant SOD1 at more disease-

relevant levels as seen in ALS patients, overcoming this genetic artifact.  

Besides these concerns regarding SOD1, species differences between mouse 

and human have been described to be relevant in the microglia field. For instance, a 

substantial portion of human genes do not have a clear ortholog in the mouse 

genome, as observed in some AD-related risk microglial genes (Hasselmann & 

Blurton-Jones, 2020; Mancuso et al., 2019). Furthermore, differential gene 

expression have been detected in mouse and human microglia regarding interesting 

pathways in ALS pathology, such as inflammatory-related genes, or some 

neurodegenerative disease-associated genes (Galatro et al., 2017; Geirsdottir et al., 

2019; Gosselin et al., 2017; Lloyd et al., 2024). Importantly, these differences 
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become more pronounced with aging (Galatro et al., 2017). Overall, considering 

these limitations, we shifted our focus to a more human-based model using human 

stem cell-derived microglia. 

The pathological phenotype caused by mutant SOD1 in human relevant ALS 

cell-types have been described in SOD1G93A iPSC-derived MNs, which showed 

proteinopathy, axonopathy, synaptic alterations and functional deficits (B. W. Kim 

et al., 2020), and SOD1A4V and SOD1D90A iPSC-derived astrocytes, which display a 

reactive transformation phenotype with nuclear oxidative stress and DNA damage 

(Soubannier et al., 2024). However, to the best of our knowledge, only one study has 

investigated human SOD1 iPSC-derived microglia, specifically with the A4V 

mutation  (Allison & Ebert, 2024), though this study focused primarily on astrocyte-

microglia interactions rather than the direct effects of mutant SOD1 on microglial 

function. For this reason, we chose to investigate the relevance of SOD1G93A to key 

physiological functions in human microglial cells.  

Given the relatively recent discovery of microglial ontogeny (Ginhoux et al., 

2010), microglial differentiation protocols from human iPSC started to emerge from 

2016. However, this is a field in constant evolution, and there is still no consensus 

on the most reliable method to obtain human microglia (Washer et al., 2022). 

Focusing on the last stages in the protocol, we used IL-34 and GM-CSF as the main 

cytokines to produce microglial cells (Haenseler et al., 2017). However, recent 

studies have shown that TGFβ is relevant for proper microglial maturation and 

microglial identity in the adult CNS (Butovsky et al., 2014; Zöller et al., 2018). Hence, 

we do believe that incorporating TGF-β and M-CSF, as outlined in the systematic 

study by Washer et al. (2022), will enhance our microglial differentiation protocol. 

Inflammatory phenotype in in vitro SOD1G93A microglia  

Regarding the cytokine profile of human SOD1G93A microglia, we found 

moderate changes in the cytokine profile in unstimulated state. SOD1G93A microglia 

showed a significant increase of the anti-inflammatory cytokine IL-10, as well as a 

tendency to exhibit increased levels of the pro-inflammatory IL-1β, which was 

undetectable in all control microglial cultures but not in these carrying the SOD1 
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mutation. In contrast, the pro-inflammatory cytokine IL-17A did not show changes 

in mutant SOD1 microglia.  

Previous studies done in SOD1G93A mouse microglia under basal conditions 

showed that these cells display a pro-inflammatory phenotype, with increased 

production of superoxide, nitrates and nitrites (Beers et al., 2006; Y. Liu et al., 2009; 

Q. Xiao et al., 2007) and a decrease in production of neurotrophic factors, such as 

IGF-1 (Q. Xiao et al., 2007). However, how mutant SOD1 affect the cytokine 

production in unstimulated microglia has been poorly studied with conflicting 

results. Some studies reported similar TNFα and IL-6 secretion levels between wild-

type and mutant SOD1G93A mouse microglia (Weydt et al., 2004), while others 

showed increased expression of pro-inflammatory (TNFα, IL-1β, iNOS) and anti-

inflammatory markers (Arg1, SOCS1) in microglia overexpressing human SOD1G93A. 

Upon activation, microglia release bioactive substances, such as the pro-

inflammatory cytokine IL-1β (Burm et al., 2015), whose overproduction has been 

implicated in pathophysiological conditions characterized by acute and chronic 

inflammation, including ALS (Olesen et al., 2020; Ren & Torres, 2009). Nevertheless, 

SOD1G93A microglia secreted this cytokine even in unstimulated conditions, 

suggesting a basal reactive state not observed in control microglia. Indeed, mouse 

SOD1G93A microglia have been shown to express NLRP3 inflammasome components, 

necessary for a proper maturation IL-1β, including active caspase 1, which can be 

activated by misfolded SOD1 (Bellezza et al., 2018; Meissner et al., 2010).  

On the other hand, IL-17A is a pro-inflammatory cytokine involved in 

inflammatory and autoimmune diseases, such as multiple sclerosis (Tzartos et al., 

2008), inflammatory bowel disease (Fujino et al., 2003) or rheumatoid arthritis 

(Metawi et al., 2011), among others. In ALS, IL-17A has been detected in the serum 

of 65% of ALS patients (Fiala et al., 2010). The low levels of IL-17A (found in both 

control and SOD1G93A microglia conditioned medium (detectable in one of the 

control and SOD1G93A microglial cultures) may be due to the fact that IL-17A is 

primarily produced by circulating and infiltrating immune cells, such as Th17 cells, 

CD8+ T cells, and mast cells, rather than by microglia  (Fiala et al., 2010). In fact, one 

study described undetectable IL-17A mRNA levels production in unstimulated wild-

type microglia (Kawanokuchi et al., 2008).  
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Surprisingly, untreated SOD1G93A microglia showed an increased production 

of the anti-inflammatory cytokine IL-10, compared to the control. This does not 

necessarily imply a polarization towards a more anti-inflammatory microglial 

phenotype. The IL-10 increase is likely a compensatory mechanism to 

counterbalance the basal activation in SOD1G93A microglia, similar to what is 

observed after LPS stimulation  (Y. Wang et al., 2021). Besides, sALS PBMCs treated 

with misfolded SOD1 showed increased IL-10 levels alongside pro-inflammatory 

cytokines (G. Liu et al., 2012). Similarly, ex vivo murine SOD1G93A microglia (Chiu et 

al., 2013) and SOD1G93A N9 murine microglia cell line (Vaz et al., 2019) co-express 

neurotoxic and neuroprotective markers, as seen in our unstimulated human 

SOD1G93A microglia. 

