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Summary 

Astrocytes support neuronal survival and function and have been shown to play a role in 

the aetiology of Parkinsonôs disease (PD). Several studies have attempted to generate 

induced pluripotent stem cell (iPSC)-derived astrocytes from the LMX1A+-derived ventral 

midbrain (VM) lineage to study the role of astrocytes PD. However, the lineage identity of 

these astrocytes was poorly characterised. This thesis characterises the lineage identity of 

iPSC-derived LMX1A+-derived VM astrocytes in comparison to the LMX1A--derived 

midbrain and telencephalon astrocytes.  

Using an LMX1A-BFP lineage tracing system, the highly enriched LMX1A+-derived VM 

lineage progenitors were purified using fluorescence-activated cell sorting. Flow cytometry 

lineage tracing during the progenitor expansion and astrocytic induction of these 

progenitors found a loss of the LMX1A+-derived VM lineage progenitors in the unsorted 

culture but not the sorted culture. Both the remaining progenitors in the unsorted culture 

and the sorted LMX1A+-derived VM progenitors could be differentiated into astrocytes 

expressing classic astrocyte makers.  

Using deep SMART-seq single-cell RNA sequencing, the single-cell transcriptome of 

astrocytes differentiated from the LMX1A+-derived VM, LMX1A--derived midbrain and the 

telencephalon lineage. In silico prioritisation and in vitro validation identified FOXG1 and 

EMX2 as markers for telencephalon astrocytes, NR2F2 and LMO3 for LMX1A+-derived 

VM astrocytes, and PAX3, PAX7, and IRX3 for LMX1A--derived midbrain astrocytes.  

Finally, functional assays demonstrated that the LMX1A+-derived VM astrocytes could 

remove extracellular glutamate, respond to pro-inflammatory stimuli by secreting 

interleukin 6, exhibit ATP-induced calcium spikes, and protect neurons from oxidative 

stress in co-culture. LMX1A+-derived VM astrocytes also differentially expressed higher 

levels of several PD risk genes, most interestingly, SNCA, GBA, and PARK7, suggesting a 

potential link to PD. 

This thesis demonstrates that culture heterogeneity affects the lineage identity of iPSC-

derived VM astrocytes and highlights the need for better and more careful characterisation 

of the regional identity of stem cell-derived astrocytes.  
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Chapter 1. Introduction 

Parkinsonôs disease (PD) is one of the most prevalent neurodegenerative diseases, 

affecting millions of patients worldwide (Collaborators 2018). Significant efforts have been 

invested in the understanding of the aetiology of PD and the search for treatments. 

Although midbrain dopaminergic (mDA) neurons of the substantia nigra (SN) pars 

compacta are the main cell type degenerating, recent evidence has implicated that 

astrocytes, a major type of glial cells in the central nervous system (CNS), might play an 

important role in the pathogenesis of PD (Booth et al. 2017). Astrocytes play a pivotal role 

in supporting the survival and normal function of neurons (Verkhratsky and Nedergaard 

2018). Several studies have discovered several cellular abnormalities in astrocytes 

differentiated from human induced pluripotent stem cells (iPSC) obtained from familial PD 

patients and that these abnormal astrocytes can lead to the degeneration of neurons in co-

culture (Chandrasekaran et al. 2016). In light of such evidence, we aimed to generate and 

characterise iPSC-derived ventral midbrain (VM) astrocytes to model astrocyte 

abnormality in the aetiology of PD. This chapter will review the current knowledge of 

astrocytes, PD, the use and method of pluripotent stem cell (PSC)-based cellular models 

in the study of PD, a background of the Single-cell RNA sequencing technology and 

analysis methods, and finally summarise the aims and objectives of this project. 
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1.1 Astrocytes 

Astrocytes are one of the major types of glial cells in the human brain, accounting for 

approximately 17%~20% of the total glial cells (Pelvig et al. 2008). Morphological studies 

have described astrocytes as large cells with complex and fine fibres following the Golgi 

stain, with end-feet (enlarged terminals of astrocyte branches) wrapping around neuron 

synapses and capillaries, where astrocytes are involved in forming tripartite synapses and 

blood-brain-barrier (Andriezen 1893; Verkhratsky and Nedergaard 2018). There are four 

major types of astrocyte morphology described in humans (Figure 1-1). Interlaminar 

astrocytes are mainly observed in layer I of the cerebral cortex, featured with long 

processes; fibrous astrocytes usually locate in the white matter, characterised by their 

complex fibre structures; protoplasmic astrocytes are also fibrous but found in the grey 

matter with their processes usually forming non-overlapping domains; finally, varicose 

astrocytes are observed in deep layers of the cerebral cortex and have long process 

extending away from their fibrous cell bodies (Andriezen 1893; Oberheim et al. 2009). Not 

only are astrocytes diverse in morphology, but the molecular and functional properties also 

differ among the astrocyte population. Such a diverse population of cells, nevertheless, is 

crucially involved in maintaining the homeostasis of the brain and the survival and normal 

function of neurons. After brain injuries, such as trauma and infection, astrocytes turn into 

a reactive state wherein astrocytes become proliferative and release proinflammatory and 

matrix-modifying factors (Sofroniew 2020).  
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Figure 1-1. Four types of Glial Fibrillary Acidic Protein-positive astrocytes based on 
morphology in different layers of the human cortex. 

Interlaminar astrocytes with long processes locate in layer I; protoplasmic astrocytes have 
complex fibre structures with large processes, located in layer III and IV; varicose 
astrocytes, located in layer V and VI, have a long process protruding from the cell body 
where there are fibrous processes; fibrous astrocytes have thin and fine processes and 
locate in the white matter. Scale bar = 150 µm. Reprinted from Oberheim et al. (2009) 
under the Creative Commons Attribution 4.0 International License. (Copyright [2009] 
Society for Neuroscience). 

https://doi.org/10.1523/JNEUROSCI.4707-08.2009
https://creativecommons.org/licenses/by/4.0/
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1.1.1 Marker for astrocytes 

Traditionally, astrocytes are identified by the expression of GFAP, an intermediate filament 

protein. GFAP was initially found to be expressed in cells with astrocyte morphology in the 

brains of humans and other mammals (Bignami et al. 1972). During the development, 

GFAP can be detected in lysates from human brains of gestation week (GW) 7-9 and also 

by immunohistochemistry in radial glia as early as GW7 (Levitt and Rakic 1980; Gaidar et 

al. 1991). However, GFAP expression is not ubiquitous in nor restricted to the astrocyte 

lineage. GFAP is not highly expressed in all astrocytes. GFAP- astrocytes have been 

described in rat hippocampus and pineal gland, and human foetal hippocampus based on 

the expression of other astrocyte markers (Walz and Lang 1998; Kofler et al. 2002; Holst 

et al. 2019). Additionally, GFAP expression is upregulated in reactive astrocytes 

(Sofroniew 2020; Escartin et al. 2021). Moreover, GFAP+ radial glia could also generate 

neurons, suggesting that GFAP expression does not guarantee astrocyte lineage 

(Malatesta et al. 2000). Therefore, the expression of GFAP alone does not guarantee 

astrocyte identity. Multiple markers should be used. 

S100B is another widely used astrocyte marker. S100B is a homodimeric calcium-sensing 

protein in the cytoplasm (Michetti et al. 2019). During development, S100B partially 

overlaps with GFAP and AQP4 in the foetal astrocytes (Holst et al. 2019). Experiments in 

primary cells from mice found that S100B expression occurred after GFAP expression and 

coincided with the loss of radial glial identity, thus potentially marking a more mature stage 

of astrocyte development than GFAP expression according to (Raponi et al. 2007). In the 

adult brain, S100B can be detected in both rat astrocytes and some oligodendrocytes by 

immunohistochemistry (Ludwin et al. 1976; Boyes et al. 1986). In addition, some 

oligodendrocytes and neurons were also found to be S100B+ in both rodents and humans 

(Ludwin et al. 1976; Rickmann and Wolff 1995; Hachem et al. 2005; Steiner et al. 2007). 

Therefore, when using S100B as an astrocyte marker, additional markers should be used 

to exclude the possibility of alternative cell types and to confirm astrocyte identity. 

CD44 is a cell surface glycoprotein. CD44 was initially detected in foetal primary 

astrocytes and adult human cortex white matter astrocytes (Girgrah et al. 1991; Moretto et 

al. 1993). CD44 labels astrogenic neural precursors isolated from mouse and human foetal 

cortex which can differentiate into astrocytes in culture, suggesting that CD44 expression 
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may be a characteristic of astrocyte precursors and immature astrocytes (Liu et al. 2004). 

In the adult human cortex and hippocampus, CD44 is only expressed in a subset of 

astrocytes. Most of the CD44+ astrocytes have interlaminar and protoplasmic morphology 

and highly express GFAP and S100B, whereas mature astrocyte markers, EAAT1, 

EAAT2, and AQP4 are only lowly expressed (Sosunov et al. 2014). Like GFAP and 

S100B, CD44 is also expressed in other cell types in the central nervous system, such as 

oligodendrocyte precursors and some oligodendrocytes (Moretto et al. 1993; Bouvier-Labit 

et al. 2002). 

AQP4 is a water transporter and is the predominant subtype expressed in the CNS. 

Compared to other markers, AQP4 was reported to be more astrocyte-specific and widely 

expressed than other markers, with only ependymal cells reported to also express AQP4 

(Nielsen et al. 1997; Holst et al. 2019). In the human foetal brain, AQP4 is expressed as 

early as 19-week post-conception and partially co-expressed with GFAP and S100B (Holst 

et al. 2019). A major difficulty with using AQP4 as an astrocyte marker is its polarised 

expression pattern concentrating at the astrocyte end-feet (Nielsen et al. 1997; 

Verkhratsky and Nedergaard 2018). Therefore, it is difficult to identify astrocytes by 

immunostaining. Similar practical difficulty also applies to another marker, GJA1 (also 

known as Connexin 43), which is a key component of gap junctions between astrocytes 

and exhibits punctate pattern in immunostaining (Dermietzel et al. 1991; Giaume et al. 

1991). 

EAAT1 (also known as GLAST, encoded by SLC1A3 gene) and EAAT2 (also known as 

GLT-1, encoded by SLC1A2 gene) are two types of glutamate transporters expressed in 

the central nervous system. EAAT1 is predominantly expressed in radial glia and immature 

astrocytes during development, and in cerebellar glial cells in adults (Maragakis et al. 

2004; Malik and Willnow 2019). Since EAAT1+ radial glia could differentiate into both 

neurons and astrocytes, EAAT1 should not be used as a marker for astrocyte precursors 

(Shibata et al. 1997; Anthony et al. 2004; Hebsgaard et al. 2009). By contrast, EAAT2 

expression is mainly detected in mature astrocytes but not glial progenitors (Milton et al. 

1997; Maragakis et al. 2004; Melone et al. 2011). There were also some debates on its 

expression in neurons (Rimmele and Rosenberg 2016). Surprisingly, in the early postnatal 

human cortex, EAAT2 is transiently expressed in MAP2+ neurons (DeSilva et al. 2012). 

Therefore, prudence is needed when using EAAT1 and EAAT2 as astrocyte markers. 
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HEPACAM (also known as GlialCAM) and ALDH1L1 are now widely used as markers for 

astrocyte isolation. HEPACAM is expressed in astrocytes and some oligodendrocyte 

precursors (Favre-Kontula et al. 2008). HEPACAM has been used as a target of immuno-

panning for astrocyte isolation from tissues and organoids (Zhang et al. 2016; Sloan et al. 

2017). ALDH1L1 is an enzyme involved in folate metabolism and was initially suggested 

as an astrocyte marker from ribonucleic acid (RNA) sequencing (RNAseq) studies but has 

previously been found to be highly expressed in astrocytes (Neymeyer et al. 1997; Cahoy 

et al. 2008). ALDH1L1 has been widely used as the targeting locus to generate transgenic 

reporter mouse lines which were used for characterising the molecular and functional 

properties of astrocytes (Chai et al. 2017; Morel et al. 2017; Xin et al. 2019). Despite the 

wide use of HEPACAM and ALDH1L1, like other astrocyte markers, their expressions are 

detected in only subpopulations of astrocytes and may not be astrocyte restrictive 

(Verkhratsky and Nedergaard 2018). Therefore, the use of HEPACAM and ALDH1L1 

should be combined with other markers, and the interpretation of existing data generated 

from HEPACAM+ and ALDH1L1+ astrocytes should be cautious. 

CD49f was recently discovered and characterised as a marker for both quiescent and 

reactive astrocytes (Barbar et al. 2020). This marker was identified through surface marker 

screening of iPSC-derived OLIG2+ neural progenitors which was also positive for GFAP. 

CD49f is expressed in vimentin-positive neural precursors from the human foetal cortex 

aged GW18 and in GFAP+ and AQP4+ astrocytes from the adult human cortex (Barbar et 

al. 2020). Single-cell transcriptomic analyses of the foetal brain showed that using CD49f 

could produce an enriched astrocyte and endothelial population. Importantly, purified 

CD49f+ iPSC-derived astrocytes exhibit characteristic astrocyte electrophysiological and 

functional properties.  

In summary, the identification of astrocytes should be based on the co-expression of 

multiple markers, including GFAP, S100B, AQP4, EAAT2, CD49f, and HEPACAM. 

Meanwhile, CD44 and CD49f could be used as early markers for the astrocyte lineage. 

However, a better approach to confirming the identity of astrocytes might be to use 

unbiased transcriptomic methods, which can provide a picture of the global gene 

expression landscape for comparison with datasets obtained from post-mortem brains. 
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1.1.2 Function of astrocytes 

Astrocytes play a vital role in maintaining the homeostasis of the extracellular environment 

of the brain. Firstly, astrocytes maintain molecular homeostasis. Molecular homeostasis is 

often disrupted by neuronal and synaptic activities and restored by astrocytes. During 

repolarisation, astrocytes take up K+ by both active transport via sodium-potassium 

ATPase and passive transport via inward rectifying potassium channel 4.1 (Ransom et al. 

2000; Larsen et al. 2014). ɔ-aminobutyric acid (GABA)-induced Cl- influx to neurons could 

be counteracted by efflux from astrocytes (Kettenmann et al. 1987). Extracellular pH is 

regulated by H+ transport via EAAT1/2 and Na+-HCO3
- transporters (Bevensee et al. 1997; 

Hansen et al. 2015). Furthermore, extracellular water volume is regulated by AQP4, which 

is enriched at astrocyte end-feet wrapping around capillaries and can transport water both 

into and out of astrocytes (Yao et al. 2008; Haj-Yasein et al. 2011). Synaptic activities are 

mediated by neurotransmitters. Astrocytes play an important role in the removal and 

metabolism of neurotransmitters, particularly glutamate (Verkhratsky and Nedergaard 

2018). Glutamate is predominantly taken up by astrocytes via the Na+-dependent EAAT1/2 

mechanism, which is coupled with the influx of 3 Na+ and 1 H+ and efflux of 2 K+ per 

molecular of glutamate (Levy et al. 1998; Mahmoud et al. 2019). In astrocytes, glutamate 

can be metabolised to glutamine by GS or to intermediates in the tricarboxylic acid cycle, 

depending on extracellular glutamate concentration (McKenna et al. 1996). Glutamines are 

then released and transferred into neurons and used as the substrate for glutamate and 

GABA synthesis, thereby contributing to the recycling of neurotransmitters (Waniewski and 

Martin 1986; Verkhratsky and Nedergaard 2018).  

A major role of astrocytes in regulating brain homeostasis is achieved by participating in 

the formation of the blood-brain barrier (BBB) and the glymphatic system. BBB is formed 

between blood vessels and brain parenchyma by astrocytes, endothelial cells, pericytes, 

and structural components, including tight junctions and basement membranes (Daneman 

and Prat 2015). Astrocytes extend their processes, and their endfeet wrap around blood 

vessels and neurons. The membrane of astrocyte end-feet expresses various transporters 

regulating water and nutrient transport. Apart from controlling molecule transport, 

astrocytes can also control blood flow in the brain. Such control can be coupled to 

neuronal activity. Upon stimulation of glutamate, astrocytes can release molecules 

regulating vasodilation and constriction, including prostaglandin E2, 20-



 

8 

 

hydroxyeicosatetraenoic acid, adenosine triphosphate (ATP), as well as K+ (Zonta et al. 

2003; Mulligan and MacVicar 2004; Filosa et al. 2006; Kim et al. 2015). Moreover, 

astrocytes are blood pressure sensors themselves. Changes in blood perfusion to the 

brain induce Ca2+ response in astrocytes and release of gliotransmitters that regulate 

brainstem sympathetic circuits (Marina et al. 2020). In addition to forming BBB, astrocyte 

end-feet also form a ductal system alongside blood vessels, part of the brain lymphatic 

system (Mestre et al. 2020). This system is referred to as the glymphatic system which 

contributes to the removal of waste, such as ɓ-amyloid (Iliff et al. 2012). 

Secondly, astrocytes provide energetic support to neurons. One way of energetic support 

by astrocytes is glycogen storage in astrocytes. Glycogen granules are almost exclusively 

found in astrocytes in the CNS (Verkhratsky and Nedergaard 2018). Furthermore, 

astrocytes provide energetic support through a proposed astrocyte-neuron lactate shuttle 

model. Neurons preferentially metabolise glucose through oxidative respiration to produce 

the large amount of energy needed for neuronal activities, while astrocytes preferentially 

produce lactate from glucose (Bouzier-Sore et al. 2006; Magistretti and Allaman 2018). 

Lactate can be released from astrocytes, taken up by neurons, and utilised by neurons to 

produce energy via the tricarboxylic acid cycle (Magistretti and Allaman 2018). Under 

resting state, neurons and astrocytes take up glucose at an approximately similar rate, 

whereas neuronal activities only induce increased glucose uptake and lactate production 

by astrocytes but not by neurons (Pellerin and Magistretti 1994; Nehlig et al. 2004; 

Chuquet et al. 2010). In addition, astrocytes can also transfer blood lactate for neuronal 

use (Gandhi et al. 2009a; Boumezbeur et al. 2010).  

Thirdly, during development, astrocytes promote synaptogenesis. Co-culturing astrocytes 

with purified postnatal rat neurons promoted the formation and electric maturation of 

synapses in vitro (Pfrieger and Barres 1997; Ullian et al. 2001). It has been reported that 

astrocytes achieve such synaptogenic and pro-maturation effects by releasing several 

factors, including cholesterol, thrombospondin, Hevin, Brain-Derived Neurotrophic Factor 

(BDNF), etc. (Eroglu and Barres 2010). Another vital role of astrocytes in synapse 

development is to regulate synapse elimination. Astrocyte-secreted Transforming Growth 

Factor Beta (TGFß) could induce complement protein expression in neuronal terminals, 

which are eliminated by microglia through phagocytosis (Stevens et al. 2007; Bialas and 

Stevens 2013). Furthermore, astrocytes can also directly phagocytose inactive synapses 
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via Multiple EGF-like Domains 10 And MER Proto-Oncogene, Tyrosine Kinase Receptors 

(Chung et al. 2013).  