To our knowledge, no studies have been published on cytokine and 

chemokine secretion in human mutant SOD1 iPSC-derived microglia, although it has 

been assessed in other ALS-related mutations. For instance, mutant C9orf72 

(Banerjee et al., 2023; Lorenzini et al., 2023), FUS (Kerk et al., 2022), PFN1 (Funes 

et al., 2024) and sALS microglia (Noh et al., 2023) produced comparable cytokine 

(IL-1α, IL-1β, IL-6, IL-8, TNFα, among others) and chemokine (CCL5) levels as 

controls in unstimulated conditions. In contrast, Vahsen et al., 2023 described an 

altered cytokine profile in C9orf72-ALS iPSC-derived microglia, reporting 

upregulation of dipeptidyl peptidase 4 (DPP4) and CXCL1 in the supernatant of basal 

C9orf72 microglia-MN cocultures compared to healthy microglia-MNs. Quek et al., 

2022 observed upregulation of IL8 and TFGβ mRNA in sALS microglia along with 

increased IL-8, IL-18 and TFNα protein levels. Nevertheless, IL-10 secretion in basal 

ALS microglia remains more controversial. While we observed a clear increased IL-

10 production in SOD1G93A microglia, others described an IL-10 decrease in sALS 

microglia (Allison et al., 2022), no change in PFN1 microglia (Funes et al., 2024) or 

a subtle, non-significant, increase in sALS (Quek et al., 2022).  

On the other hand, SOD1G93A ESC-derived microglia displayed heightened 

immune response following LPS stimulation, as we observed higher secretion of IL-

1β, IL-17A and IL-10, specially during the first 6 hours, compared to LPS-primed 

control microglia. This is consistent with findings in murine microglia 

overexpressing SOD1G93A, which also showed increased TNFα production despite a 
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reduction in IL-6 levels upon LPS stimulation (Weydt et al., 2004). Similar 

exacerbated immune response to pro-inflammatory stimuli has been observed in 

mutant C9orf72 iPSC-microglia, since LPS exposure resulted in an increased release 

of pro-inflammatory mediators, such as IL-1β and IL-6 (Banerjee et al., 2023) or 

MMP-9 (Vahsen et al., 2023), and in sALS microglia, where the response was more 

pronounced in rapid-progressing than in slow-progressing sALS (Noh et al., 2023). 

Nevertheless, the microglial inflammation triggered in response to stimulation 

seems to be dependent on the ALS-causing gene, treatment duration, and type of 

stimulus. For instance, mutant PFN1 microglia does not exhibit changes in the 

cytokine profile after 6h- and 24h after LPS stimulation (Funes et al., 2024). 

Similarly, mutant FUS microglia did not display an exacerbated immune response in 

response to uridine diphosphate (UDP) or apoptotic MN (Kerk et al., 2022), possibly 

because these stimuli were not potent enough to trigger a significant response 

compared to LPS. Interestingly, Lorenzini et al., 2023 observed no difference in the 

response to LPS between mutant C9orf72 and control microglia, in contrast to 

findings by Banerjee et al., 2023 and Vahsen et al., 2023. These differences may be 

explained due to different LPS treatment protocols used. While longer LPS 

treatments were done in Banerjee et al., 2023 (8h followed by 12h washout) and 

Vahsen et al., 2023 (48h), the shorter duration of LPS treatment (6h) used by 

Lorenzini et al., 2023 could not be long enough to elicit detectable differences, at 

least in microglia carrying the C9orf72 mutation.  

An exaggerated microglial response can be noxious and contribute to 

neuronal damage, as excessive production of pro-inflammatory cytokines and other 

mediators can lead to neuronal death by either directly by affecting neurons or 

indirectly through the release of neurotoxic substances by glial cells (Chao et al., 

1995; X. Liu & Quan, 2018; Thornton et al., 2006).  
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Phagocytosis in in vitro SOD1G93A microglia  

Phagocytosis is an essential process for tissue homeostasis, since it is 

involved in the removal of apoptotic and necrotic cells (e.g. apoptotic MNs), toxic 

protein aggregates (e.g. misfolded SOD1) or pathogens. In the CNS, microglia are the 

most important professional phagocytes (Uribe-Querol & Rosales, 2020). To 

evaluate whether mutant SOD1 affects microglial phagocytosis, we used pHrodo-

conjugated myelin debris which offers a more physiological model than using beads. 

The pHrodo-labelled myelin allows its detection once internalized in the 

phagolysosome due to its acidic environment, thereby marking the later stages of 

phagocytosis (Gómez-López et al., 2021; Uribe-Querol & Rosales, 2020).  

In our phagocytosis assay, we observed a reduction in the proportion of 

pHrodo-positive SOD1G93A microglial cells compared to control microglia after 3h of 

myelin exposure. Besides, when we focused our analysis on phagocytic cells, we also 

found that phagocytic SOD1G93A microglia displayed decreased pHrodo fluorescence 

intensity compared to phagocytic control microglia. This reduction in the pHrodo 

signal does not necessarily imply a deficit in phagocytosis capacity caused by the 

SOD1G93A mutation. One possibility is that SOD1G93A microglia have an impairment 

in the early stages of phagocytosis, affecting the internalization of the material to be 

digested. Alternatively, the reduction in pHrodo could result from increased 

degradation of the material in the phagolysosomes during the final stage of 

phagocytosis or by impaired lysosomal acidification.  

Literature offers controversial results regarding phagocytosis in mutant 

SOD1 microglia. In vitro studies in a SOD1G93A-overexpressing N9 murine microglia 

cell line showed unaltered capacity to phagocytose beads (Sargsyan et al., 2011) 

while murine SOD1G93A microglia displayed reduced phagocytosis of apoptotic 

neuronal cells (Sargsyan et al., 2011) and impaired autophagy, which is relevant for 

proper degradation of the ingested material (Massenzio et al., 2018). To fully 

elucidate which phagocytosis step is affected, additional experiments are required. 

For instance, it would be useful to repeat our experiment and quantify pHrodo signal 

after 48h of washout (e.g. as performed in (Funes et al., 2024)) to determine 

whether the degradation stage is different between control and SOD1G93A microglia. 
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It has been shown that microglial phagocytosis of perineuronal nets is 

enhanced in SOD1G93A mice compared to wild-type mice, but this is likely due to the 

activation of microglia as a consequence of the disease (Cheung et al., 2024). This is 

in line with SOD1A4V iPSC-derived microglia, where a trend to show increased 

phagocytosis of beads was noted when stimulated by LPS (Allison & Ebert, 2024). 

However, in this study the authors did not compare the phagocytic capacity relative 

to control microglia. Generally, in resting conditions, phagocytic activity is relatively 

low, and it is enhanced in reactive microglia to face stimuli (Uribe-Querol & Rosales, 

2020). It would be interesting to assess how our SOD1G93A ESC-microglia adapt 

phagocytosis after chronic LPS stimulation. Due to time constrains, this was not 

done but it will be studied in the future.   

When comparing our results with other ALS-related mutations, microglial 

phagocytic dysfunction seems to be a common feature in most ALS microglia. For 

instance, mutant C9orf72 and PFN1 iPSC-derived microglia show impaired 

autophagy, which causes an inefficient degradation (Banerjee et al., 2023; Funes et 

al., 2024). Additionally, sALS microglia display a deficit in phagocytosis, with greater 

impairment in rapid-progressing than slow-progressing sALS microglia (Quek et al., 

2022), suggesting a link between microglia phagocytosis deficit and disease 

progression. It is noteworthy to mention that this link is not all always observed, 

since mutant FUS iPSC-derived microglia have unaltered apoptotic MN phagocytosis 

(Kerk et al., 2022) and mutant C9orf72-derived microglia show increased Aβ 

phagocytosis and unaltered synaptoneurosomes phagocytosis (Lorenzini et al., 

2023). Thus, it is likely that the material to be ingested may also influence the ability 

of ALS microglia to effectively trigger phagocytosis and digestion. 

Immunometabolism in in vitro SOD1G93A microglia  

Mitochondrial dysfunction is a well-stablished early pathogenic mechanism 

in ALS (Cozzolino et al., 2013; S. Damiano et al., 2020) As a result, energy 

disturbances have been described in both ALS patients (Dupuis et al., 2011) and 

SOD1G93A mouse models (Dupuis et al., 2004). Mutant SOD1 diminishes the activity 

of mitochondrial ETC complexes, leading to defective mitochondrial bioenergetics 

and ATP production in rodent SOD1G93A models (Irvin et al., 2015). Thus, we 

assessed how SOD1G93A affected microglia metabolism at baseline conditions. We 
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observed that SOD1G93A microglia showed greater glycolytic metabolism compared 

to the isogenic control but also showed increased maximal respiration.  

Most metabolic studies on SOD1-related ALS have been performed in 

homogenates obtained from mouse SOD1G93A spinal cord and brain (M. Damiano et 

al., 2006; Igoudjil et al., 2011; Kirkinezos et al., 2005; Mattiazzi et al., 2002; Miquel 

et al., 2012; Wendt et al., 2002) or muscle fibres (Leclerc et al., 2001). This strategy 

can combine affected and unaffected regions in ALS pathology, thus reducing the 

potential detectable changes in mitochondrial activities in the vulnerable areas. To 

date, cell-specific metabolic effects in ALS have been mainly described in human 

iPSC-derived MNs, which exhibited hypo-oxidative and hyper-glycolytic metabolism 

regardless of the ALS cause (SOD1L144F, TDP43G298S, C9ORF72-HRE and sALS) (Hor 

et al., 2021; Singh et al., 2021). Similarly, SOD1G93A NSC-34 MN-like cells rely on 

glycolytic metabolism due to reduced ETC activity (Menzies et al., 2002). In this line, 

metabolic changes in glial cells have been only reported in primary rat SOD1G93A 

astrocytes, which showed impaired mitochondrial respiration with uncoupling of 

ATP production (Cassina et al., 2008; Miquel et al., 2012). Only one study has 

described increased maximal respiration by mutant SOD1, and this was done in 

yeast expressing distinct SOD1 mutations (Bastow et al., 2016). This work 

demonstrated that expression of mutant SOD1 isoforms in yeast resulted in reduced 

cell viability, whose toxicity did not correlate with mitochondrial dysfunction or 

oxidative stress rather on the inability to control central metabolic processes. 

However, immunometabolism assessment in ALS microglia have not been 

previously assessed. Considering our contrary results, it may suggest a particular 

microglial metabolic effect in SOD1-related ALS.  

A plausible explanation may be the metabolic preferences in each CNS cell 

type. In resting conditions, astrocytes rely their metabolism on glycolysis and lactate 

production, with limited dependence on mitochondrial oxidation (Y. M. Zhang et al., 

2023). In contrast, oxidative phosphorylation, which is more efficient than 

glycolysis in terms of ATP production, is the main energy source to fuel the high 

metabolic demands in neurons, thus being highly sensitive to any mitochondrial 

disturbance (Breuer et al., 2013). Regarding microglia metabolism, they are more 

plastic cells that can utilize both glycolytic and oxidative metabolism (Lynch, 2020). 
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Although it has been postulated than metabolic reprogramming towards glycolysis 

occurs in activated pro-inflammatory microglia and oxidative phosphorylation is 

the main metabolism in the anti-inflammatory state (Amo-Aparicio et al., 2024). A 

recent study has shown that sustained oxidative phosphorylation is a feature of pro-

inflammatory microglia that contributes to the CNS inflammation perpetuation 

(Peruzzotti-Jametti et al., 2024). Our hypothesis is that mutant SOD1G93A microglia 

have a basal activated state, which imply active aerobic oxidative phosphorylation 

and to a greater extent, glycolytic metabolism, to support essential phagocytic, 

migratory and mitotic mechanisms, among others. Mutant SOD1 may exacerbate 

this metabolic demand as a compensatory mechanism, increasing maximal 

respiration to produce more energy, potentially as a response to impaired 

mitochondrial function. This could lead to detrimental consequences, such as 

excessive ROS generation and oxidation of critical biomolecules, especially if 

antioxidant defences, like SOD1, are overwhelmed. However, further exploration 

needs to be done to understand the biological impact of the metabolic alterations 

observed in SOD1G93A microglia.  

Some methodological and interpretation issues must be taken into account. 