In addition to promoting synaptic development, astrocytes are structurally and functionally 

associated with synapses. Astrocyte processes wrap around synapses forming tripartite 

synapses with neuronal terminals. These processes are enriched with various receptors, 

channels, and transporters on the membrane as well as dynamic cytoskeletal network and 

multivesicular bodies, which can respond to and further influence synaptic activity (Bezzi et 

al. 2004; Verkhratsky and Nedergaard 2018; Venturini et al. 2019). Astrocytes can release 

transmitter molecules, such as glutamate, ATP, and GABA, which are often referred to as 

gliotransmitters. Gliotransmitters have been found to influence the dynamics of 

postsynaptic currents, modulate neuronal excitability, and contribute to synaptic 

potentiation and depression (Verkhratsky and Nedergaard 2018). In addition, the ability of 

astrocytes to take up neurotransmitters not only prevents transmitter spillover but also 

modulates the dynamics of postsynaptic current. For example, glutamate uptake by 

astrocytes is required for the lower amplitude and quicker decay of the N-Methyl-D-

aspartic acid or N-Methyl-D-aspartate (NMDA) receptor-mediated postsynaptic currents in 

hippocampal synapses (Arnth-Jensen et al. 2002). 

1.1.3 Development of astrocytes 

1.1.3.1 Origin of astrocytes 

Astrocytes arise from the neuroepithelium. Neuroepithelial progenitors initially generate 

neuronal precursors by asymmetric division. In addition to neuronal precursors, another 

daughter cell of the asymmetric division of neuroepithelial progenitors remains proliferative 

in the ventricular zone, becoming radial glia. Radial glia proliferate and give rise to 

astrocyte precursors at the late embryonic stage (Figure 1-2). The process of astrocyte 

specification and development from radial glia is referred to as astrogenesis. The precise 

timing of this process differs from region to region. In mice, astrogenesis occurs in the 

spinal cord at around embryonic day (E) 12-13, while taking place in the cortex at around 

E16-18 (Verkhratsky and Nedergaard 2018). Similar caudal-to-rostral development was 

also reported in human based on GFAP and S100ß immunostaining (Roessmann and 

Gambetti 1986; Wilkinson et al. 1990). Astrogenesis from radial glia can occur not only 

through asymmetric division, generating astrocyte precursors and daughter radial glia, but 
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also through direct differentiation to astrocytes (Figure 1-2; Schmechel and Rakic 1979; 

Voigt 1989; deAzevedo et al. 2003; Noctor et al. 2004). Astrocyte precursors can migrate 

from the ventricular zone while proliferating, giving rise to more astrocytes. In addition, 

differentiated astrocytes could also further proliferate locally after reaching their migratory 

destination (Ge et al. 2012). Such local proliferation occurs postnatally. In mice, the peak 

of the local division occurs at around P6 and decreases afterwards (Ge et al. 2012). The 

proliferation during and after migration significantly expands the number of astrocytes, 

accounting for more than 50% of the total astrocyte population, and also explains the 

clonal and clustered distribution of astrocytes in the cortex (Garcia-Marques and Lopez-

Mascaraque 2013; Verkhratsky and Nedergaard 2018). 

 

Figure 1-2. Developmental origin of astrocytes. 

Astrocytes arise from neuroepithelial radial glia. During the late embryonic stage, radial 
glia asymmetrically divides to generate daughter radial glia and astrocyte precursors. 
Astrocyte precursors can further divide or differentiate into immature astrocytes. Radial 
glia can also directly differentiate from immature astrocytes at birth. Immature astrocytes 
further proliferate after birth and become functionally mature. (P: pia matter; CP: cortical 
plate; SVZ: subventricular zone; VZ: ventricular zone; GM: grey matter; WM: white matter; 
V-SVZ: ventricular and subventricular zone). Adapted from Akdemir ES et al. (2020) under 
Creative Commons Attribution 4.0 International License. (Copyright [2020] Akdemir ES et 
al.) 

https://doi.org/10.12688/f1000research.22405.1
https://creativecommons.org/licenses/by/4.0/
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1.1.3.2 Signalling pathways regulating astrogenesis 

The timing of astrogenesis is regulated by mainly three signalling pathways: Janus Kinase 

(JAK)-Signal Transducer and Activator of Transcription (STAT) pathway, Bone 

Morphogenetic Protein (BMP) 2/4-SMAD signalling, and Notch signalling. These signalling 

pathways operate together to control the timing of astrogenesis by inhibiting neurogenesis 

and promoting astrogenesis (Figure 1-3). 

JAK-STAT signalling pathway is one of the signalling pathways that regulate the timing of 

and promote astrogenesis (Bonni et al. 1997; Nakashima et al. 1999a). JAK-STAT 

signalling pathway is activated by cytokines of the interleukin (IL)-6 family, including IL-6, 

LIF, CNTF, CT-1, and Oncostatin M. These cytokines bind to IL-6 receptor complexes 

formed by binding receptors and signalling receptors. There are four types of binding 

receptors, IL-6 receptors, IL-11 receptors, CNTF receptors, and CT-1 receptors, that 

mediate ligand binding, while six types of signalling receptors can dimerise to mediate 

downstream signalling transduction. One of the signalling receptors, gp130, is required for 

the signalling transduction of all cytokines (Rose-John 2018). Except for LIF, all other IL-6 

family cytokines bind to their respective specific binding receptor, forming a ligand-receptor 

complex that recruits signalling receptors (Onishi and Zandstra 2015). In contrast, LIF 

directly binds to the LIF receptor and recruits gp130 to transduce the signal (Onishi and 

Zandstra 2015). Upon recruitment to the ligand-receptor complex, gp130 forms a 

homodimer with another gp130 or heterodimer with another signalling receptor, such as 

the LIF receptor (Rose-John 2018). The signalling receptor dimer activates the 

downstream kinase target, JAK, which then activates STAT family transcription factors, 

thereby regulating gene expression. The involvement of the JAK-STAT signalling in 

astrogenesis has been long appreciated. Three cytokines of the IL-6 family have been 

found to promote astrocyte development by activating the JAK-STAT pathway: LIF, CNTF, 

and CT-1 (Lillien et al. 1988; Johe et al. 1996; Bonni et al. 1997; Nakashima et al. 1999a; 

Nakashima et al. 1999b; Morrow et al. 2001; Barnabe-Heider et al. 2005; Hong and Song 

2014). Knock-out of LIFRɓ, gp130, or STAT3, or disruption of STAT3 phosphorylation led 

to a severe loss of astrocytes (Ware et al. 1995; Bonni et al. 1997; Koblar et al. 1998; 

Nakashima et al. 1999a; Hong and Song 2014). Among STAT family transcription factors, 

STAT3 is specifically required for astrocyte development, at least in mice. Knock-out of 

STAT3 in mice resulted in the loss of astrocytes in mice whereas knock-out of STAT1 did 
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not (Hong and Song 2014). Downstream targets of STAT3 not only include several 

astrocyte genes, but also components of the JAK-STAT signalling pathway, including LIF 

receptors, STAT3, and JAK1, thereby creating a positive autoregulatory loop that 

strengthens the astrogenic signalling (He et al. 2005).  

 

Figure 1-3. Intrinsic and extrinsic factors in regulating astrogenesis. 
This figure was adapted from Miller and Gauthier (2007) with the permission of Elsevier. 
(Copyright [2007] Elsevier Inc.) 
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Another signalling pathway important for astrogenesis is the BMP2/4-SMAD signalling 

pathway (Nakashima et al. 2001; Gomes et al. 2003). BMP2 and 4 are secreted growth 

factors, belonging to the TGFß family. Both BMP2 and BMP4 bind to BMPR1 and recruit 

BMPR2 which activates BMPR1 by transphosphorylation (Wang et al. 2014). Activation of 

BMPR1 activates downstream target receptor-regulated SMAD1/5/8, which, upon 

activation, translocates into the nucleus to regulate gene transcription with the aid of 

SMAD4 (Wang et al. 2014). It has been shown that SMAD1 promotes astrocyte 

differentiation by forming a transcription factor complex with STAT3 via gp130 (Nakashima 

et al. 1999b). The synergic action of STAT3 and SMAD1 has been shown to induce 

stronger GFAP promoter activity than either STAT3 or SMAD1 alone (Nakashima et al. 

1999b). The BMP2/4-SMAD pathway has a dual role in both neurogenesis and 

astrogenesis (Gross et al. 1996; Li et al. 1998; Mabie et al. 1999). During neurogenesis, 

the BMP2/4-SMAD signalling pathway is involved in the suppression of astrogenesis. The 

neurogenic transcription factor, Neurogenin 1 (NGN1), sequesters the SMAD-P300-CBP 

complex away from STAT3, thereby preventing the activation of astrogenic gene 

transcription (Sun et al. 2001). During astrogenesis, BMP2 upregulates the expression of 

negative helix-loop-helix transcription factors which repress the expression of neurogenic 

transcription factors, such as NGN1 (Nakashima et al. 2001). A low level of NGN1 allows 

the formation of STAT3-gp130-SMAD1 complex driving the expression of astrocyte genes 

(Sun et al. 2001).  

The third signalling pathway important for astrogenesis is Notch signalling. Notch is a 

transmembrane receptor protein with three domains: an extracellular domain where Notch 

ligands bind, a negative regulatory region located on the extracellular region which 

prevents the cleavage of Notch before ligand binding, and an intracellular domain which is 

cleaved from the Notch receptor upon ligand binding and translocates into the nucleus to 

regulate gene expression (Kopan and Ilagan 2009). Notch ligands are also 

transmembrane proteins. The extracellular domains of Notch ligands bind to Notch on the 

surface of neighbouring cells in juxtaposition. Upon ligand binding, Notch is cleaved by 

metalloproteases and ɔ-secretase, leading to the release of the intracellular domain of 

Notch which translocates to the nucleus to regulate gene expression together with DNA 

binding protein, RBP-J (Kopan and Ilagan 2009). During neural development, Notch 

signalling has a key role in neural progenitor maintenance (Kageyama et al. 2008). Notch 

signalling regulates the expression of HES1 and HES5, which negatively regulate the 
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expression of pro-neurogenic transcription factors, such as MASH1, NGN1, and NGN2 

(Kageyama et al. 2008). MASH1 and NGN2 could positively regulate the expression of 

neuronal genes as well as Notch ligands, which can further activate Notch signalling in 

neighbouring cells. Hence, the activation of Notch signalling keeps the cell in the 

progenitor state while promoting neurogenesis in neighbouring cells. In addition to 

maintaining progenitors and inhibiting neurogenesis, Notch signalling is also required for 

astrocyte development (Molofsky and Deneen 2015). The intracellular domain of Notch 

has been found to directly regulate the expression of GFAP via RBP-J-dependent binding 

when the JAK-STAT signalling pathway is activated (Ge et al. 2002). Activation of Notch 

signalling also upregulates the expression of NFIA and SOX9, which are two important 

transcription factors for astrogenesis (Namihira et al. 2009; Martini et al. 2013). Notch 

effectors HES1 and HES5 also potentiate JAK-STAT3 signalling by phosphorylating 

STAT3, which confers a coordinated pro-astrogenesis effect (Kamakura et al. 2004; 

Namihira et al. 2009; Martini et al. 2013).  

1.1.3.3 Cell intrinsic mechanisms regulating astrogenesis 

Cell intrinsic mechanisms regulating astrocyte development involve a programme of 

transcription factors and epigenetic regulation. Transcription factors are involved in 

astrocyte development by regulating neurogenesis and astrogenesis (Figure 1-3). Pro-

neurogenic transcription factors, such as NGN1 and NGN2, are required to repress 

astrogenesis during the neurogenesis stage. NGN1 inhibits STAT3 action by competitively 

sequestering the SMAD complex (Sun et al. 2001), while Wnt signalling-regulated NGN2 

can directly bind to promoters of astrocytic genes to hinder transcription initiation (Sun et 

al. 2019). In addition to NGN1 and NGN2, Nuclear Receptor Corepressor 1 (NCOR1) is 

also involved in repressing the expression of astrogenic genes (Miller and Gauthier 2007). 

Upon the activation of ERBB2/4 receptors and Notch receptors, NCOR1 translocates to 

the nucleus and forms a transcription repressor complex with RBP-J via TAB2 adaptor to 

assist in the repression of the expression of astrogenic genes (Hermanson et al. 2002; 

Schmid et al. 2003; Sardi et al. 2006). 

Another set of transcription factors is involved in astrocyte development by promoting 

astrogenesis. NFIA is one of the crucial factors. In the mouse spinal cord, NFIA starts to 

be co-expressed with EAAT1 in the ventricular zone at E11.5-E12.5 (Deneen et al. 2006). 
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NFIA plays an important role in regulating the expression of astrocytic genes. GFAP is one 

such gene and has been well studied, while other downstream targets have also been 

confirmed through the omics approach (Tiwari et al. 2018). NFIA regulates the expression 

of astrocytic genes by modifying chromatin accessibility through DNA demethylation and 

histone modification (Krohn et al. 1999; Cebolla and Vallejo 2006; Brun et al. 2009; 

Namihira et al. 2009; Tiwari et al. 2018). The expression of NFIA is a prerequisite for 

astrogenesis as it has been shown that the activation of the astrogenic JAK-STAT3 

signalling pathway could not drive astrogenesis in the absence of NFIA (Deneen et al. 

2006; Namihira et al. 2009). Moreover, NFIA also represses oligodendrocyte differentiation 

by antagonising SOX10 expression (Glasgow et al. 2014). The action of NFIA is 

coordinated by SOX9 (Kang et al. 2012). SOX9 is an important regulator of neural stem 

cell identity and is expressed before NFIA (Scott et al. 2010a). In the mouse spinal cord, 

SOX9 is detected in the ventricular zone since 10.5 dpc (Stolt et al. 2003). It has been 

proposed that SOX9 is partially required for the induction of NFIA (Kang et al. 2012). 

SOX9 is part of the transcriptional factor complex regulating chromatin accessibility of the 

NFIA gene. During the development of the mouse spinal cord, SOX9, BRN2, ISL1, and 

LHX3 bind to enhancers of the NFIA gene to create chromatin loops that allow the 

expression of NFIA (Glasgow et al. 2017). Conditional knock-out of SOX9 in Nestin+ neural 

stem cells showed delayed and reduced expression of NFIA (Kang et al. 2012). SOX9 and 

NFIA promote the expression of astrogenic genes partly through direct interaction (Kang et 

al. 2012; Klum et al. 2018). In addition to NFIA and SOX9, other transcription factors have 

been recently discovered to be required for astrocyte development. PITX 1 has been 

shown to be required for GFAP+ astrocyte differentiation by directly regulating SOX9 

expression (Byun et al. 2020b). ATF3 was discovered through omics studies and is 

required along with NFIA for astrocyte differentiation (Tiwari et al. 2018). 

Finally, epigenetic mechanisms that influence chromatin accessibility underlie the 

regulation of astrogenesis. So far, DNA methylation and histone modifications have been 

shown to have a role in astrogenic regulation. DNA methylation at promoter regions is 

often associated with transcription silencing. DNA methylation at STAT3-binding sites of 

several astrocytic genes has been found to hinder STAT3 binding, thereby repressing 

gene expression (Takizawa et al. 2001; Namihira et al. 2004; Urayama et al. 2013). During 

mouse development, before astrogenesis, the global demethylation event occurs in many 

astrocytic genes, including GFAP, KCNJ10, and ALDC (Hatada et al. 2008). NFIA-
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mediated demethylation of the STAT3-binding site in the GFAP promoter leads to the 

expression of GFAP upon activation of JAK-STAT3 signalling (Namihira et al. 2009). 

Histone modification is also an important regulator of promoter accessibility. During the 

progenitor stage, promoters of several astrocytic genes are bound by histone marks 

associated with closed chromatin, such as H3K9me3 and K3K27me3, whereas in the 

astrocyte stage, these regions are bound by histone marks related to open chromatin and 

active promoters/enhancers, such as H3K4me2, H3K27ac (Song and Ghosh 2004; Tiwari 

et al. 2018). An opposite change in chromatin accessibility simultaneously occurs at the 

NGN1 promoter, where the chromatin state shifts from open during neurogenesis to closed 

during astrogenesis (Hirabayashi et al. 2009).  

1.1.3.4 Mechanisms regulating astrocyte maturation 

During astrocyte maturation, the expression of immature astrocyte genes is turned off 

while that of mature astrocyte genes is activated. Mature astrocytes have low expression 

of proliferation and progenitor-related genes, such as MKI67 and TOP2A, and high 

expression of genes related to astrocyte functions, such as EAAT2, GJA1, GJB6, KCNJ10, 

and AQP4. In mice, when such changes in gene expression happen during astrocyte 

maturation, large-scale chromatin remodelling events also occur at enhancers (Lattke et 

al. 2021). In vitro experiments with mouse neural precursor cells found RORB, DBX2, 

LHX2, and FEZF2 were involved in this process, with each transcription factor both 

regulating the expression a distinct set of genes and acting synergically in regulating the 

expression of mature astrocyte genes through chromatin reorganisation (Lattke et al. 

2021). Furthermore, extrinsic signalling may also play an important role in astrocyte 

maturation. In the same study, treating immature astrocytes with fibroblast growth factor 

(FGF) 2 and culturing in three-dimensional conditions induced the expression of RORB, 

DBX2, and LHX2 and promoted astrocyte maturation (Lattke et al. 2021). Consistently, Li 

et al. (2019) also reported that intercellular contact between astrocytes and epidermal 

growth factor (EGF) family signalling promote astrocyte maturation in rats. In addition, 

neuronal activities are also pivotal in the maturation of astrocytes. In mice cortex, whisker 

stimulation increases GLT1 (mouse homolog of human EAAT2) and GLAST (mouse 

homolog of human EAAT1) expression and expanded astrocyte territory, pointing to the 

plasticity of astrocytes in response to neuronal activities. Synaptic activities also 
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upregulate the expression of astrocytic genes involved in cellular metabolism through 

cyclic adenosine monophosphate and protein kinase A-dependent pathways. 

1.1.4 Heterogeneity of astrocytes 

As neurons from different regions are different, the astrocyte population is also 

heterogeneous with differences in morphology, transcriptomic profile, physiology, and 

function (Pestana et al. 2020). Morphological studies have identified at least four types of 

astrocytes in the human cortex: protoplasmic, interlaminar, varicose, and fibrous 

astrocytes (Oberheim et al. 2009). 

Recent advances in single-cell RNAseq have led to the discovery of the molecular 

diversity of astrocytes from within and across brain regions in mice. Different astrocyte 

subpopulations, occupying different layers of the cortex and hippocampus, exhibit distinct 

gene expression profiles and are functionally and physiologically different 

(Lanjakornsiripan et al. 2018; Zhu et al. 2018; Batiuk et al. 2020; Bayraktar et al. 2020; 

Karpf et al. 2022). Karpf et al. (2022) extended the subregional heterogeneity of astrocytes 

observed in mouse dentate gyrus to humans and found both species-specific and 

conserved transcriptomic characteristics. Across brain regions, using bulk RNAseq, Morel 

et al. (2017) found ALDH1L1-expressing astrocytes isolated from mouse hypothalamus, 

thalamus, striatum, nucleus accumbens, cortex, and hippocampus have different 

transcriptomic profiles. Chai et al. (2017) similarly reported that ALDH1L1-expressing 

astrocytes from mouse striatum and hippocampus have different transcriptomic and 

proteomic profiles which are consistent across modalities. Moreover, ALDH1L1-expressing 

midbrain astrocytes from the ventral tegmental area (VTA) are also molecular distinct from 

their cortical and hippocampal counterparts (Xin et al. 2019). More recently, Endo et al. 