On one hand, mitochondrial CO2 could act as a confounding variable to interpreting 

ECAR as glycolytic flux, since the entire breakdown of one molecule of glucose 

through oxidative phosphorylation generates six CO2 molecules (Divakaruni et al., 

2014). In our data, we observed ECAR changes after injection of ETC inhibitors, 

particularly in the SOD1G93A microglia, where ECAR decreased after oligomycin and 

Rot/AA and an increase following FCCP. If the glycolytic turnover were the main 

contributor, ECAR values would remain constant or increase after ETC modulators 

injection. Overall, it may indicate that Krebs cycle activity and coupled 

mitochondrial respiration likely contributes to the ECAR signal. Thus, to 

interpretate better the glycolytic results, it would be useful to perform an additional 

specific glycolysis assay. On the other hand, most published studies describing 

metabolism in SOD1-related ALS, they used isolated live mitochondria (Cassina et 

al., 2008; M. Damiano et al., 2006; Igoudjil et al., 2011; Kirkinezos et al., 2005; 

Mattiazzi et al., 2002; Panov et al., 2011; Wendt et al., 2002; W. Zhao, Varghese, et 

al., 2012), which is especially useful in ex vivo studies from tissues as the quality and 

yields of mitochondria are appropriate. However, some limitations must be 
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considered as the isolation process could trigger some artifacts in terms of 

morphological ultrastructure and mitochondrial subselection. Additionally, isolated 

mitochondria studies miss cell-intrinsic effects on mitochondrial function  

(Divakaruni & Jastroch, 2022). In contrast, by conducting studies in intact cells, we 

preserved the physiological interactions between organelles and signalling 

pathways, providing a more accurate representation of cellular metabolisms 

(Divakaruni & Jastroch, 2022).  

Microglia reprogram their metabolism from oxidative phosphorylation 

towards aerobic glycolysis upon activation by a pro-inflammatory stimulus to fulfil 

the high energy demands, in a similar way as the Warburg effect observed in cancer 

cells (Amo-Aparicio et al., 2024; Cassina et al., 2021). Hence, we stimulated control 

and SOD1G93A microglia with LPS for 24 hours, known to induce the pro-

inflammatory phenotype, to assess how immunometabolism is adapted. Since some 

species-particularities have been reported in metabolic reprogramming in mouse 

and human microglia (Sabogal-Guáqueta et al., 2023), we first confirmed that our 

metabolic profile observed in LPS-control microglia was reproduced in the 

literature. No detectable OCR changes were detected between basal and LPS-

stimulated control microglia, in line with the unchanged oxidative phosphorylation 

seen in LPS-stimulated human macrophages (Vijayan et al., 2019). Moreover, similar 

basal ECAR values were observed between untreated and LPS-treated control 

microglia, in a similar manner to human iPSC-derived microglia (Sabogal-Guáqueta 

et al., 2023). At baseline measurements, LPS-SOD1G93A microglia exhibited 

decreased oxidative phosphorylation values with a concomitant increased glycolytic 

metabolism compared to LPS-control microglia. Importantly, in response to 

oligomycin, a mitochondrial ATP synthase inhibitor, LPS-control microglia showed 

an increment in ECAR, suggesting an increased glycolytic capacity in line with 

(Sangineto et al., 2023). Nevertheless, this ECAR increase was not observed in LPS-

SOD1G93A microglia, suggesting an inability to further enhance glycolysis, likely due 

to an already high basal glycolytic rate, potentially as a response to SOD1-related 

pathology.   

To assess whether our metabolic findings in basal SOD1G93A microglia were 

intrinsic to mitochondria or were due to changes in mitochondrial biogenesis, we 
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first tracked live mitochondria with Mitotracker dye. We did not find differences in 

mitochondrial content between SOD1G93A and control microglia either in basal or 

LPS-stimulation conditions. Thus, this indicates that the increased maximal 

respiration observed at baseline states is not due to an increment in mitochondrial 

formation. In contrast with our findings, a qualitative decrease in Mitotracker 

labelling was visible in primary SOD1G93A astrocytes (Cassina et al., 2008).  

Mitochondrial ROS, specifically superoxide anion, was quantified with the 

MitoSOX probe. As expected, SOD1G93A microglia showed significant higher 

superoxide levels, which indicates increased ROS generation or impaired clearance. 

Increased ROS production has been described extensively as a pathogenic 

mechanism in MN death (Hardiman et al., 2017; Mead et al., 2023; Park & Yang, 

2021), but also in glial cells, including mutant SOD1 astrocytes (Cassina et al., 2008; 

Soubannier et al., 2024) and microglia (Beers et al., 2006; Y. Liu et al., 2009; Q. Xiao 

et al., 2007). The linkage between ROS and mitochondrial dysfunction is clear. 

Mitochondria are the main source of ROS and consequent oxidative stress as a result 

of mitochondrial dysfunction can affect its functioning. ROS generation also takes 

places in microglia after adopting the pro-inflammatory phenotype induced by LPS 

(Hsu & Wen, 2002). LPS-control microglia showed elevated superoxide levels to a 

similar extent to LPS-stimulated SOD1G93A. Interestingly, compared to basal 

conditions, control microglia increased ROS production upon LPS stimulation, as 

part of the inflammatory response. Contrarily, SOD1G93A microglia did not exhibit 

any change in ROS levels between basal and stimulated conditions, probably due to 

the already elevated basal ROS levels. Controlled ROS production is known to 

necessary to activate a proper pro-inflammatory signalling pathways, regulate the 

resolution of inflammatory response and induce the expression of antioxidant 

proteins. However, excessive ROS production can contribute to exacerbate 

inflammation and oxidative damage production of pro-inflammatory cytokines 

(Checa & Aran, 2020), as it may occur in SOD1G93A microglia. In this line, we showed 

that human microglia carrying this mutation produced greater levels of cytokines, 

further linking impair metabolism, ROS production and inflammation. 
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Pendant experiments for a complete in vitro SOD1G93A microglia 

characterization 

To fully characterize in vitro SOD1G93A microglia in an ALS context, we 

consider that assessing microglial-mediated MN toxicity is fundamental. As a part of 

this work, we collected microglial conditioned medium from control and SOD1G93A 

microglia, from both untreated and LPS-stimulated conditions, to test the neurotoxic 

potential of the factors secreted by mutant microglia. During this PhD, we have 

performed some trials consisting of treating differentiated NSC-34 MN-like cells or 

primary mouse cortical neurons with microglial conditioned medium at different 

dilutions. However, these experiments were unsuccessful, likely due to the lack of a 

complete differentiation of the NSC-34 hybridoma cell line into MN or the high 

sensitivity of cortical neurons.  

Currently, we are performing the same approach with human iPSC-derived 

MN in the context of a collaboration (Alberto Ortega Cano Research group, IDIBELL) 

with more promising results. We also included LPS treatment as variable, as it 

remains unclear whether microglia require to be activated to a certain degree to 

exert toxicity. Although some previous studies reported microglial toxicity in MN co-

cultured with untreated ALS microglia (Liao et al., 2012; Q. Xiao et al., 2007), others 

suggest that stimulation is needed to produce cytotoxicity (Banerjee et al., 2023; 

Vahsen et al., 2023; Weydt et al., 2004). Finally, it would be also interesting to study 

SOD1G93A microglial morphology more extensively and to see whether misfolded 

SOD1 aggregates are accumulated in our human ESC-derived microglia.  

During this PhD, a short-term international internship was done in Mancuso 

Lab (VIB-UAntwerp Center for Molecular Neurology (Antwerp, Belgium). Microglial 

conditioned medium from two sALS patients and one control iPSC line was collected 

with the purpose of screening their neurotoxic potential and prioritizing the most 

neurotoxic one in future in vivo experiments of xenotransplantation in the mouse 

spinal cord. However, due to the lack of success in the neurotoxicity assays with our 

SOD1G93A microglia supernatant, this experiment is pendant and cannot be included 

in the present manuscript.  
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Xenotransplantation of microglia into the mouse spinal cord 

Transplantation of human MPs into the mouse CNS results in functional 

human microglia, which closely resembles in vivo adult human microglia 

(Hasselmann et al., 2019), providing a more accurate model for human microglia. 

This idea arose from the fact that microglia behaviour differs in vitro and ex vivo due 

to the lack of the CNS environment and its fundamental clues for proper microglial 

identity (Gosselin et al., 2017; Lloyd et al., 2024; Mancuso et al., 2019). This cutting-

edge system could be useful to assess the effect of human genetic variants relevant 

in neurological diseases in in vivo microglia. Studies using these chimeric mice 

consistently show human microglia engrafted into the brain (Abud et al., 2017; 

Capotondo et al., 2017; Fattorelli et al., 2021; Hasselmann et al., 2019; Mancuso et 

al., 2019, 2024; Svoboda et al., 2019; R. Xu et al., 2020), which is especially useful in 

diseases affecting mainly this anatomical region, such as AD, PD, Huntington disease 

(HD) or ischemic ictus, among others. While ALS also involves upper MN located in 

the motor cortex, most studies in animal models have focused on lower MN located 

in the spinal cord. In fact, SOD1G93A mouse model exhibits evident hindlimb muscles 

atrophy and paralysis, which is caused by lumbar MN degeneration (Mancuso & 

Navarro, 2015). Given our interest in ALS pathology, we set up the protocol to 

successfully engraft human microglia in newborn spinal cord for the first time, 

based on the methodology described by Fattorelli et al., 2021 for cell engraftment 

into the brain. The transplantation window is limited to the neonatal stage because 

microglia have not yet fully populated the entire CNS (Z. Xu et al., 2020). Therefore, 

our experimental setting is more challenging methodologically due to the smaller 

size of the spinal cord.  

Previous studies achieved extensive human microglia engraftment across the 

brain using multiple injections at different brain coordinates, with cell 

concentrations ranging from 200,000 MPs/brain (R. Xu et al., 2020), 500,000 

MPs/pup (Fattorelli et al., 2021; Hasselmann et al., 2019) or up to 1,000,000 

MPs/mouse (Svoboda et al., 2019). In contrast, our approach used a single injection 

of 50,000 MPs in the caudal region of the spinal cord, which was sufficient to achieve 

widespread human microglia engraftment throughout the spinal cord. Importantly, 

at 5-months and 10-months after transplantation, human microglia expressing the 
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homeostatic marker P2RY12 were observed in the cervical, thoracic, lumbar and 

sacral regions of the spinal cord. Human microglia started to colonize the mouse 

spinal cord from the outer region of the spinal cord, adjacent to meninges, as seen 

at 5 days post-transplantation, and then progressively expanded to inner areas, as 

observed at 2-, 5- and 10-months post-transplantation.  

Focusing on the lumbar spinal cord, human microglial chimerism increased 

over time following transplantation, ranging from 49-72% (2 months old), 71%-

98% (5 months old) and 84-91% (10 months old), depending on the spinal cord area 

(white and grey matter). When comparing our results with previous studies 

performing human microglia brain xenotransplantation, our human microglia 

chimerism reached values comparable to the 80% (2 months old) described in 

Hasselmann et al., 2019, and 33% (3 weeks old) or 80% (3-6 months old) in 

Fattorelli et al., 2021. Notably, our engraftment rates surpassed other studies, which 

reported 9% chimerism at 8 weeks (8 weeks old) (Mancuso et al., 2019), 27% (4 

months old) (Svoboda et al., 2019) or 8% (6 months old) (R. Xu et al., 2020). These 

findings confirm the success of our human microglial xenotransplantation model in 

the spinal cord and validate the robustness of our chimeric mouse model. 

Within the lumbar spinal cord, regional differences in human microglia 

chimerism were detected regardless the timepoint analysed. The greater presence 

of human microglia was seen in the white matter, while lower levels were observed 

in the grey matter, particularly in the dorsal horn. This may be attributed to the 

migration of human microglia along white matter tracts, mirroring the pattern seen 

during microglial development (Abud et al., 2017; Menassa & Gomez-Nicola, 2018). 

Our main interest of setting up human microglia xenotransplantation in the 

mouse spinal cord is to elucidate the involvement of microglia in the ALS 

pathogenesis. Given that SOD1G93A mouse has a lifespan of about 5 months (Mancuso 

& Navarro, 2015), it is important to achieve substantial human microglia 

engraftment at this timeframe to facilitate in vivo studies using human microglia in 

this ALS mouse model. Indeed, by 5 months, transplanted mice exhibited 71% 

chimerism in the dorsal horn, 79% in the ventral horn and 98% in the white matter, 

and no statistical differences in chimerism were observed between 5- and 10-

month-old mice. At earlier timepoints, 2-months-old transplanted mice displayed a 
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human chimerism in the lumbar spinal cord of 49% in the dorsal horn, 68% in the 

ventral horn and 72% in the white matter. This age would correspond to the pre-

symptomatic phase in SOD1G93A mouse (Mancuso & Navarro, 2015). Although the 

human microglia population in the dorsal horn is relatively lower, our main interest 

is the ventral horn where MN somas are located. Indeed, in this specific area we 

observed the greatest chimerism in the grey matter, reaching values about of 70%. 

This is particularly relevant as microglia have been described to be key players in 

ALS progression (Beers et al., 2006; Boillée et al., 2006) and, thus, achieving 

sufficient human microglial engraftment in this region is critical for studying ALS in 

this model.  