(2022) identified regional-specific markers for 13 brain regions of mice, which is one of the 

most comprehensive comparisons of adult astrocytes from multiple brain regions. Such 

molecular differences could result from different transcription programmes activated or 

needed in different regions as was discovered by Lozzi et al. (2020) differential 

transcription factor motif enrichment in astrocytes from four different brain regions.  

Physiologically, astrocytes from different regions are different in their electrophysiological 

characteristics and Ca2+ activities. Takata and Hirase (2008) showed in vivo that layer I 

and II/III cortical astrocytes have a different frequency, amplitude, and intercellular 
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synchronicity of spontaneous Ca2+ activities. Chai et al. (2017) demonstrated striatal and 

hippocampal astrocytes are different in Ba2+-induced changes in membrane 

electrophysiological properties, while Xin et al. (2019) showed VTA astrocytes were 

different from hippocampal and cortical astrocytes in their membrane resistance and 

norepinephrine-induced Ca2+ activity. Karpf et al. (2022) also found in mouse dentate 

gyrus, different subtypes of astrocytes express different sets of glutamate transporters, 

which correlated with the physiological differences in the profile of EAAT-mediated 

currents during whole-cell patch clamp recordings. 

Functionally, neurites outgrow more, and neurons are more electrophysiological mature 

when co-cultured with region-matched astrocytes (Morel et al. 2017). Regionally matched 

astrocytes also protect mDA neurons against 6-hydroxydopamine (6-OHDA)-induced 

stress (Datta et al. 2018). Furthermore, the heterogeneity of astrocytes may also play a 

role in disease, as shown by Kostuk et al. (2019) that SN astrocytes were unable to protect 

mDA neurons against 1-methyl-4-phenyl pyridinium (MPP+)-induced toxicity, whereas VTA 

astrocytes could. Moreover, Itoh et al. (2018) demonstrated that cortical astrocytes 

responded differently to Experimental autoimmune encephalomyelitis compared to the 

spinal cord and cerebellar astrocytes. Therefore, it is important to study disease in 

disease-relevant subtypes of astrocytes, for instance, studying PD in SN astrocytes. 

Although the regional differences of astrocytes have been documented in mice, it remains 

largely unknown whether and how human astrocytes display such heterogeneity. Part of 

the difficulty is the lack of samples and ethical reasons. One solution is to use PSC-

derived astrocytes. PSC can be differentiated into neural progenitors with different regional 

identities. This makes it feasible to generate regionally specified astrocytes because it is 

generally believed that during development, astrocytes arise from the same progenitor 

pool as neurons do. It has also been shown that during development, specification of 

subpopulations of ventral spinal cord astrocytes utilised the same homeodomain 

transcription factor programmes (PAX6 and NKX6.1) used by fate specification of ventral 

spinal cord neurons (Hochstim et al. 2008). Based on the hypothesis that astrocytes 

differentiated from patterned neural progenitors (NPCs) maintain the pre-established 

regional identity, Bradley et al. (2019) generated and compared astrocytes differentiated 

from NPCs patterned with ventral and dorsal forebrain, and ventral and dorsal spinal cord 

identities and the resulting astrocytes have a different molecular profile, physiological 
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characteristics, and functional properties. However, it remains elusive how these regionally 

patterned astrocytes generated in vitro correlate to the heterogeneity observed in vivo and 

what distinguishes astrocytes from one brain region to another in vivo. Since the 

generation of regionally patterned astrocytes assumes that the regional characteristics 

established during early patterning are maintained in astrocytes, the regional identity of 

PSC-derived astrocytes is herein defined as the corresponding rostro-caudal and dorso-

ventral identity of the NPCs, from which astrocytes are differentiated. 

1.2 Parkinsonôs disease 

1.2.1 Epidemiology and the clinical aspects of Parkinsonôs disease  

PD is one of the most prevalent neurodegenerative diseases, affecting more than 6.1 

million individuals worldwide in 2016 (Collaborators 2018). More than 85% of these 

patients were from middle and high-income countries (Collaborators 2018); therefore, the 

prevalence of PD worldwide is expected to be higher. The risk for PD increases with age 

and differs between sex, with males showing a higher prevalence (Collaborators 2018). 

Clinically, PD mainly presents with motor symptoms, such as bradykinesia, akinesia 

resting tremor, rigidity, and postural instability (Przedborski 2017). In addition to cardinal 

motor symptoms, a wide range of non-motor symptoms have also been reported, including 

cognitive impairment, psychiatric symptoms, autonomic dysfunction, pain, fatigue, sleep 

disorders, and olfactory loss (Politis et al. 2010; Asahina et al. 2013; Weintraub et al. 2015; 

Chahine et al. 2017). These non-motor symptoms have been reported to occur in the 

prodromal stage of PD and greatly affect the patientsô quality of life (Martinez-Martin et al. 

2011).  
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1.2.2 Pathology of Parkinsonôs disease 

Pathologically, PD is characterised by the selective loss of mDA neurons in the SN pars 

compacta and the presence of Lewy bodies (LB) which can spread to other regions as the 

disease progresses (Figure 1-4; Fearnley and Lees 1991; Halliday et al. 1996; Dickson et 

al. 2009). With disease progression, neurodegeneration and the presence of LB can also 

spread to other brain regions and affect other types of neurons.  

Dopaminergic neurons are neurons that secrete dopamine as neurotransmitters. There are 

17 groups (A1-A17) of dopaminergic neurons distributed across the central nervous 

system (Bjorklund and Dunnett 2007). Among these 17 groups, A8, A9, and A10 group 

neurons are mDA neurons located at the retrorubral area, SN, and VTA, respectively. A9 

group and a subset of A10 group mDA neurons are specifically lost in PD patients, while 

A8 groups and the majority of A10 group mDA neurons are largely spared from 

degeneration (Hirsch et al. 1988; McRitchie et al. 1997; Kordower et al. 2013). The specific 

loss of A9 group mDA neurons underlies the motor symptoms of PD because A9 group 

mDA neurons mainly project to the dorsal striatum which is involved in the control of 

movement (Bjorklund and Dunnett 2007; Lanciego et al. 2012). The loss of A9 group mDA 

neurons leads to reduced dopamine transmission in the dorsal striatum of PD patients, 

resulting in an imbalance of the activity of the direct and indirect striatal circuits 

(Hornykiewicz et al. 1990; Obeso et al. 2000). A10 group mDA neurons mainly project to 

the basal forebrain and the ventral striatum, regulating non-motor cognitive activities, such 

as motivation, reward, emotion, and memory (Gaspar et al. 1992; Zahm and Trimble 

2008). Ito et al. (2002) reported a reduction of dopamine levels in the cingulate cortex and 

ventral striatum of PD patients with dementia, suggesting abnormal dopaminergic 

transmission. Therefore, it has been thought that the selective loss of a subset of A10 

group mDA neurons might explain the non-motor symptoms of PD (Halliday et al. 2014).  

The degeneration of mDA neurons is accompanied by the presence of LB. LB are 

intracellular inclusions consisting of Ŭ-synuclein (a-syn) filaments (Spillantini et al. 1998). 

The initial discovery of LB was achieved with haematoxylin and eosin staining. Based on 

the histological features, LB can be categorised into two types: brainstem LB and cortical 

LB, which were initially described in the brainstem and cortex of PD brains, respectively 

(Fares et al. 2021). Brainstem LB can be easily detected with haematoxylin and eosin 
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staining, exhibiting dense spherical morphology with an eosinophilic centre and a small 

pale halo in the surrounding (Figure 1-5). By contrast, cortical LB are less dense and 

without the halo (Figure 1-5). The histological differences are explained by the different 

organisation of a-syn filaments, which distribute diffusively in cortical LB but aggregate and 

irradiate out in brainstem LB (Figure 1-5; Kosaka 1978; Baba et al. 1998). The core of a-

syn filaments is formed by five ß sheets of a-syn protofilaments with cross-ß structures 

(Serpell et al. 2000; Vilar et al. 2008). Two of the most reliable markers for a-syn 

aggregations are the hyperphosphorylation at Ser129 and the ubiquitination of a-syn. 

These posttranslational modifications have been detected in both familial and idiopathic 

PD brains as well as patient iPSC-derived cellular models in vitro (Fujiwara et al. 2002; 

Hasegawa et al. 2002; Anderson et al. 2006; Ryan et al. 2013b; Kouroupi et al. 2017; 

Fares et al. 2021). In addition to a-syn filaments, LB also contain other components 

entangling with each other (Shahmoradian et al. 2019; Mahul-Mellier et al. 2020). 

Particularly, the presence of autophagosomes, mitochondria, endolysosomes, and p62 

proteins in LB suggests that cascades of cellular dysfunction are closely linked to the 

formation of LB (Mahul-Mellier et al. 2020). 
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Figure 1-4. Pathology of Parkinsonôs disease (PD). 
Panel a shows the atrophy of substantia nigra (SN) pars compacta caused by the 
degeneration of midbrain dopaminergic neurons (immunostained against tyrosine 
hydroxylase). Panel b-d shows Lewy bodies in the ventrolateral SN. Lewy bodies are 
formed by Ŭ-synuclein, which is immunostained in Panel e-g. The round dense intracellular 
inclusion of Ŭ-synuclein is indicated with the blue arrow in panel e. Panel h shows Braak 
staging of PD pathology based on the spread of Lewy bodies from lower to higher brain 
regions. (RN: red nucleus; SN: substantia nigra; 3N: the oculomotor nerve; CP: cerebral 
peduncle). Adapted with permission from Springer Nature: Springer Nature, Nature 
Reviews Disease Primers, Parkinson disease, Werner Poewe et al, Macmillan Publishers 
Limited (2017). 
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Figure 1-5. Comparison of the morphology of brainstem Lewy bodies (LB) and 
cortical LB. 
Figures show the haematoxylin and eosin (H&E) staining, immunostaining against Ŭ-
synuclein (Ŭ-syn) and Ŭ-synuclein phosphorylated at serine 129 (pS129), and ubiquitin. 
Adapted with permission from Springer Nature: Springer Nature, Nature Reviews 
Neuroscience, Reverse engineering Lewy bodies: how far have we come and how far can 
we go? Fares, M. B. et al, Macmillan Publishers Limited (2021). 

1.2.3 Aetiology of Parkinsonôs disease 

The precise aetiology of PD remains largely elusive. However, it is thought that both 

environmental and genetic factors are involved. Exposure to heavy metals, pesticides, 

herbicides, use of psychostimulants and cocaine, and air pollution have been implicated in 

PD risk (Elbaz et al. 2009; Ball et al. 2019). Moreover, individual behaviours, such as 

smoking and alcohol use, and predisposing illness also affect PD risk. A recent analysis of 

the UK Biobank data showed a strong negative association of PD risk with smoking and 

alcohol consumption as well as a positive association with previous histories of 

neurological and neuropsychiatric diseases, such as epilepsy and depression (Jacobs et 

al. 2020). However, the precise mechanism underlying these associations remains 

unclear.  

Genetic factors include several rare gene mutations with high penetrance and common 

risk variants with low penetrance, which together explain approximately 36% of PD risk 

(Nalls et al. 2019). To date, high penetrant mutations in more than 20 genes have been 

reported to cause familial PD accounting for approximately 15% of all cases 

(Blauwendraat et al. 2020; Tran et al. 2020b). Among these mutations, mutations in 

SNCA, LRRK2, VPS35, and EIF4G1 were reported to contribute to the autosomal 
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dominant PD, and mutations in PARK7, PRKN, PINK1, ATP13A2, PLA2G6, FBXO7, and 

DNAJC16 may contribute to the autosomal recessive form of PD (Hernandez et al. 2016). 

In addition to familial PD mutations, genome-wide association studies (GWAS) have so far 

uncovered 90 independent signals in 78 loci that are significantly associated with PD risk, 

such as variants in SNCA, LRRK2, and GBA gene (Nalls et al. 2019).  

Despite progress in genetic studies, the interplay between genetics and environmental 

factors remains largely elusive. It has been proposed that the interaction between genetic 

predisposition and exposure to environmental factors could underly the pathogenesis of 

idiopathic PD (Ball et al. 2019). Genetic risks could render mDA neurons more vulnerable 

to environmental factor-induced cellular stress and toxicity (Pang et al. 2019). Knock-out of 

PARKIN can sensitise primary mouse VM neurons to rotenone toxicity, leading to neuronal 

apoptosis (Casarejos et al. 2006), while knock-in of LRRK2 R1441G mutation in mice only 

results in dopamine dyshomeostasis and motor deficit upon exposure to reserpine 

(VMAT2 inhibitor) or rotenone (Liu et al. 2014; Liu et al. 2017). Cocaine use has also been 

suggested to dysregulate iron metabolism in the brain (Ersche et al. 2017). (Illés et al. 

2019) reported a case where cocaine abuse might have contributed to the PD-like 

symptoms in a patient carrying PD risk variant in LRRK2. However, it remains unclear 

whether this case is unique or reflects more general biological mechanisms. 

1.2.4 Cell-autonomous mechanisms underlying neurodegeneration 

Genetic mutations and risk variants could influence the function of various cellular 

processes, such as cellular respiration, autophagy, lysosomal function, and protein 

degradation, causing the aggregation of a-syn and the degenerative phenotypes of mDA 

neurons (Poewe et al. 2017). Furthermore, mDA neurons are also particularly vulnerable 

to stress and degeneration. In addition to cell-autonomous abnormalities caused by 

genetic mutations within neurons, non-cell-autonomous mechanisms, such as 

neuroinflammation and astrocyte dysfunction might also play a role, which will be 

discussed in 1.2.5. shows a summary of the cellular mechanisms underlying the 

degeneration of mDA neurons. 

Mitochondrial dysfunction has received significant attention in the early days of PD 

research. Early pathological studies reported reduced levels of components of the electron 

transport chain, suggestive of abnormal mitochondrial function (Schapira et al. 1989). 
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Furthermore, MPP+ and rotenone toxin which can inhibit the activity of mitochondrial 

complex I have been found to cause parkinsonian-like symptoms and degeneration of SN 

(Langston et al. 1983; Langston and Ballard 1983; Heikkila et al. 1985; Langston et al. 

1999). Impaired mitochondrial respiration could lead to diminished mitochondrial 

membrane potential, reduced ATP generation, increased oxidative stress, and 

dysregulated intracellular Ca2+ homeostasis. These phenotypes have been reported in 

mDA neurons differentiated from iPSCs from familial PD patients carrying mutations in 

LRRK2, SNCA, PRKN, and PINK1 (Sison et al. 2018). In addition, three of the familial PD 

genes, PRKN, PINK1, and PARK7 are involved in mitophagy, a process that removes 

damaged mitochondria, while a-syn can also directly interact with mitochondrial receptors 

and mitophagy machinery (Luth et al. 2014; Di Maio et al. 2016; Malpartida et al. 2021). 

Loss-of-function mutations of PRKN, PINK1, and PARK7 have been shown in both animal 

and iPSC-derived cell models to impair mitochondrial function and mitophagy and 

sensitise neurons to additional oxidative or toxin-induced stress, whereas intracellular 

delivery of Parkin could rescue mitochondrial abnormalities in both cellular and mouse 

models of PD (Gandhi et al. 2009b; Morais et al. 2009; Pickrell et al. 2015; Shaltouki et al. 

2015; Chung et al. 2016; Chung et al. 2020; Malpartida et al. 2021). Such evidence 

highlights the crucial involvement of mitochondrial health and function in PD. 

Another important mechanism underlying PD neurodegeneration is the dysfunctional 

intracellular quality control system, including autophagy, lysosome, and the ubiquitin-

proteasome system (Hou et al. 2020; Bi et al. 2021). Autophagy is the process by which 

intracellular materials, such as damaged organelles, protein aggregations, foreign 

materials, etc., are delivered to lysosomes for degradation (Galluzzi et al. 2017). 

Depending on the specific mechanism of substrate delivery to lysosomes, autophagy can 

be grossly categorised into macroautophagy (involving the formation of autophagosomes 

to encapsulate the substrate and deliver to lysosome), microautophagy (substrates being 

directly taken up by lysosomes), and chaperone-mediated autophagy (CMA, substrates 

being translocated into lysosomes through a special pentapeptide motif KFERQ; Klionsky 

et al. 2021). The ubiquitin-proteasome system (UPS) degrades unfolded or misfolded 

peptides in a protein complex, proteasome, following a tag, transport, and degrade 

process (Pohl and Dikic 2019). One of the key pathologies in PD is the presence of LB. LB 

bodies are enriched with ubiquitin tags and proteins required for autophagy co-localising 

with a-syn, indicating impaired proteasome degradation and autophagy (Kuzuhara et al. 
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1988; Alvarez-Erviti et al. 2010; Dehay et al. 2010; Tanji et al. 2011). Furthermore, the 

level of chaperons and lysosomal proteins required for CMA and proteasome subunits as 

well as the degradation activity of lysosomes and proteasomes are also reduced in post-

mortem PD brains (McNaught and Jenner 2001; Alvarez-Erviti et al. 2010; Murphy et al. 

2015). These phenotypes have also been reported in cellular models generated from PD 

patient iPSCs carrying LRRK2, SNCA, and GBA, mutations as well as in transgenic mouse 

models (Schondorf et al. 2014; Tang et al. 2015; Bento et al. 2016; Fernandes et al. 2016; 

di Domenico et al. 2019; Zambon et al. 2019; Ahfeldt et al. 2020). Mutations in LRRK2, 

GBA, ATP13A2, and VPS35 could impair lysosomal function and dysregulate autophagy, 

leading to the accumulation of damaged organelles and aggregated proteins and causing 

cellular stress (Hou et al. 2020). In addition, mutant a-syn formed due to mutations in the 

SNCA gene could hinder and inhibit its degradation through CMA, while both mutant and 

wild-type a-syn can inhibit proteasome activity (Cuervo et al. 2004; Xilouri et al. 2009; Bi et 

al. 2021). The impairment in autophagy and lysosomal and proteasomal function can also 

further cause aggregation of a-syn, as evidenced by proteasome inhibitor-induced animal 

models for PD (McNaught et al. 2004). Therefore, abnormalities in the cellular quality 

control systems could underlie the formation of LB and the degeneration of mDA neurons. 

While genetic mutations in genes related to the mitochondria and cellular quality control 

systems would disrupt the respective cellular process, how do mutations in a-syn cause 

similar defects? Since a-syn is entangled with a variety of damaged and dysfunctional 

cellular compartments and organelles in LB, it has been thought that a-syn mediates 

cellular toxicity (Lashuel et al. 2013). a-syn is a ubiquitously expressed protein in neurons 

and relatively lowly expressed in astrocytes. In neurons, a-syn is distributed in axons, 

presynaptic terminals, cytoplasm, nucleus, and some synaptic vesicles (Lee et al. 2008; 

Zhang et al. 2008). Functional studies suggested that a-syn is involved in the vesicle 

trafficking and exocytosis of neurotransmitters; however, the precise normal function of a-

syn remains elusive (Bernal-Conde et al. 2019). A-syn is normally present as unfolded 

monomers but with dynamic conformation. a-syn monomers can spontaneously form 

oligomers and fibrils which are degraded via the autophagy and the ubiquitin-proteasome 

pathway or secreted and diffused out of the cell (Emmanouilidou et al. 2010; Burre et al. 