During this thesis, we have generated a new transgenic mouse by crossing 

the immunodeficient Rag2-/- IL2rγ-/- hCSF1KI mice with human SOD1G93A-

overexpressing ALS mice, which would allow us future investigation of xenografted 

ALS human microglia in an ALS context in vivo. Although this innovative approach 

has been used previously in AD mouse models (Hasselmann et al., 2019; Mancuso et 

al., 2024; Romero-Molina et al., 2024), no studies have been performed in the ALS 

field to date, as far as we know.  

This cutting-edge strategy opens numerous avenues for investigating the role 

of microglia in ALS pathogenesis. First, xenotransplantation of human SOD1G93A and 

control microglia in wild-type Rag2-/- IL2rγ-/- hCSF1KI mice would allow to assess 

how mutant SOD1 affects directly microglial transcriptomic states. Additionally, it 

would be interesting to study how xenografted SOD1G93A microglia interacts with 

lumbar MNs in wild-type Rag2-/- IL2rγ-/- hCSF1KI immunodeficient mice and whether 

mutant SOD1 microglia is enough to trigger any detectable MN damage. This 

approach could also be applied to SOD1G93A Rag2-/- IL2rγ-/-hCSF1KI mice, allowing 

the evaluation of how an ALS context affects human control and SOD1G93A 

xenografted microglia.  

A key question is whether we could replicate findings from Beers et al., 2006, 

which described extend survival in SOD1G93A mice by replacing of mutant microglia 

by control murine microglia transplantation. While we focused on mutant SOD1G93A 

as it is the most studied mutation, this can be extended to other ALS-related genes, 

such as C9ORF72, TARDBP, FUS, etc. Importantly, this holds particular relevance for 
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sALS, as lack a corresponding animal model to explore the contribution of microglia 

to ALS pathogenesis. Thus, this approach may offer a new experimental approach to 

study sALS microglia in vivo.  

As with all the experimental models, limitations must be taken into 

consideration. One significant drawback is the lack of an adaptative immune system 

in the human microglia-recipient mice, which hinders the possibility to explore, for 

instance, the interaction between T-cells and microglia since T-cells infiltrate the 

CNS parenchyma in ALS (Chiu et al., 2008). Whereas neuroprotective CD4+ Th2 cells 

have been described in earlier stages, pro-inflammatory CD8+ CD4+ Th1 and Th17 

cells have been reported to be detrimental in the later ALS phases (W. Zhao et al., 

2013). Microglial cells are widely known to influence the polarization of immune 

cells, and, in turn, T-cells have been shown to modulate ALS microglia in vitro (Zhao 

et al., 2012) and influence transcriptome signature in brain ischemia (Benakis et al., 

2022), which could be also significant in ALS. Fortunately, a recent work developed 

the first fully functional human immune system in immunosuppressed mice (Chupp 

et al., 2024). Moving to a more humanized system would improve our understanding 

about human diseases and we would gain more translation from basic research to 

clinics. Moreover, although endogenous microglia pharmacological depletion is 

performed to ease human microglia integration and expansion, residual mouse 

microglia can repopulate rapidly after one week after treatment cessation (Elmore 

et al., 2015; Z. Xu et al., 2020). Finally, given the recent discovery of this microglia 

modelling approach, many questions about the model itself need to be explored. For 

instance, how persistent repopulated mouse microglia may influence engrafted 

human microglia requires further examination. Moreover, whether the regional 

microglia heterogeneity of engrafted microglia in physiological and pathological 

conditions is recapitulated needs to be addressed (Tan et al., 2020).  
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Generation of a novel C9orf72 HRE knock-in mouse model 

Developing a C9orf72 animal model, which recapitulates GOF and LOF 

pathogenic mechanisms as well as ALS/FTD symptoms and signs, remains 

challenging in the field. C9orf72-null mouse exhibits immune system dysregulation 

rather than CNS-related features (Atanasio et al., 2016; O’rourke et al., 2016). In 

contrast, GOF animal models recapitulate typical C9orf72 pathology, including RNA 

foci and DPR accumulation, but fail to develop a complete ALS/FTD phenotype 

(Chew et al., 2015; Jiang et al., 2016; Y. Liu et al., 2016; O’Rourke et al., 2015; Peters 

et al., 2015). Current research suggests that C9orf72 haploinsufficiency may 

exacerbate pathogenesis when combined with the GOF factors, potentially 

contributing to a more complete ALS/FTD-phenotype (Shao et al., 2019; Zhu et al., 

2020).  

Here, we characterized phenotypically a newly generated C9orf72 knock-in 

with G4C2 HRE, in which the pathogenic repeats disrupt the endogenous C9orf72 

gene. This model differs from published GOF animal models, which incorporate the 

human C9orf72 G4C2 HRE through BACs or AAVs (Chew et al., 2015; Jiang et al., 

2016; Y. Liu et al., 2016; O’Rourke et al., 2015; Peters et al., 2015). These GOF mouse 

models preserve the murine C9orf72 gene intact and, thus, C9orf72 LOF mechanism 

is not modelled. This caveat was solved by expressing G4C2 HRE exogenously by 

viral vectors in a C9orf72 KO mouse (Zhu et al., 2020). However, in none of the 

previous mouse models, the pathogenic repeats were located in the corresponding 

murine C9orf72 ortholog. Our model is similar to the approach used by  Dong et al., 

2020 in which they targeted the rat C9orf72 locus to incorporate 80 G4C2 repeats 

with human flanking fragments within exon 1a and exon 1b, replacing the rat exon 

1. Our expression cassette includes 30 G4C2 repeats, which it is considered to be the 

pathogenic threshold (Balendra & Isaacs, 2018). However, the somatic and 

intergenerational repeat instability arose from the repetitive sequence may have 

modified the number of repeats, due to errors in DNA repair or replication that 

generate changes in the genome over time (Kojak et al., 2024). Although it would be 

interesting to measure the exact G4C2 repeat length in our model, it is 

methodologically challenging to precisely define the repeat length above 30 due to 
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the 100% GC content of the DNA sequence and long expansions found in patients 

(Van Der Ende et al., 2021).   

Preliminary results on survival of our C9 mice did not show alterations in 

either heterozygous or homozygous animals. The only C9orf72 mouse model that 

reported decrease in survival was BAC-(G4C2)500 (Y. Liu et al., 2016), while Peters 

et al., 2015 reported normal survival in BAC-(G4C2)500/300 and other studies did not 

analyse mortality (Chew et al., 2015; Jiang et al., 2016; O’Rourke et al., 2015). 

Additionally, research indicates that survival is dramatically shortened when BAC-

G4C2 HRE are expressed in C9orf72-null mice (Zhu et al., 2020), highlighting the 

importance of combining GOF and LOF mechanisms.  

Both control and C9 animals in our study displayed body weight increase 

with age, although heterozygous animals surprisingly showed a notable smaller 

body weight gain. Although the exact cause is unclear, we hypothesize that the 

mixed genetic background (129/Sv and C57BL/6JOlaHsd) of our animals could have 

influenced this parameter.  

Despite 18 months of follow-up, our C9 mouse model did not exhibit an ALS-

like phenotype. No motor deficits were detected in the rotarod test or through CMAP 

electrophysiological measurements of plantar, tibialis anterior and gastrocnemius 

muscles. Besides, the presence of the G4C2 HRE in heterozygosis or homozygosis, or 

the inclusion or exclusion of the STOP-neo region did not impact these outcomes. 

Although several C9orf72 models expressing the human C9ORF72 gene with distinct 

G4C2 HRE length have been developed through BAC or viral vectors, a robust ALS-

like phenotype has not been recapitulated. BAC transgenic C9orf72 mouse models 

do not exhibit any motor alteration (Jiang et al., 2016; O’Rourke et al., 2015; Peters 

et al., 2015) or only subtle motor deficits in the rotarod (Chew et al., 2015), gait 

abnormalities and decreased grip strength (Y. Liu et al., 2016; Nguyen et al., 2020; 

Pattamatta et al., 2020). C9orf72 LOF models, including C9orf72-null (Atanasio et 

al., 2016; Jiang et al., 2016) and knock-down (Lopez-Herdoiza et al., 2023) mice, do 

not develop a motor phenotype, with only subtle motor deficits in aged animals. 

Dong et al., 2020 attribute the motor deficits observed in 8-months-old C9orf72 HRE 

kock-in rats with the triggered C9orf72 haploinsufficiency, although GOF 

involvement cannot be excluded since this pathogenic mechanism was not 
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evaluated. Other studies using DPRKI C9orf72+/+ (Verdone et al., 2022) and 

C9orf72+/- mice (Milioto et al., 2024) displayed MN damage and loss, accompanied 

by some rotarod deficits, but not recapitulating a full ALS phenotype. Thus, our C9 

mouse model adds to the existing evidence that reproducing a complete ALS 

phenotype in C9orf72 models remains elusive. It seems both GOF and LOF 

mechanisms are necessary for a robust ALS phenotype, yet further exploration is 

required to understand why these mice are resistant to developing full motor 

neuron disease.  

In contrast to the lack of MN disease, our homozygous C9 mouse model 

(CreER-/-, C9STOP/STOP and CreER+/-, C9fl/fl) more closely recapitulates a FTD-

compatible phenotype with depressive-like behaviour and memory dysfunction in 

advanced ages. Anhedonia in our C9 mice is evident from 8 months-old onwards. 

Although this behavioural feature has not been assessed in the reported BAC-G4C2 

C9orf72 mice (Jiang et al., 2016; O’Rourke et al., 2015; Peters et al., 2015) and AAV-

G4C2 C9orf72 models (Chew et al., 2015; Herranz-Martin et al., 2017), depressive-

like behaviour was described for the first time in C9orf72 models by Lopez-Herdoiza 

et al., 2023 in aged C9orf72-knock down mice. Besides, FTD mouse models with 

other mutations, such as human mutated tauKI (Koss et al., 2016) or GRN-KO (Yin et 

al., 2010) also exhibit depressive-like behaviours, further supporting the FTD 

relevance of our C9 mouse model.  

In terms of memory dysfunction, aged homozygous C9 mice display memory 

deficits in NORT from 8 months-old onwards, mirroring results from 12-months-old 

AAV-(G4C2)102 mice (Herranz-Martin et al., 2017). Memory impairments in aged 

BAC-(G4C2)450 mice, particularly spatial learning and working memory, have also 

been observed in (Jiang et al., 2016; Zhu et al., 2020), with severity increasing when 

C9orf72 haploinsufficiency co-occurs  (Zhu et al., 2020). However, some other 

studies reported no memory alterations in BAC-(G4C2)100-1000 (O’Rourke et al., 

2015) while did not evaluate memory skills (Chew et al., 2015; Y. Liu et al., 2016).  

Here, we also showed that homozygous C9 animals exhibited similar 

ambulatory distance to their respective control mice, and as expected, these 

distances decreased with age in all the experimental groups. This aligns with 

observations from previous C9orf72 mouse models, as described in BAC-(G4C2)100-
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1000 (O’Rourke et al., 2015), BAC-(G4C2)500 (Y. Liu et al., 2016) and DPR-

overexpressing mice (Verdone et al., 2022). This is especially relevant since 

ambulatory behavior is significant because many of our behavioral tests rely on this 

parameter, and the absence of differences in locomotor activity validates the results 

of the other tests by eliminating it as a confounding factor. Interestingly,  while 

anxiety-like behaviour is generally developed in several C9orf72 mouse models, 

including BAC-(G4C2)500 (Y. Liu et al., 2016), BAC-(G4C2)450 (Jiang et al., 2016), AAV-

(G4C2)66 (Chew et al., 2015) and DPR-overexpressing mice (Verdone et al., 2022), 

our homozygous C9 mouse model did not display an anxiety-like behaviour, as seen 

in 18-month-old BAC-(G4C2)100-1000 mice (O’Rourke et al., 2015).  

C9orf72 mouse models display plenty of variability in the phenotype 

developed, which could be influenced by the repeat length, differences in transgene 

expression, site of integration, regulatory elements or sequence differences within 

transgenes used to generate the models, mouse genetic background effects or 

variability in typical C9orf72 pathology recapitulated (RNA foci, DPR accumulation, 

TDP-43 mislocalization or neuronal loss). Elucidating how these variables affect to 

the ALS/FTD phenotype development in mice could help the field to understand the 

C9orf72 physiopathology and to have a robust C9orf72 mouse model to test 

potential therapies.  