2013; Abounit et al. 2016; Alam et al. 2019; Cascella et al. 2021). Therefore, the 

production, aggregation, and clearance of a-syn are in a dynamic equilibrium (Lashuel et 

al. 2013). Changes in the expression level of a-syn, aggregation propensity and clearance 
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capability could disrupt the balance, causing a-syn accumulation and aggregation. This 

model could potentially explain the pathogenesis of PD with SNCA mutations and 

multiplication. Multiplication of SNCA increases intracellular a-syn level, leading to more 

oligomer formation, while several SNCA mutations (SNCA E46K and A53T) have been 

reported to enhance oligomerisation and fibrilisation (Conway et al. 2000; Kang et al. 

2011; Lazaro et al. 2014). Furthermore, abnormal a-syn aggregation can induce cellular 

toxicity, impairing autophagy function, mitochondrial transmembrane transport, and axonal 

transport (Cuervo et al. 2004; Scott et al. 2010b; Winslow et al. 2010; Di Maio et al. 2016). 

However, it is still debated whether a-syn toxicity is due to oligomers or fibrils (Alam et al. 

2019). Both toxic and non-toxic species of a-syn oligomers and fibrils have been reported. 

Although only a-syn fibrils exhibit prion-like propagating ability, evidence also suggests 

that the toxicity of fibrils is dependent on lysosomes and that truncated fibrils are more 

toxic, suggesting that fibrils alone may not be toxic (Guiney et al. 2020; Zhang et al. 2020). 

Interestingly, a recent study linked the two species together, reporting that a-syn fibrils can 

release toxic oligomers (Cascella et al. 2021). Therefore, it may be possible that both a-

syn oligomers and fibrils mediate the toxicity.  

While genetic and environmental factors and aggregated a-syn toxicity could cause the 

abovementioned cellular abnormalities, why do A9 group mDA neurons specifically 

degenerate in PD? It has been thought that several physiological features of A9 group 

mDA neurons render them more vulnerable to stress (Surmeier et al. 2017). Firstly, SN 

mDA neurons have a more complex neurite structure and targeting sites than VTA mDA 

neurons, thus requiring a higher level of energetic support. The high energy requirement of 

SN mDA neurons is accompanied by the higher basal intracellular oxidative level, thus 

more vulnerable to additional stress (Pacelli et al. 2015). Secondly, SN mDA neurons 

exhibit distinctive spontaneous electric activities mainly driven by L-type Ca2+ channels 

(Gantz et al. 2018). Although VTA mDA neurons exhibit a similar pace-making ability, the 

spontaneous firing of VTA mDA neurons involves a smaller Ca2+ current, while VTA mDA 

neurons have higher intracellular Ca2+ buffering than their SN counterparts (Foehring et al. 

2009; Philippart et al. 2016). As a result, SN mDA neurons are more vulnerable to Ca2+ 

dyshomeostasis caused by mitochondrial stress. Furthermore, it has also been proposed 

that the combination of a-syn and dopaminergic neurons in the context of the unique 

electrophysiological properties of SN mDA neurons could also put SN mDA neurons in a 

more vulnerable position than other types of neurons (Mor and Ischiropoulos 2018; Mor et 



 

28 

 

al. 2019). Martinez-Vicente et al. (2008) demonstrated that the non-covalent modification 

of a-syn by dopamine inhibits CMA. A later study directly demonstrated that dopamine can 

structurally and functionally modify a-syn oligomers causing degeneration of the 

nigrostriatal fibres (Mor et al. 2017). 
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Figure 1-6. Mechanisms underlying the degeneration of midbrain dopaminergic neurons in Parkinsonôs disease. 
Adapted with permission from Springer Nature: Springer Nature, Nature Reviews Disease Primers, Parkinson disease, Werner Poewe et 
al, Macmillan Publishers Limited (2017).
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In summary, the complex interplay of both environmental and genetic factors underlies the 

aetiology of PD, causing various cellular dysfunction and Ŭ -synuclein aggregation. The 

physiology of SN mDA neurons might make them more susceptible to these 

dysregulations than other cell types. However, it is difficult to determine which aspect of 

cellular dysfunction is the root cause of the degeneration of mDA neurons or whether is 

one or not. It is also unclear whether the wide range of cellular dysfunction is caused by or 

the cause of a-syn aggregation. 

1.2.5 Astrocyte involvement in Parkinsonôs disease 

The involvement of astrocytes in the pathology of PD has been long hypothesised. Early 

neuropathological studies found intracellular a-syn inclusions in GFAP-positive and 

vimentin-positive astrocytes in the substantia nigra of PD patients (Wakabayashi et al. 

2000). Moreover, more Intercellular Adhesion Molecule 1-positive reactive astrocytes were 

observed in the SN of PD patients than in SN of healthy brains (Miklossy et al. 2006). 

Such findings have led to investigations of the role of astrocytes in neuroinflammation. 

Astrocytes respond to microglia-secreted cytokines and extracellular a-syn by releasing 

pro-inflammatory cytokines and chemokines and the activation of innate immunity 

signalling pathways in astrocytes in vitro, while blocking the microglial secretion of 

cytokines prevents astrocyte reactivity and reduces neurodegeneration in mice (Klegeris et 

al. 2006; Saijo et al. 2009; Lee et al. 2010; Rannikko et al. 2015; Wang et al. 2018a; Yun 

et al. 2018). The a-syn-induced microglial and astroglial neuroinflammatory response is 

mediated by Toll-like Receptor 4 (Fellner et al. 2013; Rannikko et al. 2015). Several 

genetic mutations have also been found to influence the inflammatory response of 

astrocytes. Primary astrocytes from PARK7 and PINK1 knock-out mice showed increased 

lipopolysaccharide (a Toll-like Receptor 4 agonist)-induced nitric oxide and pro-

inflammatory cytokine release (Waak et al. 2009; Sun et al. 2018). Astrocytes from PRKN-

deficient mice also exhibited increased thapsigargin (an ER stress inducer)-mediateD pro-

inflammatory cytokine release (Singh et al. 2018). Astrocytes from ATP13A2 knock-out 

mice had increased pro-inflammatory cytokine release upon MPP+ toxin treatment (Qiao et 

al. 2016). Furthermore, a recent study showed that various PD risk variants (including 

GBA L444P, PARK2 C273W, LRRK2 R1441C, and LRRK2 G2019S mutations) could 

increase a-syn monomer-induced cytokine release, but not a-syn fibril or Tumour Necrosis 

Factor (TNFŬ)-induced release from iPSC-derived astrocytes (Russ et al. 2021).  
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Figure 1-7. Ŭ-synuclein inclusions in astrocytes. 
Panel A shows the immunostaining against GFAP (brown) and Ŭ-synuclein (blue). Panel B 
shows the immunostaining against vimentin and Ŭ-synuclein. Panel C)shows 
immunostaining against ubiquitin in glial cells. Adapted by permission from Springer 
Nature: Springer Nature, Acta Neuropathologica, Parkinson disease, Wakabayashi, K. et 
al., Springer-Verlag Berlin Heidelberg (2000). 

The important homeostatic and supportive role of astrocytes in the survival and normal 

function of neurons suggests that astrocytes may play a contributory role in 

neurodegeneration. Several monogenic PD-causing genes and GWAS-identified PD-risk 

genes, including ATP13A2, DNAJC16, GBA, GIGYF2, HTRA2, LRRK2, and PLA2G6, are 

more highly expressed in SN astrocytes than in mDA neurons (Agarwal et al. 2020), 

suggesting that cellular abnormalities caused by mutations in these PD-risk genes may 

manifest in astrocytes in addition to mDA neurons. Indeed, the disruption and mutation of 

some PD-causing genes have been experimentally shown to impair various cellular 

aspects of astrocytes, such as the function of mitochondria, lysosomes, autophagy, and 

endocytosis (Booth et al. 2017; Joe et al. 2018). PARK7, PINK1, and PRKN mutations 

have been reported to be associated with mitochondrial deficits in astrocytes. Knocking 

down PARK7 in primary mouse astrocytes impaired mitochondrial motility (Larsen et al. 

2011). Knocking out PINK1 in mice caused decreased mitochondrial mass, membrane 

potential, energy production, and glucose consumption as well as increased oxidative 

stress in primary astrocytes (Choi et al. 2013; Sun et al. 2018). Knocking out PRKN in 

mouse astrocytes led to damaged mitochondrial structure and defects in mitochondrial 

respiration (Schmidt et al. 2011; Damiano et al. 2014). ATP13A2 and LRRK2 mutations 

have been reported to contribute to abnormalities of the lysosome, autophagy, and 

intracellular vesicular system in astrocytes. Deficiency of ATP13A2 in mouse midbrain 

astrocytes disrupts lysosomal membranes, while astrocytes derived from PD patients 

carrying ATP13A2 mutations are less able to endocytose extracellular a-syn (Qiao et al. 

2016; Tsunemi et al. 2020). LRRK2 G2019S, R1441C, and Y1699C mutations caused ER 
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stress, mitochondrial Ca2+ overload, lysosome enlargement, and reduced lysosomal 

activity, lysosomal pH and endocytic ability of a-syn fibrils in primary cortical astrocytes 

from knock-in mice (Henry et al. 2015; Lee et al. 2019; Streubel-Gallasch et al. 2020). 

Astrocytes differentiated from PD patient iPSCs carrying LRRK2 G2019S mutation 

displayed perturbed transcriptome profile, impaired macroautophagy and chaperone-

mediated autophagy, developed a-syn aggregation in autophagosome and multivesicular 

bodies, and ER stress (Booth et al. 2019; di Domenico et al. 2019; de Rus Jacquet et al. 

2021). Furthermore, LRRK2 G2019S mutations could also lead to mitochondrial and 

respiratory defects in astrocytes. Astrocytes derived from LRRK2 G2019S iPSCs display 

altered cellular respiration profile and mitochondrial DNA content and increased oxidative 

stress, though another study reported otherwise (Booth 2017; Sonninen et al. 2020; 

Ramos-Gonzalez et al. 2021). Finally, although SNCA is not highly expressed in 

astrocytes, astrocytes derived from PD patient iPSCs carrying SNCA A30P, A53T, 

duplication, and triplication mutations were reported to display a deficit in Ca2+ signalling, 

mitochondrial health and function (Barbuti et al. 2020). These studies highlight that PD-

causing mutations could cause cell-autonomous abnormalities in astrocytes in addition to 

cardinal neuronal phenotypes. 

Not only do astrocytes develop cellular deficits in the presence of familial PD mutations, 

but these dysfunctional astrocytes could also impair healthy mDA neurons in co-culture 

settings in vitro. In the study of (di Domenico et al. 2019), astrocytes derived from LRRK2 

G2019S iPSCs displayed autophagy abnormalities. When these astrocytes were directly 

co-cultured with healthy mDA neurons derived from wild-type (WT) iPSCs, the otherwise 

healthy mDA neurons developed a-syn aggregation (Figure 1-8), which could be restored 

with specific activators of CMA (di Domenico et al. 2019). Furthermore, PD astrocytes also 

failed to rescue the neurodegenerative phenotypes of PD neurons (Figure 1-9), whereas 

such rescue has been otherwise reported in the co-culture of WT astrocytes and PD 

neurons (Du et al. 2018; di Domenico et al. 2019). Astrocytes influence neurons not only 

via direct contact but also through indirect pathways. Culturing healthy mDA neurons with 

LRRK2 G2019S astrocyte-conditioned media also causes cellular abnormalities in mDA 

neurons (di Domenico et al. 2019). de Rus Jacquet et al. (2021) also showed that 

astrocytes carrying LRRK2 G2019S mutations could cause reduced neurite length in co-

cultured WT mDA neurons via the exosomal pathway. These reports are consistent with 
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the hypothesis that astrocyte dysfunction could play a contributory role in the degeneration 

of mDA neurons. 

 

Figure 1-8. Co-culturing wild-type (Ctrl) midbrain dopaminergic (mDA) neurons with 
Parkinsonôs disease (PD) astrocytes leads to neurodegenerative phenotypes in 
neurons. 
Panel A shows the experimental design in di Domenico et al. 2019. Panel B-C shows 
immunostaining against TH in the co-culture. Quantifications of the number of TH+ cells 
and the neurite length and the number of branches of TH+ cells are shown in Panel D-F. 
Panel G-H shows the co-immunostaining against TH and Ŭ-synuclein (abbreviated as Ŭ-
Syn in this figure). I) shows the quantification of the number of TH+ cells expressing Ŭ-Syn. 
Panel J-K shows the co-immunostaining against the GFAP and Ŭ-Syn. Panel L shows the 
quantification of the number of GFAP+ cells expressing Ŭ-Syn. Data are expressed as 
mean ± SEM, unpaired two-tailed Studentôs t-test, ***p < 0.001. Adapted from di 
Domenico, A. et al. (2019) under Creative Commons Attribution 4.0 International License. 
(Copyright [1969] di Domenico, A. et al.)

https://doi.org/10.1016/j.stemcr.2018.12.011
https://doi.org/10.1016/j.stemcr.2018.12.011
https://creativecommons.org/licenses/by/4.0/
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Figure 1-9. Co-culturing Parkinsonôs disease (PD) midbrain dopaminergic (mDA) neurons with wild-type (Ctrl) astrocytes leads 
to the aggregation of Ŭ-synuclein (abbreviated as Ŭ-Syn in this figure) in Ctrl astrocytes.  
Panel A shows the experimental design in di Domenico et al. 2019. Panel B-C shows immunostaining of the co-culture. Panel D shows 
the quantification of the number of TH+ cells in the co-culture. Panel E shows the quantification of the number of TH+ cells expressing Ŭ-
Syn. F) shows the quantification of the number of GFAP+ cells expressing Ŭ-Syn. Data are expressed as mean ± SEM, unpaired two-
tailed Studentôs t-test, ***p < 0.001. Adapted from di Domenico, A. et al. (2019) under Creative Commons Attribution 4.0 International 
License. (Copyright [1969] di Domenico, A. et al.)

https://doi.org/10.1016/j.stemcr.2018.12.011
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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1.3 Using PSC-derived mDA neurons and astrocytes for disease 

modelling 

1.3.1 Advantages and disadvantages of PSC-derived cell models 

PSCs are cells that are capable of self-renewal and differentiating into multiple lineages of 

all three germ layers (Lee et al. 2000; Zhang et al. 2001). PSCs can be derived from the 

inner cell mass of preimplantation embryos (known as embryonic stem cells) or 

reprogrammed from human somatic cells (known as induced pluripotent stem cells). PSCs 

can be differentiated into various types of cells using combinations of growth factors and 

small molecule drugs manipulating different cell signalling pathways or using the molecular 

reprogramming approach. In recent years, PSC-derived cellular models generated in such 

approaches have been widely used in the study of human diseases and the discovery and 

validation of new drugs (Avior et al. 2016). However, PSC-derived cellular models are not 

a panacea for all problems. PSC-derived cellular models are inherently overly simplistic 

because a cell culture with only a few types of cells and the simplified culturing condition 

do not recapitulate the diverse cell population or the complex and dynamic cell-to-cell 

interactions and extracellular environment that exist in vivo. As a result, the identity and 

the phenotypes established by in vitro differentiation do not fully recapitulate those 

observed in vivo (Romito and Cobellis 2016). Recent development in organoid 

differentiation has created more complex and diverse cellular models with complex cell-to-

cell interactions . However, organoid differentiation is known to be highly variable, and the 

3D cell culture system is not compatible with most technologies of phenotypic assays (Kim 

et al. 2020). Furthermore, PSC-derived cell models are heterogenous, often contaminated 

with undifferentiated cells and cells of alternative fate. For example, using single-cell 

RNAseq, unwanted and unexpected cell types have been identified in PSC-derived cell 

cultures and organoids, while cells at the same time point of differentiation can be at 

different stages of neuronal differentiation and maturation (La Manno et al. 2016; Sloan et 

al. 2017; Chamling et al. 2021). Such heterogeneity within the PSC-derived cell model 

could hinder the delineation of cell type-specific phenotypes and mechanisms if studied in 

bulk. In addition, it may not be possible to eliminate such heterogeneity without cell 

purification, as even the PSC population itself has been reported to be a heterogeneous 

and dynamic population and the differentiation process is a stochastic process (Narsinh et 

al. 2011; Martello and Smith 2014).  
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Although PSC-derived cell models have certain limitations, their advantages make them a 

powerful and useful tool for disease modelling, in comparison to other commonly used 

model systems, such as animals, primary cell cultures, and established cell lines. Firstly, 

the source of PSCs is unlimited once the founding cell is obtained because PSCs 

constantly undergo mitosis to self-renew in suitable cell culture conditions. By contrast, 

human primary cells are limited in number both because of the difficulty in obtaining them 

and the post-mitotic nature of primary neurons, while the use of animals is also limited due 

to ethical and animal protection reasons. Secondly, PSC-derived cell models are 

extremely versatile in application. PSCs can be theoretically differentiated into almost 

every cell type that can be found in humans. However, certain types of primary cells, such 

as neurons, are difficult to isolate and purify, while the identity of established cell lines is 

pre-determined. In addition, PSCs can also be easily genetically modified using the 

CRISPR-Cas9 system within months, enabling loss-of-function and gain-of-function 

studies. By contrast, the generation of genetically modified animals is often more 

complicated and time-consuming. Therefore, the versatility offered by PSC-derived cell 

models is tremendous. Finally, cells differentiated from PSCs towards a specific cell type 

of interest are a more authentic model to the cells of interest in vivo than established cell 

lines and animals. This benefit is particularly important in neuroscience research as it is 

almost impossible to obtain live neurons of specific types from patients. For example, in 

PD research, immortalised cell lines, such as the SH-SY5H cells, have been commonly 

used as a model of mDA neurons. However, despite the presence of dopaminergic 

machinery, SH-SY5H cells are oncogenic and physiologically different from mDA neurons 

(Xicoy et al. 2017; Ferrari et al. 2020). By contrast, animal models are not a more 

recapitulative model system either. Although widely used model species share many 

genetic and biological features due to evolutionary conservation, interspecies differences 

are unneglectable. In many cases, phenotypes observed in humans do not manifest in 

animals while in other cases being safe for animals is to the contrary for humans. In the 

case of PD, toxin-induced animal models do not display motor symptoms observed in 

human patients, while genetically modified animal models do not always manifest with 

motor dysfunction and the degeneration of mDA neurons (Beal 2010; Kin et al. 2019). 

Considering these advantages, PSC-derived cell models are a suitable model system for 

modelling PD. 
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1.3.2 Differentiation of mDA neurons from PSC 

1.3.2.1 Development of mDA neurons 

mDA neurons can be differentiated from PSCs. The strategy of mDA differentiation is 

based on the developmental principle of mDA neurons. During development, mDA 

neurons arise from the ventral-most region of the midbrain, called the floor plate 

(Marchand and Poirier 1983; Freeman et al. 1991). Midbrain demarcates from the 

hindbrain by the midbrain-hindbrain boundary, a region characterised by the expression of 

PAX2, PAX5, EN1, and EN2. The midbrain expresses OTX2, whose expression spans the 

entire anterior neural tube, while the hindbrain expresses GBX2. OTX2 and GBX2 form a 

cross-regulatory loop, repressing the expression of each other (Simeone et al. 1992; Millet 

et al. 1996; Broccoli et al. 1999; Millet et al. 1999; Katahira et al. 2000; Li and Joyner 

2002). The midbrain-hindbrain boundary is also known as the isthmic organiser, secreting 

morphogens WNT1 and FGF8. WNT1 and FGF8 are expressed by a strip of cells on the 

rostral and caudal sides of the midbrain-hindbrain boundary, respectively. Both FGF8 and 

WNT1 play crucial roles in the development of the midbrain and mDA neurons. Loss of 

WNT1 or FGF8 resulted in the absence of the midbrain (McMahon and Bradley 1990; 

Meyers et al. 1998; Chi et al. 2003). FGF8 signalling contributes to the rostrocaudal 

patterning of the midbrain. Explant and soaked bead studies showed that FGF8 signalling 

could ectopically induce midbrain fate and cause a rostral expansion of the midbrain and 

hindbrain (Ye et al. 1998). Wnt signalling regulates FGF8 expression in the midbrain-

hindbrain boundary and maintains proliferation. Moreover, Wnt signalling plays a role in 

promoting mDA specification and neurogenesis and inhibiting alternative fate. In the 

absence of Wnt signalling, FGF8 and SHH cannot induce mDA neurons (Prakash et al. 

2006). Wnt signalling promotes the expression of LMX1A and represses the expression of 

SHH in mDA progenitors (Prakash et al. 2006; Chung et al. 2009; Joksimovic et al. 

2009b). In addition, the third signalling regulating mDA development is Sonic Hedgehog 

(Shh) signalling. Shh signalling contributes to the dorsoventral patterning of the midbrain. 

SHH is initially secreted by the notochord. SHH induces the expression of Gli2, which 

regulates the expression of Gli1 and FOXA1 and FOXA2 (Bai et al. 2002; Blaess et al. 

2006).  
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FOXA1 and FOXA2 are two pioneer transcription factors regulating mDA development. 

FOXA1 and FOXA2 are first detected at E8.0-E8.5 in the mouse ventral midbrain. FOXA2-

expressing regions span both the midbrain floor plate and basal plate and in both 

ventricular zone progenitors and postmitotic neurons (Ferri et al. 2007; Prakash et al. 

2009; Nakatani et al. 2010). FOXA1 and FOXA2 reciprocally regulate the expression of 

SHH in more lateral regions of the ventral midbrain (Ang et al. 1993; Joksimovic et al. 

2009a; Lin et al. 2009; Blaess et al. 2011; Mavromatakis et al. 2011). FOXA2 is a master 

regulator of the expression of genes important for mDA development by directly binding to 

their promoters (Metzakopian et al. 2012). Another member of the same transcription 

factor family, FOXA1, which is expressed in similar regions as FOXA2, is able to 

compensate for the loss of FOXA2 (Ferri et al. 2007). Knock-out of either FOXA1 or 

FOXA2 did not show significant abnormalities in mice, while simultaneous knock-out of 

both resulted in defects in mDA neurogenesis and the absence of post-mitotic mDA 

neurons (Ferri et al. 2007; Lin et al. 2009). Moreover, FOXA1 and FOXA2 are required for 

the maintenance of mature mDA neurons, as loss of FOXA1 and FOXA2 in SLC6A3-

expressing neurons lost their expression of AADC and ALDH1A1, both mDA neuronal 

markers, and resulted in the loss of mDA neurons (Domanskyi et al. 2014). In addition to 

regulating mDA development and maintenance, FOXA1/2 are also important for 

repressing lateral fate, partly through direct inhibition of NKX2.2 expression (Ferri et al. 

2007; Lin et al. 2009). 

An early marker for mDA specification is LMX1A (Andersson et al. 2006). In the ventral 

midbrain, LMX1A is expressed in the ventricular zone of the ventral midline region after E9 

in mice and 5 weeks post-conception in humans and is later co-expressed with post-

mitotic mDA markers, such as NR4A2, PITX3, and TH, in the mantle zone of the ventral 

midbrain (Andersson et al. 2006; Ono et al. 2007; Hebsgaard et al. 2009; Joksimovic et al. 

2009a; Nelander et al. 2009). Fate mapping showed that LMX1A+/SHH+ progenitors in the 

mouse ventral midline midbrain developed into mDA neurons (Joksimovic et al. 2009a; 

Blaess et al. 2011). Although LMX1A was considered an early specifier of mDA neurons, a 

recent single-cell sequencing study found that LMX1A+ progenitors also give rise to 

subthalamic nucleus neurons in mice (Kee et al. 2017). Functionally, LMX1A promotes 

proneural transcription factor NGN2 expression and inhibits NKX6.1 expression by 

inducing MSX1 (Andersson et al. 2006). LMX1A and WNT1 can also form a positive 

feedback loop in promoting mDA specification and differentiation (Prakash et al. 2006; 
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Chung et al. 2009). Another transcription factor of the same family, LMX1B, was found to 

cooperate with LMX1A in mDA specification and differentiation (Chung et al. 2009; 

Nakatani et al. 2010; Deng et al. 2011; Yan et al. 2011). In the ventral midbrain, LMX1B is 

initially expressed in a wider domain than LMX1A, but later its expression is restricted to 

the mantle zone of the LMX1A+ midline domain at around E12.5 in mice (Andersson et al. 

2006; Ono et al. 2007). One of the downstream targets of LMX1A/LMX1B and WNT1 is 

OTX2. In addition to its early role in epiblast conversion and midbrain specification (Li and 

Joyner 2002; Acampora et al. 2013), OTX2 also promotes mDA specification by 

repressing NKX2.2 expression (Puelles et al. 2004) and the development of VTA neurons 

(Di Giovannantonio et al. 2013; Panman et al. 2014).  

1.3.2.2 Stepwise differentiation of midbrain dopaminergic neurons 

mDA neurons can be generated from PSCs in vitro by either a direct reprogramming 

strategy or a stepwise strategy. The principle of stepwise mDA differentiation stems from 

in vivo development, involving essentially three steps: neural induction, patterning and 

specification, and terminal differentiation and maturation. PSCs are first differentiated 

towards neural progenitors, a process referred to as neural induction. Neural progenitors 

express pan-neural progenitor markers, such as SOX1, SOX2, and NESTIN. Early 

protocols of neural differentiation adopt an embryoid body strategy (Lee et al. 2000; Yan et 

al. 2005; Roy et al. 2006; Cho et al. 2008) or co-culture on feeder cells (Perrier et al. 2004; 

Zeng et al. 2004; Park et al. 2005), which suffer from disadvantages of variable efficiency 

and contamination of non-human cells. Currently, neural induction is more efficiently 

achieved by the dual-SMAD inhibition strategy, which uses a small molecule, SB431542, 

and a secreted protein, Noggin, to inhibit SMAD signalling (Chambers et al. 2009). Studies 

have shown that the neural progenitors generated by dual-SMAD inhibition were by default 

of dorsal forebrain identity expressing markers such as PAX6 and FOXG1 and early 

midbrain floor plate patterning could increase the efficiency of mDA 

differentiation(Chambers et al. 2009; Fasano et al. 2010). Early ventralisation is achieved 

by applying SHH and/or Shh signalling agonists (Cooper et al. 2010; Fasano et al. 2010; 

Denham et al. 2012), while caudalisation to midbrain fate can be achieved by finely tuned 

inhibition of Wnt signalling (Kriks et al. 2011; Denham et al. 2012; Xi et al. 2012) or 

inhibition of FGF/ERK signalling upon epiblast exit (Jaeger et al. 2011). Kim et al. (2021) 

recently used a so-called ñCHIR boostò protocol to mimic the time and dose-dependent 
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differential role of Wnt signalling during development and generated mDA lineage with little 

contamination of related fate. Wnt signalling during neural induction is dose-dependently 

involved in the rostrocaudal patterning of the neural tube (Nordstrom et al. 2002), while a 

strong time-specific Wnt signalling is required for the specification of the mDA lineage 

(Joyner et al. 2000). Correctly patterned mDA progenitors are expected to express 

LMX1A, FOXA2, OTX2, LMX1B, and DMRTA2 (Gennet et al. 2011; Nolbrant et al. 2017). 

These mDA progenitors can be differentiated towards mDA neurons and allowed to 

mature in media containing neurotrophic factors. Using optimised protocols, mature mDA 

neurons are expected to express TH, NR4A2, PITX3, FOXA2, SLC6A3, TUBB3, EN1, and 

KCNJ6 for SN-like mDA neurons (Nolbrant et al. 2017). So far, published studies have 

reported up to 70% of TH+ out of all TUJ1+ neurons (Jaeger et al. 2011; Kriks et al. 2011; 

Denham et al. 2012; Kirkeby et al. 2012; Xi et al. 2012; Fedele et al. 2017), while Nolbrant 

et al. (2017) reported more than 80% FOXA2+/LMX1A+ mDA neurons out of all TH+ 

neurons. 

1.3.3 Differentiation of astrocytes from PSC 

1.3.3.1 Direct conversion of astrocytes from PSCs 

The quickest approach to generating astrocytes from PSCs is the direct conversion 

strategy. Direct conversion strategy involves induced expression of combinations of three 

transcription factors: NFIA, NFIB, and SOX9. These three transcription factors promote 

astrogliogenic switch during development. Simultaneous induction of NFIA, NFIB, and 

SOX9 could convert mouse fibroblast directly to functional astrocytes, while conversion of 

human fibroblast was less efficient (Caiazzo et al. 2015). Canals et al. (2018) induced 

expression of different combinations of NFIA, NFIB, and SOX9 to differentiate astrocytes 

directly from PSCs in 21 days, without the need for progenitor expansion. The resulting 

astrocytes expressed several astrocyte markers and exhibit functional properties of 

astrocytes both in vitro and in grafts. Another two studies induced transgene expression in 

the NPC stage and reduced the time needed to obtain astrocytes. Li et al. (2018) induced 

NFIA and SOX9 expression at the start of the progenitor expansion stage, which 

shortened the duration of the progenitor expansion stage from over three months to one. 

This protocol generated more than 60% GFAP+/S100B+ astrocytes in 52 days. One 

potential problem with this protocol was the need for long-term doxycycline treatment. By 
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contrast, Tchieu et al. (2019) transiently induced NFIA expression alone for seven days at 

the start of the progenitor expansion stage and then cultured progenitors with LIF, which 

activates the astrogenic JAK-STAT3 signalling pathway. This protocol yielded similar 

results within a similar time frame as Li et al. (2018) but did not require long-term 

doxycycline exposure. The use of NPCs as the starting point in these two protocols 

enables them potentially adaptable to generating regionally patterned astrocytes. 

1.3.3.2 Stepwise differentiation of astrocytes from PSCs 

The stepwise strategy of astrocyte differentiation involves three steps: neural induction and 

patterning, progenitor expansion, and terminal differentiation. The first step of astrocyte 

differentiation converts PSCs to neural progenitors using dual-SMAD inhibition for neural 

induction and patterning factors to obtain the desired regional identity. It is generally 

assumed that the regional identity established during the early stage of the differentiation 

is maintained throughout the progenitor stage and eventually also astrocytes. Using 

different patterning protocols, astrocytes with claimed dorsal forebrain (Hedegaard et al. 

2020), ventral forebrain (Bradley et al. 2019), hindbrain (Roybon et al. 2013; Yun et al. 

2019), ventral midbrain (Booth et al. 2019; de Rus Jacquet 2019; Barbuti et al. 2020), 

dorsal spinal cord (Bradley et al. 2019), and ventral spinal cord (Bradley et al. 2019).  

In the second stage, neural progenitors were then maintained and kept proliferating with 

mitogens. Currently, there are two versions of the progenitor expansion condition based on 

whether or not FGF2 is used. FGF2-containing condition (sometimes supplemented with 

EGF and heparin) has been widely used in the majority of astrocyte differentiation 

protocols (Krencik et al. 2011; Emdad et al. 2012; Roybon et al. 2013; Serio et al. 2013; 

Shaltouki et al. 2013; Zhou et al. 2016; Santos et al. 2017; Tcw et al. 2017; Li et al. 2018; 

Lin et al. 2018; Booth et al. 2019; Bradley et al. 2019; de Rus Jacquet 2019; di Domenico 

et al. 2019; Yun et al. 2019; Barbuti et al. 2020; Byun et al. 2020a; Hedegaard et al. 2020; 

de Rus Jacquet et al. 2021). In addition to maintaining proliferation, FGF2 has also been 

found to be able to induce chromatin remodelling and alter histone modifications to open 

the chromatin near promoters of astrocytic genes (Song and Ghosh 2004). Another 

version of the progenitor expansion condition used EGF and LIF instead of FGF2. Booth et 

al. (2019) applied EGF and LIF used for 10 days and later switched to FGF2 and EGF, 

while Crompton et al. (2021) used EGF and LIF at a low cell density up until the terminal 
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differentiation stage of astrocytes. The effect of FGF2 and EGF on progenitor proliferation 

and astrocyte differentiation may be different. Early studies on mouse embryonic neural 

stem cells have reported that early neural stem cells were not responsive to EGF but only 

to FGF2 (Tropepe et al. 2001; Maric et al. 2003), while Tropepe et al. (2001) also reported 

that mouse neural stem cells from different brain regions responded differently to FGF2 

and EGF. Furthermore, FGF2 and EGF may potentially differ in their astrogenic ability. 

FGF2 can promote chromatin accessibility at astrocyte genes, thereby promoting 

astrogenesis (Song and Ghosh 2004). In contrast, Sanalkumar et al. (2010) reported 

astrogenesis was promoted by EGF but not FGF2 in mouse ESC-derived neural stem cells 

from embryoid bodies, while Bonni et al. (1997) showed that EGF could potentiate 

astrocyte differentiation induced by BMP4 and CNTF. These reports suggest that FGF2 

and EGF could both promote the proliferation of NPCs and astrocyte differentiation, albeit 

exhibiting differential responses in different conditions. However, previous studies have 

mostly been conducted using mouse cells derived from the cortex. Therefore, it remains to 

be further determined which condition is the best for the generation of VM astrocytes. 

In addition to mitogen combinations, the mode of cell culture also differs from protocol to 

protocol. Progenitors could be expanded in suspension or as a monolayer 

(Chandrasekaran et al. 2016). Suchun Zhangôs lab initially published an astrocyte 

differentiation protocol from embryonic stem cells that expanded progenitors as 

neurospheres (Krencik et al. 2011; Krencik and Zhang 2011). In this protocol, 

neurospheres are cultured with FGF2 and EGF and mechanically dissociated regularly. 

This protocol was the basis for several later studies (Juopperi et al. 2012; Roybon et al. 

2013; Serio et al. 2013; Shaltouki et al. 2013; Li et al. 2018; Bradley et al. 2019; Byun et al. 

2020a). Another strategy is the adherent cell culture in which NPCs are cultured as a 

monolayer on poly-ornithine-laminin coating (Emdad et al. 2012; Tcw et al. 2017; Lin et al. 

2018; Booth et al. 2019; de Rus Jacquet 2019; di Domenico et al. 2019; Tchieu et al. 

2019; Barbuti et al. 2020; Hedegaard et al. 2020; de Rus Jacquet et al. 2021). Zhou et al. 

(2016) compared the monolayer strategy with the neurosphere strategy. It was found that 

without additional astrogenic growth factors or cytokines, neurospheres in the expansion 

were more homogenous in terms of NPC marker expression and generated more GFAP+ 

astrocytes than monolayer cultures (Zhou et al. 2016). However, it is unclear whether 

neurospheres are more homogenous in terms of astroglio-competence than monolayer 

cultures and whether astrocyte differentiation induced by growth factors and cytokines 
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would be more efficient in neurosphere-expanded NPCs than in monolayer-expanded 

progenitors. Therefore, it is still unclear which strategy is better. 

Step three of astrocyte differentiation is to induce terminal differentiation of astrocytes from 

astroglio-competent NPCs. CNTF/LIF and BMP2/4 are often used in this process. CNTF 

and LIF are cytokines binding to LIF receptors and gp130 and activating the downstream 

JAK-STAT3 signalling pathway, which is essential for the initiation of astrocytic gene 

expression (Bonni et al. 1997). BMP2 and BMP4 activate the SMAD signalling pathway, 

which has also been shown to drive astrogenesis in cooperation with the JAK-STAT3 

signalling pathway (Nakashima et al. 1999b). It has been found that LIF and BMP4 

generate astrocytes exhibiting different morphology, marker expression, and cellular states 

(Bonaguidi et al. 2005). Later experiments showed that astrocytes generated from mouse 

neural stem cells were not functionally mature (Savchenko et al. 2019). Magistri et al. 

(2016) compared PSC-derived astrocytes differentiated with FBS or with CNTF and BMP4, 

using a transcriptomic approach. They found that FBS induces astrocyte reactivity, 

whereas astrocytes differentiated with CNTF and BMP4 remained quiescent and devoid of 

contamination from oligodendrocyte lineage. In addition to CNTF/LIF and BMP2/4, another 

group reported neuregulin induced more GFAP+ astrocytes (Shaltouki et al. 2013). 

Neuregulin has also been combined with CNTF and BMP4 to generate authentic 

astrocytes expressing six astrocyte markers (Barbuti et al. 2020). Functional maturity of 

astrocytes could be promoted using FGFs, including FGF1, FGF2, and FGF18 (Roybon et 

al. 2013; Savchenko et al. 2019; Lattke et al. 2021).  

1.4 Single-cell RNA sequencing and analysis methods 

Single-cell RNA sequencing (scRNAseq) obtains transcriptomic data from individual cells. 

While bulk RNA sequencing (RNAseq) has been widely used, the heterogeneity of bulk 

samples has also gained attention. scRNAseq overcomes the heterogeneity of bulk 

samples and allows the classification and characterisation of the biological identity and 

state of the transcriptome in the individual cell. Therefore, scRNAseq has now gained 

much attention with a growing number of data being generated. This section introduces 

methods of obtaining and analysing single-cell transcriptomic data. 



 

44 

 

1.4.1 scRNAseq library preparation platforms 

Several strategies have been developed to isolate single cells and capture the 

transcriptome from single cells. Early methods of single-cell capture involve either limiting 

dilution or manual isolation of cells by micromanipulation, capillary pipetting, or laser 

capture microdissection. Alternatively, single cells expressing fluorescence proteins or 

specific surface markers could be isolated using fluorescence-activated cell sorting 

(FACS). However, the efficiency of these methods is low and requires a large number of 

starting materials. More recently developed methods use microfluidic chambers (Fluidigm 

C1), microdroplet-based microfluidics (10× Chromium), or robotic pipetting (Takara 

iCELL8). 

Fluidigm C1 platform uses an automatic microfluidic system to capture single cells in 

separated nanochannels, which can be visualised and where library preparation reactions 

take place. Although cartridges are available for cells of different sizes, the platform still 

requires the size of cells within the sampled population to be relatively uniform to avoid 

selection biases. Furthermore, the number of cells to be captured is low, up to 96 or 800 

single cells, depending on the assay type used. However, with the high throughput, assay, 

full-length profiling is not available. 