In terms of sex differences, no major differences were observed in motor and 

behavioural features in our C9 animals. However, it is worth noting that due to the 

small number of animals per sex at certain time points, these findings are 

preliminary. Still, we observed a tendency for male C9 mice to exhibit more 

pronounced depressive symptoms and to develop memory deficits earlier (at 8 

months of age) than females, which showed these deficits later (at 14 months of 

age). In C9orf72 FTD and ALS/FTD patients, no sex differences have been observed 

in terms of prevalence (Curtis et al., 2017; Glasmacher et al., 2020). In contrast, 

female predominance has been observed in ALS-related C9orf72 cases (Curtis et al., 

2017), with evidence suggesting that C9orf72 ALS males may experience shorter 

lifespan (Trojsi et al., 2019) and earlier disease onset (Murphy et al., 2017) in 

specific cohorts. In existing C9orf72 mouse models, no sex differences were detected 

in terms of neurodegeneration or behavioural phenotype, although speciϐic studies 
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using AAV-(G4C2)66 (Chew et al., 2015) and BAC-(G4C2)500 (Y. Liu et al., 2016) 

showed higher disease vulnerability in females, with greater body weight reduction 

in the former study and more development of acute disease in the latter. 

In our study, no differences were found in the motor and behavioural 

evaluation between CreER-/-, C9STOP/STOP and CreER+/-, C9fl/fl mice, suggesting that 

the presence of the STOP-neo region does not play any effect. One plausible 

explanation for this is the location of the stop-neo region within an intronic area, 

meaning it may not affect the expression of the C9orf72 protein itself. Additionally, 

the synthesis of DPRs occurs via non-canonical RAN translation, which is driven by 

loop structures in the G4C2 repeat sequence (Freibaum & Taylor, 2017) Therefore, 

the presence of the STOP region preceding the repeats is unlikely to disrupt this 

pathogenic mechanism.  

Beyond the phenotypic characterization of our C9 model, our next steps will 

be to explore histological and molecularly this mouse model. First, we have designed 

specific primers to confirm the recombination after tamoxifen-mediated CreER 

induction at 8 weeks-old-mice, which should result with the STOP-neo removal. 

Besides, we need to measure the protein levels of C9orf72 to elucidate whether our 

C9 model reproduces the LOF C9orf72 mechanism. Dong et al., 2020 reported 

C9orf72 haploinsufficiency in their C9orf72-KI rat model, with a 40% reduction in 

C9orf72 protein expression in the CNS. We hypothesize that, given the presence of 

the STOP region in the intronic region, the protein expression should not be 

different between CreER-/-, C9STOP/STOP and CreER+/-, C9fl/fl mice. In parallel, we are 

completing the phenotypic characterization of additional animal groups to 

determine the optimal age for conducting histological analyses. Key pathogenic 

features related to C9orf72 will be evaluated, including the formation of DPRs, the 

presence of RNA foci, and TDP-43 phosphorylation and mislocalization. 

Furthermore, we aim to correlate behavioural alterations, particularly those related 

to memory and depression, with histological findings in the hippocampus and 

prefrontal cortex. In these regions, we will examine neuronal death and glial 

reactivity, which could provide insight into the underlying mechanisms driving the 

observed cognitive and affective symptoms in our model. 
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This combined approach of molecular, histological, and behavioural analysis 

will allow us to better understand the pathogenic mechanisms at play in this 

C9orf72 model, which may ultimately shed light on ALS/FTD and provide a valuable 

platform for testing therapeutic interventions. 
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Chapter 1. ALS-linked SOD1G93A mutation disrupts microglial functions in a 

cell-autonomous manner in human embryonic stem cell-derived microglia in 

vitro. 

 Our CRISPR/Cas9 strategy has successfully allowed the generation of an isogenic 

cell line carrying the SOD1G93A mutation, without detectable off-target effects.  

 Human ESCs differentiate into microglia-like cells following a 5-week protocol 

in vitro. The resulting cells are phenotypically compatible with microglial cells, 

since they express myeloid markers (Iba1, CD11b, CD45low) and specific 

microglial markers (P2RY12+).  

 In vitro human SOD1G93A ESC-derived microglia exhibit altered cytokine profile 

at baseline conditions compared to control microglia. 

 In vitro human SOD1G93A ESC-derived microglia display an exacerbated response 

to the pro-inflammatory stimulus LPS compared to control microglia.  

 SOD1G93A mutation affects microglial phagocytosis in vitro.  

 Under basal conditions, in vitro SOD1G93A microglia display metabolic 

disturbances with an increased glycolytic metabolism and maximal respiration 

rate.  

 In vitro SOD1G93A microglia adapt differently their metabolism in response to 

LPS. Whereas control microglia increase glycolysis in response to mitochondrial 

ETC inhibitors, LPS-stimulated SOD1G93A microglia did not, probably due to their 

already basal high glycolytic metabolism. 

 Control and SOD1G93A microglia exhibit similar mitochondria content both at 

basal conditions and after LPS stimulation. 

 ROS production is elevated in SOD1G93A microglia compared to control microglia. 

Upon LPS stimulation, control microglia increase ROS production, but this 

increment is absent in SOD1G93A microglia, likely to their already higher basal 

levels.  

 

 

 



Conclusions 

156 
 

Chapter 2. Xenotransplantation of human microglia into the mouse spinal 

cord.  

 Human microglia xenotransplantation into the neonatal Rag2−/− IL2rγ−/− hCSF1KI 

mouse spinal cord is feasible.  

 Xenotransplanted human microglia (P2RY12+ CD45+) populate the lumbar 

mouse spinal cord starting from the outer regions of the spinal cord and 

extending inwards, and persist for at least 10 months.  

 The degree of human microglia chimerism increases over time following 

transplantation.  

 The highest levels of human microglia colonization are found in the white 

matter, although significant colonization is also observed in the grey matter. 

  Human microglia progressively populate the entire mouse spinal cord, from the 

cervical to sacral regions, over time. 

Chapter 3. Phenotypic characterization of a novel C9orf72 G4C2 HRE knock-in 

mouse model 

 Heterozygous and homozygous C9 animals do not exhibit reduced survival rates.  
 Heterozygous and homozygous C9 animals do not display altered body weight 

changes.  
 Heterozygous and homozygous C9 animals do not develop an ALS phenotype 

during the 18 months of follow-up.  
 Homozygous C9 animals recapitulate a FTD phenotype with the following 

features: 
 Control and homozygous C9 animals display similar ambulatory ability, 

which decreases with ageing.  
 Aged homozygous C9 mice develop anhedonia and depressive-like 

behaviour from 8 months of age onwards. 
 Anxiety-like behaviour is not recapitulated in aged homozygous C9 

animals during the 18 months of follow-up.  
 Aged homozygous C9 animals exhibit memory decline, particularly 

evident by 14 months of age. 
 The presence of the STOP-neo region has no affect in the C9 phenotype. 
 There are not major sex differences between male and female C9 animals. 
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