A popular droplet-based microfluidic platform for scRNAseq was developed by 10x 

Genomics (Zheng et al. 2017). The 10x Chromium platform captures single cells of various 

sizes in an oil-based gel bead in the emulsion which contains reagents for library 

preparation and oligonucleotides for cell barcoding. Cells are lysed in the bead and RNAs 

are reverse transcribed and barcoded. One of the most attractive advantages of the 10x 

Chromium platform is its high throughput and efficiency, capturing thousands of cells with 

a low doublet rate. However, the 10x Chromium platform is only compatible with the 3ô-end 

or 5ô-end profiling and can only detect an average of approximately 1500~5000 genes in 

one experiment. Therefore, the scope of the single-cell transcriptome might not be fully 

captured with the 10x Chromium platform. Another shortcoming of the 10x Chromium 

platform is that samples captured cannot be visualised; thus, unwanted multiplets or debris 

cannot be excluded before sequencing. 

Takara iCELL8 CX platform is a robotic nano-dispenser platform with an integrated 

fluorescence microscope that allows for the dispensing of single cells, cell selection, and 
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library preparation (Goldstein et al. 2017). Cells are prepared in suspension at a low 

concentration and dispensed into nanowell microchips. Using this platform, as many as 

1800 single cells could be captured according to Poisson distribution, which could be 

further filtered based on cell viability cell staining or fluorescent markers of interest. Similar 

to the Fluidigm C1 platform, iCELL8 is of lower throughput than 10x Chromium. However, 

a major advantage of the iCELL8 platform is its versatility in library preparation chemistries 

available, including not only 3ô and 5ô-end profiling but also full-length profiling. Moreover, 

the integrated fluorescence microscope enables direct visualisation of the cell captured so 

that multiplets and debris can be excluded before library preparation.  

Recently, Wang et al. (2019) and Yamawaki et al. (2021) systematically compared 

different scRNAseq platforms. Yamawaki et al. (2021) found that 10x Chromium had the 

highest cell recovery rate and the highest sensitivity in terms of genes detected and low 

expression dropouts. By contrast, although iCELL8 libraries had the highest proportion of 

cell-related reads, iCELL8 3ô-end profiling was less sensitive than the 10x Chromium 

(Yamawaki et al. 2021), whereas Wang et al. (2019) found the opposite that Fluidigm C1 

and iCELL8 had higher sensitivity and lower dropout rates than 10x Chromium. These 

conflicting findings suggest that technical variabilities among laboratories could have 

played a role in the different results of assessing different scRNAseq platforms. Therefore, 

in determining which platform is used, technical familiarity with the platform should also be 

considered. 

1.4.2 Methods of single-cell transcriptomic analyses 

1.4.2.1 Sequencing data quality control and processing 

After conducting NGS, the raw base calling outputs are converted to raw reads in the 

format of FASTQ files, while reads with different indices arising from different samples are 

demultiplexed. The raw sequencing reads stored in FASTQ files are assessed for quality, 

commonly using a tool called FASTQC. FASTQC summarises the quality of base calling at 

each position of the read, the mean quality of each sequence, calculates the GC content at 

each position of all reads and in each read, and detects duplicated and over-represented 

sequences, and adaptor contamination (Andrews 2010). For a high-quality NGS 

experiment, it is expected that all reads have a very high sequencing quality at all positions 

and in all reads, even distribution of GC content throughout the reads, normal distribution 
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of GC content of all reads, and absence of duplicated or over-represented reads, or 

adaptor contamination. However, for RNA sequencing, due to the use of random hexamer 

primers or transposase-mediated fragmentation, the GC content at the first 10-15 bases of 

the read could fluctuate (Andrews 2010). Furthermore, to detect lowly expressed 

transcripts, RNA sequencing is usually sequenced at higher depths, thereby resulting in 

high multiplication levels for reads arising from some highly expressed transcripts. 

Therefore, FASTQC results should be considered according to the type of the experiment 

and the method of library preparation. 

1.4.2.2 Alignment 

One of the key steps of a sequencing experiment is to determine to which genomic or 

transcriptomic region the read corresponds. To do so, most alignment tools first construct 

an index of the reference genome/transcriptome by fragmentation to allow for more 

efficient read matching and sequencing searching (Alser et al. 2021). Then, potential 

matches in the whole reference to the read are identified, and each candidate region is 

compared to the read for pair-wise alignment (Alser et al. 2021). Several tools have been 

published, among which STAR aligner has been reported as one of the best tools for 

RNAseq read alignment (Teissandier et al. 2019; Du et al. 2020; Musich et al. 2021; 

Brüning et al. 2022). STAR aligner first searches for the longest exact match in the 

reference to the starting portion of the read and then searches in the reference for the 

exact match to the unmatched portion in the first step (Dobin et al. 2012). Each aligned 

portion of the read is referred to as a seed. Such a strategy can computationally identify 

potential splicing sites without genome annotation or arbitrary identification of exon-intron 

junction (Dobin et al. 2012). In the second step, uniquely mapped seeds are used as 

anchors for the proximity-based clustering of other seeds (Dobin et al. 2012). Seeds 

clustered around the anchor seed are then stitched together to form a complete read with 

intronic windows in a way that yields the highest local alignment score (Dobin et al. 2012). 

During this process, information from pair-end reads is incorporated to increase the 

sensitivity and accuracy of alignment (Dobin et al. 2012).  

1.4.2.3 Feature quantification and summarisation 

After aligning reads to the genome or transcriptome, it is common practice to quantify the 

number of reads mapped to particular genes or genomic features. One tool for this 
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purpose is featureCounts. featureCounts first assigns each uniquely aligned read to a 

positional window of the genome containing user-defined genomic features, such as 

exons, introns, or genes (Liao et al. 2013). Reads that overlap with multiple features are 

not quantified. In the second step, reads that are assigned to the same feature are 

counted and summarised at the meta-feature (i.e., gene) level (Liao et al. 2013). 

Therefore, a read spanning more than two features of a gene is only counted once. 

1.4.2.4 Count normalisation 

The raw count of scRNAseq is usually confounded by technical noise due to the extremely 

small amount of input material and technical bias during library preparation (Brennecke et 

al. 2013). Compared to bulk RNAseq, scRNAseq data contain an excessive amount of 

zero counts arising from genes that are not expressed, lowly expressed, or not detected 

during sequencing. Therefore, raw counts are normalised to remove the noise and bias 

from technical factors before downstream analyses. There are two types of normalisation 

approaches: one type estimates size factors (either global or cell/group-specific), while the 

other mathematically models count. One of the simple and commonly used size factor-

based normalisation methods is the LogNormalisation which can be implemented by some 

commonly used scRNAseq analysis tools, such as Seurat and Scater (Satija et al. 2015; 

McCarthy et al. 2017). The simple LogNormalisation method normalises the count to the 

total count per cell which is then multiplied by a specific scale factor and finally natural log 

transformed. LogNormalisation, though generally performing well, is limited by its use of 

global scale factors. Other methods estimate scale factors in a more group-specific 

manner. For example, the Scran method normalises a pool of cells with similar library 

sizes against the total population and then deconvolutes the size factor for individual cells 

according to the linear system of all normalised pools (Lun et al. 2016). SCnorm estimates 

scale factors for groups of genes by quantile regression of transcript expression and 

sequencing depth (Bacher et al. 2017). Lytal et al. (2020) compared size factor-based 

methods using both mouse and human datasets. Although SCnorm and BASiCS (relying 

on spike-ins) perform well overall, the computing resource needed is significantly higher 

than the scran method and the simple LogNormalisation method (Lytal et al. 2020). 

Therefore, on balance, the simple LogNormliasation method appears to be well suited for 

different types of data, yielding satisfactory performance. Alternatively, other methods 

normalise counts according to distribution modelling. One recent method implemented by 
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Seurat is SCTransform, which constructs gene-specific generalised linear models of 

unique molecular identifier (UMI) counts against response and sequencing depth followed 

by the correction of parameters by collating information from genes with similar 

abundances (Hafemeister and Satija 2019). Despite the good performance of 

SCTransform on various types of data, it is unclear whether the SCTransform method 

applies to data from the non-UMI-based library (Hafemeister 2021). 

1.4.2.5 Batch effect correction and data integration 

The batch effect refers to variation unrelated to sample differences but arises from 

technical reasons, such as processing batch, instruments used, experimenters, etc (Leek 

et al. 2010). It is important to try to remove the batch effect through both careful 

experimental design and batch effect removal steps during data analysis because the 

batch effect could mask true biological information and bias interpretation (Goh et al. 

2017). In addition, batch effect correction is also necessary to compare different datasets, 

which could uncover more biological information than investigating one dataset. Several 

batch effect correction methods have been published. One popular method, the mutual 

nearest neighbours method, is to identify the nearest neighbours between two datasets, 

which act as anchors which are used to align the two datasets in a shared space 

(Haghverdi et al. 2018). This method estimates the batch effect between the two datasets 

based on the differences in gene expression between anchoring cells across datasets 

(Haghverdi et al. 2018). Several tools, such as Seurat and Scanorama, implement this 

method to remove the batch effect and integrate different datasets of both the same and 

different modalities (Stuart et al. 2019; Hao et al. 2021). Although this method does not 

assume the same composition of cells in the population of the two datasets, it does 

assume the presence of a similar subpopulation and the batch effect being independent 

and smaller than the biological effect (Haghverdi et al. 2018). The canonical correlation 

analysis method implemented in Seurat identifies the maximally correlated patterns of 

gene-gene covariance conserved between batches, which can be used for dimensionality 

reduction and batch alignment (Butler et al. 2018). A more recently published method, 

Harmony, iteratively clusters similar cells from different batches in a low-dimensional 

space with a preference for clustering cells from multiple batches together until cell 

clusters stably converge (Korsunsky et al. 2019). A linear function of distinct cell clusters 

and cluster-specific correction factors is calculated from each iteration, which is used to 
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assign cell-specific correction factor (Korsunsky et al. 2019). Using a different strategy, 

LIGER adopts non-negative matrix factorisation algorithm to integratively calculate 

dataset-specific and conserved factors, which is used for clustering and searching for 

shared clusters (Welch et al. 2019). Tran et al. (2020a) benchmarked 14 batch correction 

methods and recommended Harmony, LIGER, and Seurat. However, methods applied 

should carefully assessed according to biological knowledge and correction outcome. 

1.4.2.6 Gene regulatory network inference 

Regulons are a group of genes regulated by the same transcription factor, which form the 

regulatory network underlying cellular identity, state, and differences. SCENIC identifies 

genes which are co-expressed with transcription factors, and which are significantly 

enriched for cis-binding motifs upstream of the transcriptional start site (Aibar et al. 2017). 

SCENIC also calculates the enrichment score of modules of downstream transcriptional 

targets of transcription factors, which can be used for clustering and cell state prediction 

(Aibar et al. 2017). 

1.5 Aims and objectives 

The involvement of astrocytes in PD has gained much attention. Although attempts have 

been made to generate VM astrocytes for PD modelling, previous studies failed to identify 

the molecular or functional characteristics of the so-called óVMô astrocytes in comparison to 

astrocytes of other lineages. Therefore, to better study the role of astrocytes in the 

aetiology of PD, this project aims to generate iPSC-derived VM astrocytes from a VM 

lineage tracing cell line, to characterise the function and maturity of iPSC-derived VM 

astrocytes, and to characterise the lineage identity of the lineage-traced VM astrocytes 

with comparison to astrocytes of non-VM lineages at the single-cell transcriptomic level. 

Firstly, VM astrocytes will be generated using a well-established mDA patterning paradigm 

and stepwise monolayer astrocyte differentiation protocol. Before the initiation of astrocytic 

induction and differentiation, NPCs of the mDA lineage will be purified using FACS. During 

astrocytic induction and differentiation, the potential change in the lineage identity of NPCs 

will be monitored to determine how astrocyte differentiation influences the established 

lineage identity.  
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Secondly, the transcriptomic identity and characteristics of iPSC-derived VM astrocytes 

will be explored in detail using full-length pair-end scRNAseq. Particularly, the lineage 

differences between VM and non-VM astrocytes will be investigated by comparing iPSC-

derived VM astrocytes with telencephalic astrocytes and astrocytes derived from the non-

mDA lineage present in the mDA differentiation. Using multiple published scRNAseq 

datasets, candidate markers for different lineages of astrocytes that can be broadly used 

during in vitro astrocyte differentiation will be identified, followed by experimental validation 

in our in vitro differentiation.  

Finally, iPSC-derived astrocytes will be subjected to various functional assays to 

determine whether these astrocytes are functional. We will focus on calcium signalling, the 

ability to remove extracellular glutamate, response to pro-inflammatory stimuli, and 

neurotrophic effect upon chemically induced oxidative stress. Furthermore, as proof of 

concept, VM astrocytes will be co-cultured with iPSC-derived mDA neurons with or without 

SNCA mutations to determine whether iPSC-derived VM astrocytes can alleviate the 

cellular deficit caused by SNCA mutations. 
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Chapter 2. Materials and Methods 

2.1 Molecular Biology 

2.1.1 RNA extraction 

RNA was extracted from the cell culture by lysing cells with TRI ReagentÊ Solution 

(Thermo Fisher Scientific) for five minutes at room temperature. Cell lysates were 

vigorously mixed with 200 µL of chloroform per mL of TRI ReagentÊ Solution initially 

used, left to stand for 15 minutes at room temperature, and centrifuged at 12000 rcf for 15 

minutes at 4°C. The upper transparent phase (RNA) was manually retrieved and mixed 

with 0.5 mL of 2-propanol per mL of TRI ReagentÊ Solution initially used. Samples were 

then left to stand for 1 ï 2 hours at 4°C, before being centrifuged at 12000 rcf for 10 

minutes at 4°C for precipitation. Precipitates were washed with 70% ethanol and 

centrifuged at 7500 rcf for 15 minutes at 4°C. Extracted RNAs were dissolved in 

DNase/RNase-free ddH2O. RNA samples were quantified using NanoDropÊ 2000 

Spectrophotometer (Thermo Fisher Scientific) by measuring absorbance at wavelength 

260 nm. RNA samples were stored at -78°C and thawed at 4°C before use. 

2.1.2 DNase treatment of RNA 

To remove reminiscent DNA from RNA samples, 2 ɛg RNA were treated with 1Ĭ DNase 

Treatment Reaction Buffer with MgCl2 (Thermo Fisher Scientific),10% (v/v) of RNase-free 

DNase I (Thermo Fisher Scientific). The mixture was incubated at 37°C for 30 minutes. 

Afterwards, EDTA was immediately added to the reaction to a final concentration of 5 mM. 

The reaction mix was further incubated at 65°C for 10 minutes to inactivate DNase I. 

Treated samples were quantified again as previously described. DNase-treated RNA 

samples were stored at -78°C and thawed at 4°C before use. 

2.1.3 Reverse transcription PCR 

cDNA was generated by reverse transcription (RT) PCR using EvoScript Universal cDNA 

Master Version 04 (Roche Life Science). 1.2 ɛg of the DNase-treated RNA were mixed 

with 1× Reaction Buffer and incubated at 4°C for a minimum of 5 minutes before adding 

the 1× Enzyme Mix. RT PCR was conducted at 42°C for 15 minutes (reverse 

transcription), 85°C for 5 minutes (inactivation of reverse transcriptase and RNase H), 
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followed by 65°C for 15 minutes (to achieve complete inactivation of RNase H), as 

recommended by the manufacturer. cDNA samples were diluted 1:10 and stored at -20°C. 

Frozen samples were thawed at 4°C before use. 

2.1.4 Quantitative real-time PCR analysis 

1:10 dilution of cDNA was mixed with quantitative real-time PCR (qPCR) reaction master 

mix containing 0.1 ɛM forward and reverse primers, 50% (v/v) of TakyonÊ Low ROX 

Probe 2X MasterMix dTTP blue (Eurogentec), and DNase/RNase-free H2O for a final 

volume of 10 µL per reaction. Primers used for qPCR were listed in Table 2-1. qPCRs 

were conducted with three technical replicates per sample using the Applied Biosystems 

QuantStudioÊ 7 Flex Real-Time PCR System. The PCR run method used included three 

stages: hold stage, PCR stage, and melt curve stage. During the hold stage, the 

temperature was raised from room temperature to 50°C with an increment of 1.6°C per 

second, held at 50°C for 2 minutes, increased to 95°C with an increment of 1.6°C per 

second, and finally held at 95°C for 10 minutes. For the PCR stage, a total of 45 cycles 

were made. For each cycle of the PCR stage, the temperature was held at 95°C for 15 

seconds, decreased to 60°C with a decrement of 1.6°C per second, and held at 60°C for 1 

minute for fluorescence data collection. For the melt curve stage, the temperature was 

increased to 95°C with an increment of 1.6°C per second, held at 95°C for 15 seconds, 

decreased to 60°C with a decrement of 1.6°C per second, held at 60°C for 1 minute, 

increased to 95°C with an increment of 0.05°C per second with data collection at every 

increment, and finally held at 95°C for 15 seconds. Finally, the temperature was brought 

down to room temperature without rate restriction. The threshold of fluorescence detection 

was automatically determined by the software. Relative quantification was conducted 

using the QuantStudio Real-Time PCR Software v1.3 (Thermo Fisher Scientific). All data 

were normalised to the geometric means of CT values of two endogenous control genes, 

GAPDH and ACTB.  
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Table 2-1. qPCR primers used. 

Gene Forward primer Reverse primer 

ACTB TCACCACCACGGCCGAGCG TCTCCTTCTGCATCCTGTCG 

EMX2 GCTTCTAAGGCTGGAACACG CCAGCTTCTGCCTTTTGAAC 

EN1 CGTGGCTTACTCCCCATTTA TCTCGCTGTCTCTCCCTCTC 

FOXA2 ATTGCTGGTCGTTTGTTGTG TGTACGTGTTCATGCCGTTC 

GAPDH ATGACATCAAGAAGGTGGTG CATACCAGGAAATGAGCTTG 

GBX2 CTCGCTGCTCGCCTTCTC GCCAGTCAGATTGTCATCCG 

GFAP TGCGGGATGGAGAGGTCAT CTATCCTGCTTCTGCTCGGG 

HOXA2 CGTCGCTCGCTGAGTGCCTG TGTCGAGTGTGAAAGCGTCGAGG 

ISL1 AAGCGCAGGAAGAGAGACTG CCAAGAGACCCAGGATTTCA 

LMX1A GAGACCACCTGCTTCTACCG GCCCGCATAACAAACTCATT 

LMX1B CTTAACCAGCCTCAGCGACT TCAGGAGGCGAAGTAGGAAC 

NFIA GTCACCAACCTACTCGACACC GGACGCTGCAACTTTTATCCC 

NKX2.1 CGCATCCAATCTCAAGGAAT TGTGCCCAGAGTGAAGTTTG 

NKX2.2 CAGAACCACCGCTACAAGATGA GCTGTAGGCAGAAAAGGGAATG 

NKX6.1 CAAGGATCCATTTTGTTGGACA GGAACCAGACCTTGACCTGACT 

OTX2 TGCCAAAAAGAAGACATCTCCA AAGCTGGGCTCCAGATAGACAC 

PAX2 CAGGCATCAGAGCACATC GTCACGACCAGTCACAAC 

PAX3 CTCACCTCAGGTAATGGGACT CGTGGTGGTAGGTTCCAGAC 

PAX6 AGAGAATACCAACTCCATC GATAATGGGTTCTCTCAAG 

PAX7 CTCCTCAGGTGATGAGCATCTTG AGATAATCAACAGCAGTCTGGCCG 

PAX8 ATAGCTGCCGACTAAGCATTGA ATCCGTGCGAAGGTGCTTT 

S100B GGAGACAAGCACAAGCTGAA CTTGCATGACCGTCTCTGTT 

SOX1 GGAAGGTCATGTCCGAGGCC ACTTGTCCTTCTTGAGCAGCG 

SOX9 ATCTCCCCCAACGCCATCTT CCTGGGATTGCCCCGAGT 

TUBB3 CATGGACAGTGTCCGCTCAG CAGGCAGTCGCAGTTTTCAC 

2.1.5 Protein extraction and quantification 

Total proteins were extracted from the cell culture using the RIPA Lysis and Extraction 

Buffer (Thermo Scientific), following the manufacturerôs protocol. Extracted samples were 

aliquoted and stored at -78°C immediately after extraction. Extracted proteins were 

quantified using the PierceÊ Modified Lowry Protein Assay Kit (Thermo Scientific), 

following the manufacturerôs protocol. The reaction plate was incubated at room 

temperature for 15 minutes on an orbital shaker. Absorbance was measured using 

CLARIOstar Plus (BMG LABTECH) at a wavelength of 480 nm with an absorbance path 

length correction factor of 1.5083. Plates were shaken in orbital shaking mode with a 

shaking width of 1 mm for 10 seconds before the plate reading. 
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2.2 Cell culture 

2.2.1 PSC cultures 

2.2.1.1 Routine maintenance of PSCs 

iPSCs were routinely maintained in E8 flex (Gibco) media on plates coated with hESC-

Qualified Matrigel Basement Membrane Matrix (Corning) or Cultrex Stem Cell Qualified 

Reduced Growth Factor Basement Membrane Extract (Bio-Techne). The culture media 

were replaced every other day. When the culture reached 70%~80% confluency, PSCs 

were passaged. 

2.2.1.2 Replating PSCs 

To passage iPSCs, media were removed, and the culture was washed once with DPBS 

without calcium or magnesium (Gibco). Routinely, Gentle Cell Dissociation regent (Stem 

Cell Technologies) was used to dissociate the cells at room temperature for 5 minutes. 

When the Gentle Cell Dissociation reagent was not available, 0.5 mM 

ethylenediaminetetraacetic acid (EDTA) solution in DPBS (Sigma Aldrich) was used under 

the normal cell culture condition for 3 minutes for cell dissociation. Cells were then scraped 

off the plate with 2 mL serological pipettes or cell lifters with 2 cm blades and plated 1:8 ~ 

1:12 onto Matrigel or Cultrex-coated plates as small clusters. The culture media were 

replaced with fresh E8 flex media on the next day. 

2.2.1.3 Freezing of PSCS 

To freeze iPSCs, cells were dissociated from the plate in the same way as passaging 

cells. Cells were frozen in E8 flex media with 10% DMSO (Sigma-Aldrich) or in CTSÊ 

PSC Cryomedium (Gibco) with 1× Revitacell supplement (Gibco) or 10 µM Y27632 (Stem 

Cell Technology or APExBIO) when Revitacell was not available and cooled down to -

78°C by 1°C decrement. Cryogenic storage vials were transferred from the -78°C freezer 

to liquid nitrogen for long-term storage within a week. 

2.2.1.4 Thawing of PSCs 

To thaw iPSCs, cryovials were retrieved from liquid nitrogen immediately before thawing or 

transferred from liquid nitrogen to -78°C freezer a day in advance. Cryogenic storage vials 



 

55 

 

were rapidly half-thawed in 37°C water bath and pelleted in 10 times the volume of 

DMEM/F12 (Sigma-Aldrich). Recovered cells were resuspended E8 flex with 1× Revitacell 

supplement or 10 µM Y27632 (Stem Cell Technology or APExBIO) and plated onto fresh 

Matrigel or Cultrex-coated plates. The culture media was replaced with fresh E8 flex the 

next day. 

2.2.2 PSC Differentiation 

2.2.2.1 mDA differentiation 

iPSCs were passaged 1:3 onto 12-well plates freshly coated with either Corning® Matrigel® 

Growth Factor Reduced Basement Membrane Matrix (Corning) or Cultrex Stem Cell 

Qualified Reduced Growth Factor Basement Membrane Extract (Bio-Techne). The specific 

coating used in each batch of differentiation is listed in Supplementary Table 1. Plating 

coating used for each differentiation.. 1× Revitacell supplement (Gibco) or 10 µM Y27632 

(Stem Cell Technology or APExBIO) was added for the first day after the passage. When 

the culture reached 70%~80% confluency, the mDA differentiation media was added to 

start the differentiation and were replaced daily. The day when the mDA differentiation 

media was first added was considered Day in vitro (DIV) 0. The mDA differentiation 

medium consists of N2B27-RA basal medium and several small molecules and 

recombinant proteins. The N2B27-RA basal medium contains 66.67% (v/v) of DMEM/F12 

without glutamine (Gibco or Sigma-Aldrich) and 33.33% (v/v) of Neurobasal medium 

(Gibco), supplemented with 0.67× N-2 supplement (Gibco), 0.67× B-27 supplement 

without retinoic acid (Gibco), 2 mM L-glutamine (Gibco), 1× MycoZap (Lonza), and 50 µM 

beta-mercaptoethanol (Gibco). The 50× N-2 supplement stock was supplemented with 

0.68% bovine serum albumin in DPBS (Sigma Aldrich). 

All differentiations using the LMX1A-BFP reporter cell line were conducted using the Cardo 

protocol optimised based on (Jaeger et al. 2011; Kriks et al. 2011). Briefly, on DIV 0, 100 

nM LDN193189 (Sigma-Aldrich), 10 µM SB431542 (Tocris), 200 ng/mL SHH (Peprotech), 

and 1 µm Purmorphamine (Sigma-Aldrich) were added into mDA differentiation media. On 

DIV 3, 3 µM CHIR99021 (Cell Guidance Systems) was added. On DIV 5, 1 µM 

PD0325901 (Generon) was added. On DIV 7, SB431542, SHH, and purmorphamine were 

excluded from the culture medium. On DIV 9, PD0325901 were excluded from the culture 
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medium. On DIV 11, LDN193189 was excluded from the culture medium, while 100 ng/mL 

FGF8a (Peprotech) was added. On DIV 13, CHIR99021 (Cell Guidance Systems) was 

excluded. On DIV 14, cells were dissociated with Accutase (Gibco) at 37°C for 10 minutes 

after which an equal volume of culture media was added to stop the reaction. Cells were 

collected by centrifugation at 200×g for five minutes at room temperature and replated 

onto plates coated with 10 µg/mL poly-D-lysine (Sigma-Aldrich) and 10 µg/mL laminin 

(Sigma-Aldrich) using P1000 pipette tips. On DIV 19, cells were replated at a minimum 

density of 1×106 cells/cm2 onto poly-D-lysine-laminin-coated plates for progenitor 

expansion. 10 µM Y27632 (Stem Cell Technology) was added to the culture media for the 

first day of each passage. 

Alternatively, differentiations with other cell lines followed a modified CHIR boost protocol 

(Kim et al. 2021). Briefly, on DIV 0, 250 nM LDN193189, 10 µM SB431542, and 500 ng/mL 

SHH were added into mDA differentiation media. On DIV 4, 5 µM CHIR99021 was added. 

On DIV 6, cells were replated onto plates freshly coated with Culturex. On DIV 7, 

LDN193189, SB431542 and SHH were removed from the culture medium. On DIV 10, the 

concentration of CHIR99021 was reduced to 3 µM. On DIV 11, CHIR99021 was removed, 

while 10 ng/mL BDNF (Peprotech), 10 ng/mL GDNF (Cell Guidance System or 

Peprotech), 200 µM L-ascorbic acid (Sigma-Aldrich), 1 ng/mL TGFß3 (Peprotech), 20 µM 

N6,2ǋ-O-Dibutyryladenosine 3ǋ,5ǋ-cyclic monophosphate sodium (dbcAMP, Sigma-Aldrich), 

and 10 µM DAPT (Sigma-Aldrich) were added. On DIV 11/12, the cells were replated 

using the same method as the Cardo protocol. At each replating, 10 µM Y27632 was 

added one day before and removed one day after. 

2.2.2.2 Cortical differentiation 

PSCs were plated for cortical differentiation in the same way as described in 2.2.2.1. On 

DIV 0, 100 nM LDN193189 (Sigma-Aldrich) and 10 µM SB431542 (Tocris) were added 

into mDA differentiation media. On DIV 9, cells were incubated with 0.5 mM EDTA at 37°C 

for 3 minutes and mechanically dissociated from the well using a 5 mL serological pipette. 

Cells were replated 2:3 (by surface area) onto plates freshly coated for at least one hour at 

37°C with 15 µg/mL fibronectin (Millipore). 10 µM Y27632 was added one day before and 

removed one day after. 
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2.2.3 NPC cultures 

2.2.3.1 Expansion of NPCs 

mDA neural progenitors were expanded in the progenitor expansion medium, which 

consists of N2B27 basal medium supplemented with 10 ng/mL human FGF2 (Peprotech) 

and 10 ng/mL Human EGF (Peprotech). The composition of the N2B27 basal medium is 

the same as N2B27-RA basal medium with the exception that the B-27 supplement 

(Gibco) was used. Progenitors were replated at a minimum density of 1×106 cells/cm2 onto 

fresh poly-D-lysine-laminin-coated plates every 6-8 days for mDA NPCs or every 14 days 

for cortical NPCs. Progenitors were dissociated with Accutase (Gibco) at 37°C for 10-12 

minutes after which an equal volume of culture media was added to stop the reaction. 

Cells were collected by centrifugation at 200×g for five minutes at room temperature and 

replated onto plates coated with 10 µg/mL poly-D-lysine (Sigma-Aldrich) and 5 µg/mL 

laminin (Sigma-Aldrich, Corning, Roche, or R&D Systems) using P1000 pipette tips. 10 µM 

Y27632 was added to the culture media for the first day of each passage. 

2.2.3.2 Freezing of NPCs 

At each passage, progenitors were also frozen. Progenitors were dissociated and 

collected in the same way as they were passaged. Progenitors were frozen in the same 

culture media plus 10% DMSO and cooled down to -78°C by 1°C decrement. Frozen vials 

were transferred from -78°C freezer to liquid nitrogen within three days for long-term 

storage.  

2.2.3.3 Thawing of NPCS 

Frozen progenitors were thawed in the same way as frozen iPSCs. Progenitors were 

cultured in the same media in which they were frozen, but with the addition of 10 µM 

Y27632 added for the first day. 

2.2.4 Astrocyte differentiation 

To differentiate astrocytes from neural progenitors, progenitors were passaged onto fresh 

poly-D-lysine-laminin coated plates following the same protocol used for progenitors 

except for a plating density of 3×104 cells/cm2. Progenitors were initially cultured in the 

same media as used for progenitor expansion with 10 µM Y27632 inhibitor for the first day. 
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On day 1 after plating, culture media were switched to the astrocyte differentiation medium 

consisting of N2B27 basal media supplemented with 10 ng/mL human recombinant CNTF 

(Peprotech) and 10 ng/mL human recombinant BMP4 (Peprotech). The day of the addition 

of astrocyte differentiation media was regarded as day 0 of astrocyte differentiation. BMP4 

was kept in the astrocyte differentiation media for 7 days. Differentiating astrocytes were 

replated on day 7 or 9 of astrocyte differentiation onto freshly coated poly-D-lysine-laminin 

plates following the same protocol used for progenitors except for a plating density of 

1.25×104 cells/cm2. Re-plated astrocytes were either cultured with 10 ng/mL CNTF in 

N2B27 basal media for astrocyte characterisation or with 10 ng/mL BDNF (Peprotech), 10 

ng/mL GDNF (Cell Guidance System), 200 µM L-ascorbic acid (Sigma-Aldrich) in N2B27 

basal media for astrocyte-neuron co-culture. Since day 21 of astrocyte differentiation, all 

supplemented growth factors and small molecules in N2B27 basal media were removed 

two days before astrocyte characterisation assays. 

2.2.5 Neuronal differentiation 

To differentiate neurons, mDA NPCs at the end of the mDA differentiation were replated 

onto fresh poly-D-lysine-laminin coated plates at a density of 2×105 cells/cm2 following the 

protocol described above. After replating, progenitors were cultured in N2B27-RA basal 

media supplemented with 10 ng/mL BDNF (Peprotech), 10 ng/mL GDNF (Cell Guidance 

System), 200 µM L-ascorbic acid (Sigma-Aldrich), 1 ng/mL TGFß3 (Peprotech), 20 µM 

N6,2ǋ-O-Dibutyryladenosine 3ǋ,5ǋ-cyclic monophosphate sodium (dbcAMP, Sigma-Aldrich), 

10 µM DAPT, and 10 µM Y27632. Y27632 was removed one day after the passage. The 

N2B27-RA basal media was replaced with N2B27 basal media on DIV 21. Half of the cell 

culture media was replaced once every three days. 1 µg/mL of laminin (R&D Systems) 

was added to the media after DIV27. Neuronal differentiation for scRNAseq was 

conducted with the pooling strategy. Different cell lines were mixed at equal quantity upon 

final plating. 

2.2.6 Astrocyte-neuron co-culture 

Astrocyte-neuron co-culture was established by plating astrocytes onto neuronal cultures. 

One day before plating astrocytes, DAPT was removed from the neuronal media, while 

astrocytes were cultured in the same media without laminin but with 10 µM Y27632. On 

the day of astrocyte plating, astrocytes were dissociated in the same way as astrocyte 
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replating. Dissociated astrocytes were plated onto neurons at a density of 4×104 cells/cm2. 

Astrocyte-neuron co-culture was cultured in N2B27 basal medium supplemented with 10 

ng/mL BDNF, 10 ng/mL GDNF, and 200 µM L-ascorbic acid. 10 µM Y27632 was added to 

the culture for one day after plating astrocytes. Half of the media was replaced every two 

days. 

2.2.7 Fluorescence-activated cell sorting (FACS)  

2.2.7.1 FACS of NPCs 

Cells for FACS were pre-treated with 10 µM Y27632 overnight. Before FACS, progenitors 

were dissociated in the same way as they were passaged. Cells were resuspended in 

DPBS and placed on wet ice. Dissociated cells were sorted by Mr Mark Bishop and Ms 

Jolene Twomey from the School of Biosciences, Cardiff University, using BD FACS Aria 

Fusion. After sorting, cells were immediately plated onto freshly coated poly-D-lysine-

laminin plates and cultured in the same media as before sorting with the addition of 10 µM 

Y27632 for two days. 

2.2.7.2 FACS of astrocytes and co-cultures 

Before FACS, cells were dissociated with Accutase with 10 units/mL of papain (Sigma-

Aldrich) for 10 minutes at 37°C under normal cell culture conditions. Twice the volume of 

Accutase + papain added to the cell culture media containing 50 units/mL DNase I (Sigma-

Aldrich, D5025) was added to stop the Accutase/papain reaction and centrifuged to collect 

cell pellets. Cell pellets were resuspended in 100 µL of the same cell culture media as 

before dissociation and passed through a cell strainer with 35 µm mesh. Cells were then 

incubated with the addition of 50 units/mL DNase I and stained with Alexa Fluor 647-

conjugated rat anti-CD49f antibody at the supplierôs recommended concentration (5% v/v 

in a 100 µL reaction) for 25 minutes at 37°C on a shaker with a speed of 200 rpm. Stained 

cells were washed with 1 mL of DPBS by centrifugation at 200×g for 5 minutes and 

resuspended in 0.5% bovine serum albumin + 50 units/mL DNase I in DPBS. Samples 

were kept on wet ice in dark before sorting. FACS were conducted on BD FACS Aria 

Fusion. 
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2.3 Cell Biology 

2.3.1 Immunocytochemistry 

Cells were fixed with 3.7% paraformaldehyde in PBS for 20 minutes at 4°C. After fixation, 

cells were washed with PBS at room temperature three times 20 minutes each and stored 

at 4°C until used for immunocytochemistry. 

For immunocytochemistry of cell surface markers, cells were blocked with 3% BSA and 

5% donkey serum in PBS at room temperature for an hour and then incubated with 

primary antibodies in 3% bovine serum albumin (Sigma-Aldrich) and 5% donkey serum 

PBS solution at 4°C for 16 ï 20 hours (overnight). The next day, cells were washed with 

PBS as described above and fixed again with 3.7% paraformaldehyde in DPBS for 15 

minutes at 4°C. Cells were washed again with PBS as described above and then used for 

immunocytochemistry of intracellular markers. 

For immunocytochemistry of intracellular markers, cells were permeabilised by sequential 

washes with 33% and 66% methanol at room temperature once for five minutes each, 

100% methanol once at -20°C for 20 minutes, 66% and 33% methanol at room 

temperature once for five minutes each. After methanol washes, cells were washed with 

PBS twice at room temperature for 5 minutes each. Cells were then blocked with 1% 

bovine serum albumin and 3% donkey serum in PBS with 0.3% Triton-100 (PBST) at room 

temperature for 1 ï 3 hours. After blocking, cells were incubated with primary antibodies 

(listed in Table 2-2) in PBST containing 1% bovine serum albumin and 1% donkey serum 

at 4°C for 16 ï 20 hours (overnight). The next day, cells were washed with PBST as 

described above and incubated in secondary antibodies (listed in Table 2-2) in PBST 

containing 1% bovine serum albumin and 1% donkey serum in darkness at room 

temperature for an hour. After the secondary antibody incubation, cells were washed with 

PBST as described above and counterstained with DAPI (Molecular Probes) diluted in 

PBST in darkness at room temperature for 5 minutes. Afterwards, cells were washed with 

PBST as described above and mounted with the fluorescence mounting medium (Agilent). 

Samples were visualised and imaged with Leica DMI6000B (Leica). Images were 

processed using LAS X software (Leica). For single-channel images, only the signal 

threshold was decreased to make the image brighter. For multiple-channel images, the 

noise threshold was also increased to decrease the background noise. The same 
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threshold settings were applied to all images of the same antibody staining in the same 

batch. 

Table 2-2. Antibody used. 

Target Species Producer Catalogue # Dilution for use 

ALDH1L1 MS Abcam ab56777 1:500 

AQP4 RB Abcam ab259318 1:200 

BFP rabbit Evrogen AB233 1:3000 

CD44 mouse 
Cell Signalling 

Technology 
3750 1:400 

COUP-TFII mouse 
Perseus & 
Proteomics 

PP-H7147-00 1:100 

EAAT2 goat Abcam ab235202 1:200 

FOXA2 goat R&D system AF2400 1:1000 

FOXG1 rabbit Abcam ab18259 1:250 

GFAP rat Life Tech AB10533 1:1000 

LHX2 rabbit ABCAM ab219983 1:250 

LMX1A rabbit Millipore HPA030088 1:2000 

MAP2 mouse Sigma-Aldrich M4403 1:500 

NESTIN mouse BD Biosciences BD611659 1:300 

NFIA rabbit Abcam AB228897 1:1000 

NKX6.1 mouse DSHB F55A10 1:100 

OCT4 goat Santa Cruz sc-8628 1:500 

OTX2 goat R&D system AF1979 1:200 

PAX3 mouse DSHB PAX3 1:100 

PAX6 mouse DSHB PAX6 1:1000 

PAX7 mouse DSHB PAX7 1:50 

S100B rabbit Abcam ab52642 1:1000 

SOX9 goat R&D system AF3075 1:300 

TRA1-81 mouse BD Biosciences 560072 1:500 

TUJ1 mouse Biolegend T8660 1:1000 

Anti-Goat IgG, 
Alexa Fluor 488 

donkey Invitrogen A32814 1:1000 

Anti-Goat IgG, 
Alexa Fluor 555 

donkey Invitrogen A32816 1:1000 

Anti-Goat IgG, 
Alexa Fluor 647 

donkey Invitrogen A32849 1:1000 

Anti-Mouse IgG, 
Alexa Fluor 488 

donkey Invitrogen A21202 1:1000 

Anti-Mouse IgG, 
Alexa Fluor 555 

donkey Invitrogen A31570 1:1000 

Table 2-2 continues on the next page 
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Table 2-2 continued 

Target Species Producer Catalogue # Dilution for use 

Anti-Mouse IgG, 
Alexa Fluor 647 

donkey Invitrogen A31571 1:1000 

Anti-Rabbit IgG, 
Alexa Fluor 488 

donkey Invitrogen A21206 1:1000 

Anti-Rabbit IgG, 
Alexa Fluor 555 

donkey Invitrogen A31572 1:1000 

Anti-Rabbit IgG, 
Alexa Fluor 647 

donkey Invitrogen A31573 1:1000 

Anti-Rat IgG, Alexa 
Fluor 488 

donkey Invitrogen A21208 1:1000 

2.3.2 Glutamate uptake assay 

2.3.2.1 Experimental procedures 

Cells to be assayed were cultured only with their respective basal media for three days. 

On the day of the assay, cells were washed with HBSS buffer without Ca2+ (Gibco) three 

times and incubated with assay media at the normal cell culture condition for 60 minutes. 

There were four conditions of the assay media: 0.1% (v/v) DMSO + DMEM/F12 without 

phenol red (Gibco; Condition 1), 100 µM TFB-TBOA (Tocris) + DMEM/F12 without phenol 

red (Gibco; Condition 2), Condition 1 with the addition of 100 µM L-glutamic acid (Sigma-

Aldrich; Condition 3), and Condition 2 with the addition of100 µM L-glutamic acid 

(Condition 4). After the incubation, the cell culture supernatant was collected and 

centrifuged at 15000×g for 15 minutes at 4°C to remove any insoluble particles. The 

supernatant was then aliquoted and immediately stored at -78°. The concentration of 

glutamate in the collected assay media was measured using Glutamate Assay Kit 

(MET5080, Cell Biolabs) following the manufacturer protocol, and measurement was made 

on Clariostar Plus (BMG LABTECH) with excitation wavelengths of 450 nm (for assay) and 

620 nm (for blanking) and with path correction based on the final volume. Before plate 

reading, plates were shaken in orbital shaking mode with a shaking width of 1 mm for 10 

seconds. 

2.3.2.2 Data analysis of glutamate uptake assay 

Raw absorbance data were first normalised by subtracting the absorbance at 620 nm from 

the absorbance at 450 nm, resulting in Normalised Value (NV) 1. The average NV1 of 

three reaction wells of each sample (assayed with the addition of enzyme) were then 
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normalised to the average NV1 of the three non-reaction wells of the same sample 

(assayed without the enzyme), resulting in NV2. Afterwards, the NV2 of the blank sample 

(containing DMEM/F12 without phenol red only) was subtracted from the NV2 of each 

sample, generating NV3. The concentration of glutamate in each sample was estimated by 

fitting NV3 into a four-parametric regression model based on the NV3 of standard samples 

using the drc package in R 4.2.0 (Ritz et al. 2016). 

To obtain the rate of glutamate uptake of each cell sample, the difference between the 

concentration of the cell-conditioned media and the concentration of the non-cell 

conditioned media was first calculated for each condition. The change in the concentration 

due to cell conditioning was then normalised to the amount of total protein extracted from 

the well. This normalised change in concentration of Condition 3 and 4 was then 

subtracted from the estimated concentration of Condition 1 and 2 of the same cell sample, 

respectively, to obtain the net uptake of glutamate. The net uptake of glutamate of 

Condition 3 and 4 were then used to calculate the EAAT1/2-dependent uptake of 

glutamate (quantified following the protocol in 2.1.5).  

2.3.3 Calcium imaging 

2.3.3.1 High throughput calcium assay with FLIPR 

For high throughput calcium assay with the FLIPR Penta system (Molecular Devices), 

astrocytes were plated onto 96-well microplates with black walls and clear flat ultra-clear 

bottom (Greiner Bio-One) at the first passage at a density of 1.25×104 cells/cm2. The cells 

were then cultured with the usual astrocyte differentiation media at this stage until day 23. 

On day 23, the cell culture media was replaced by 50 µL 1:1 mixture of N2B27 basal 

media and FLIPR Calcium 6 Assay buffer (Molecular Devices). The cells were then 

incubated at the usual cell culture condition for two hours. Drug assay buffers were 

prepared in HBSS without Ca2+ or Mg2+ (Gibco) with 10 mM HEPES buffer (Gibco) at 3× 

concentration and kept at 4°C before the experiment. After incubation, cells were imaged 

on FLIPR Penta every 0.5 second for 1 minute before injection. 25 µL of the drug assay 

buffers were dispensed and images were taken every 0.5 second for 5 minutes. Three 

conditions were included in each experiment: 0.2% (v/v) DMSO (Condition 1), 0.2% (v/v 

DMSO + 100 µM ATP (Sigma-Aldrich; Condition 2), 0.2% (v/v) + 100 µM ATP + 100 µM 2-

Aminoethoxydiphenylborane (2APB; Tocris).  
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2.3.3.2 Data analysis 

Raw fluorescence intensity data over the time course were exported from the 

ScreenWorks Software (Molecular Devices) and analysed in R 4.2.0 using a customised 

script (see S1.4.1.1). The average baseline fluorescence intensity for each well was 

calculated by averaging the raw fluorescence intensity measured before the injection of 

the drug using the arithmetic mean method. The normalised change in fluorescence 

intensity above the baseline (ȹF/F0) for each well at each timepoint was calculated by 

subtracting the average baseline fluorescence intensity for the respective well from the raw 

fluorescence intensity, the result of which was then divided by the average baseline 

fluorescence intensity for the respective well. The rise time was calculated as the duration 

for the ȹF/F0 to rise from 10% of the peak amplitude to 90% of the peak amplitude. The 

time point at which the ȹF/F0 is 10% or 90% of the peak amplitude was defined as the first 

time point when the ȹF/F0 was greater than the 10% or 90% of the peak amplitude before 

the peak timepoint. The decay time was calculated as the duration for the ȹF/F0 to 

decrease from 90% of the peak response over the post-injection baseline to 10% of the 

peak response over the post-injection baseline after the peak timepoint. The response 

over the post-injection baseline was used instead of the peak amplitude with the 

consideration of the lasting changes in the intracellular calcium level due to the mechanical 

disturbance of the injection and the presence of drugs. The post-injection baseline for each 

well was calculated as the average ȹF/F0 during the last minute of the experiment. The 

timepoint at which the ȹF/F0 is 10% or 90% of the peak response over the post-injection 

baseline was defined as the last timepoint when the ȹF/F0 was greater than or equal to 

the 10% or 90% of the peak response over the post-injection baseline after the peak 

timepoint. 

2.3.4 Enzyme-linked immunosorbent assay (ELISA) 

Cell culture supernatants for ELISA were collected after at least two days of being 

conditioned with cells. The collected supernatants were centrifuged at 15000 rcf for five 

minutes at 4°C to remove any insoluble particles. Supernatants were aliquoted and stored 

immediately at -78°C for long-term storage. Before the assay, supernatant aliquots were 

thawed on ice and diluted with the assay diluent.  
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IL6 ELISA of the cell culture supernatant was conducted using IL-6 DuoSet ELISA kit 

(R&D Systems) following the manufacturerôs instructions. Standard samples were diluted 

in the same basal media as the cell culture supernatant. The reaction was measured on 

Clariostar Plus (BMG LABTECH) at 450 nm with correction at 570 nm with an absorbance 

path length correction factor of 2.1142. Before plate reading, plates were shaken in orbital 

shaking mode with a shaking width of 1 mm for 10 seconds. Data were analysed in R 4.2.0 

with the drc package. Standard curves were fitted with a four-parametric regression model. 

2.3.5 Multiplexed fluorescence labelling for flow cytometry 

Cells for the assay were dissociated from the culture by treating the cells with Accutase 

and 10 units/mL papain at 37°C for 10 minutes and resuspended in the same culture 

media (without Y27632) as used before the dissociation with the addition of 2 µM CellROX 

Green (Thermo Fisher Scientific) and 50 nM MitoTracker CMXRos Red (Thermo Fisher 

Scientific). The cell suspension was then incubated at 37°C for 30 minutes with orbital 

shaking at a rotor speed of 200 rpm. After labelling, the cell suspension was pelleted and 

washed once DPBS by centrifugation at 200 rcf at room temperature for 5 minutes.  

2.3.6 Flow cytometry 

2.3.6.1 Data acquisition 

Cell suspension for the assay was pelleted at 200 rcf for 5 minutes at room temperature 

and resuspended in either 0.5% bovine serum albumin in DPBS for cell phenotypic assays 

with multiplexed fluorescence labelling or 0.5 mM EDTA in DPBS for routine detection of 

BFP expression (Sigma-Aldrich). Samples were stored on wet ice before the assay. 

Samples were analysed on BD Fortessa. 

2.3.6.2 Data analysis 

Flow cytometry data were exported as FCJ files and analysed in FlowJo v10.8.0. Data 

were first cleaned with FlowClean (run on R 4.2.0) to remove anomalous events due to 

technical variations (Fletez-Brant et al. 2016). The clean proportion of the FlowClean 

algorithm was further gated manually using rectangle gates spanning the entire range of 

the y-axis on dot graphs of FSC-A versus Time to remove any irregularity. Non-debris 

events were selected using the eclipse gates on dot graphs of SSC-A versus FSC-A. 

Singlet events were sequentially gated using polygonal gates on dot graphs of FSC-H 
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versus FSC-A and SSC-H versus SSC-A by selecting the events in the diagonal region. 

Where appropriate, the compensation matrix was calculated based on compensation 

control samples using the traditional spillover algorithm in FlowJo v10.8.0. Successful 

compensation was confirmed by visually examining the dot graphs of the fluorescence 

intensity of two fluorescence channels. 

For single-colour experiments, the positive and negative gates in the fluorescence channel 

were set as bifurcate gates at a minimum of 99.9% percentile (usually at 99.99% 

percentile) on the histogram of the fluorescence intensity of the negative control sample of 

the same flow cytometry experiment (defined as all data collected between one start-up 

and one shut-down of the flow cytometer). For multi-colour experiments, the positive and 

negative gates in the fluorescence channel were set as bifurcate gates at a minimum of 

99% percentile (usually at 99.99% percentile) on the histogram of the compensated 

fluorescence intensity of the fluorescence minus one sample for the same fluorescence 

channel from the same flow cytometry experiment. Additionally, two-colour gates were set 

on dot graphs of the fluorescence intensity of two fluorescence channels following the 

same principle and criteria. After initially setting the gates of fluorescence channels, each 

sample was manually examined to confirm the accuracy of the gating. For a small number 

of experiments where the negative gates set unbiasedly had been set too wide, the 

location of the gates was manually adjusted to no less than 99% percentile on the 

histogram of the fluorescence intensity of the negative control sample of the same flow 

cytometry experiment. Each manual adjustment of the gates was applied to all samples in 

the same flow cytometry experiment. 

2.4 Single-cell RNA sequencing 

2.4.1 Cell preparation 

Cells for sequencing were dissociated with Accutase with 10 units/mL of papain (Sigma-

Aldrich) for 10 minutes at 37°C under normal cell culture conditions. Twice the volume of 

Accutase + papain added to the cell culture media containing 50 units/mL DNase I (Sigma-

Aldrich, D5025) was added to stop the Accutase/papain reaction and centrifuged to collect 

cell pellets at a speed of 200 rcf at room temperature for 5 minutes . Cell pellets were 

resuspended in 0.5% bovine serum albumin (Sigma Aldrich) + 50 units/mL DNase I in 

DPBS without calcium or magnesium (Gibco) and passed through a cell strainer with 35 
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µm mesh. The concentration of the cell suspension was quantified by manual cell counting 

with 0.2% trypan blue (Invitrogen) exclusion.  

2.4.2 Single-cell library preparation 

Single-cell library preparation was performed by Mr Michal Rockici (Cardiff University). 

Cells were stained with 1 µM SYTO16 (Invitrogen) and 0.08% (v/v) propidium iodide (part 

of the Invitrogen ReadyProbesÊ Cell Viability Imaging Kit, Blue/Red, #R37610) on wet ice 

for 20 minutes. Cells were then dispensed onto nano-well plates using ICELL8® cx Single-

Cell System (Takara). Wells containing single viable cells were automatically selected 

using the ICELL8 cx CellSelect v2.5 Software (Takara) with the green and not red logic. 

Manual triage was performed to recover additional candidate wells that contain viable 

single cells. Following cell dispensation and chip scanning, chips were handled according 

to the manufacturerôs recommended protocol. The library for next-generation sequencing 

was prepared using the SMART-Seq ICELL8 application kit (Takara), following the 

manufacturerôs recommended protocol. After obtaining the final library, each library was 

analysed on the 5200 Fragment Analyser (Agilent). 

2.4.3 Next generation sequencing 

Next-generation sequencing was performed by Dr Joanne Morgan using NovaSeq 6000 

on an S4 flow cell for 200 cycles of pair-end sequencing. Three libraries were split into two 

of the four lanes using the NovaSeq XP 4-Lane Kit: Chip A and B in Lane 3 and Chip B 

and C in Lane 4. 

2.4.4 Data analyses 

2.4.4.1 Pre-alignment processing 

Since samples of Chip B were split into two lanes of the same S4 flow cell, FASTQ files of 

samples on Chip B from the two lanes were merged by appending the FASTQ file from 

one lane to the read-matched and sample-matched FASTQ file of another lane using the 

following code by replacing the <FileName> with the name of the file. 

cat < FileName >.Lane004.fastq >> <FileName> .Lane003.fastq  
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Using the Cogent NGS Analysis Pipeline software v 1.5.1 (Takara), FASTQ files 

containing all indices for each chip were demultiplexed to FASTQ files containing only one 

index per file, using the following code.  

$cogent demux - i ${FASTQPATH}/${SAMPLE}_R1_001.fastq.gz \  

- p ${FASTQPATH}/${SAMPLE}_R2_001.fastq.gz \  

- b ${WellList} \  

- t ICELL8_FLA \  

- o ${DEMUXPATH}/${SAMPLE} \  

- n `nproc` \  

-- n_writers 2  

 

The quality of the demultiplexed FASTQ files was again assessed using FastQC 0.11.8 

and summarized using multiqc 1.7, using the following code.  

fastqc - o $QC_DIR/ - f fastq -- noextract <FileName>  

 

multiqc $FASTQC_DIR - o $PROJECT_DIR/02_QC/Demux_MultiQC  

 

Finally, adaptor sequences were removed using cutadapt 3.2 with the following settings: -

m 15 --trim-n --max-n 0.7 -q 20, using the following code. 

cutadapt - j `nproc` - m 15 -- trim - n -- max- n 0.7 - q 20 \  

- o $TRIM_OUTPUT/$R.R1.trimmed.fastq.gz \  

- a file:$ADAPTOR \  

- p $TRIM_OUTPUT/$R.R2.trimmed.fastq.gz \  

- A file:$ADAPTOR \  

$R1 $R2 > $TRIM_OUTPUT/log/$R.log  

 

 

2.4.4.2 Alignment  

Trimmed FASTQ files were aligned to the Homo sapiens GRCh38.106 primary assembly 

with the BFP reporter gene attached to the end of the genome, using STAR 2.7.9a with the 

following settings (same settings were employed in the manufacturerôs recommended 
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Cogent NGS Analysis Pipeline v 1.5.1): --outSAMtype BAM Unsorted --quantMode 

TranscriptomeSAM --outReadsUnmapped Fastx --outSAMstrandField intronMotif --

chimSegmentMin 12 --chimJunctionOverhangMin 8 --chimOutJunctionFormat 1 --

alignSJDBoverhangMin 10 --alignMatesGapMax 100000 --alignIntronMax 100000 --

alignSJstitchMismatchNmax 5 -1 5 5 --chimMultimapScoreRange 3 --

chimScoreJunctionNonGTAG -4 --chimMultimapNmax 20 --chimNonchimScoreDropMin 

10 --peOverlapNbasesMin 12 --peOverlapMMp 0.1 ïalignInsertionFlush Right --

alignSplicedMateMapLminOverLmate 0 --alignSplicedMateMapLmin 30, using the 

following code.  

STAR -- genomeDir $STAR_INDEX \  

 -- outFileNamePrefix $STAR_OUTPUT/$R. \  

 -- runThreadN `nproc` \  

 -- readFilesIn $R1 $R2 \  

 -- readFilesCommand zcat \  

 -- genomeLoad LoadAndKeep \  

 -- outSAMtype BAM Unsorted \  

 -- quantMode TranscriptomeSAM \  

 -- outSAMattrRGline ID:$SAMPLE SM:$R \  

 -- limitBAMsortRAM 10000000000 \  

 -- outReadsUnmapped Fastx -- outSAMstrandField intronMotif -- chimSegmentMin 

12 -- chimJunctionOverhangMin 8 -- chimOutJunctionFormat 1 --

alignSJDBoverhangMi n 10 -- alignMatesGapMax 100000 -- alignIntronMax 100000 --

alignSJstitchMismatchNmax 5 - 1 5 5 -- chimMultimapScoreRange 3 --

chimScoreJunctionNonGTAG - 4 -- chimMultimapNmax 20 -- chimNonchimScoreDropMin 

10 -- peOverlapNbasesMin 12 -- peOverlapMMp 0.1 -- alignInsert ionFlush Right --

alignSplicedMateMapLminOverLmate 0 -- alignSplicedMateMapLmin 30  

 

The genome index was also built using the same version of STAR. 

2.4.4.3 Gene-level quantification 

After alignment, gene-level quantification was performed using featureCounts from 

subread 2.0.0 with the following settings: -t exon --primary -R CORE -F GTF -Q 0 -B -g 

gene_id, using the following code.  

featureCounts - T `nproc` - a $GENOME_GTF \  

 - o $Feat ureCounts_OUTPUT/$R.exon.featureCounts \  

 - t exon -- primary - R CORE - F GTF - Q 0 - B - g gene_id - p \  

 $ALIGNED 
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The count matrix of each index was combined in R 4.2.0. The merged raw count matrix 

was then analysed using various packages in R 4.2.0 (session information shown in 

S1.4.1.3 and S1.4.1.4) as described below. 

seurat< -

CreateSeuratObject(counts=gene_count,project="AstrocyteNeuron_ExonCount",met

a.data = cell_metadata,row.names = rownames(gene_count))  

2.4.4.4 Gene-level filtering 

Gene-level filtering was applied after the first step of the cell-level filtering (see 2.4.4.5), 

i.e., applied with consideration of only indices with at least one gene count and indices not 

assigned negative or positive control samples. Firstly, only protein-coding genes were 

included in the downstream analyses. Secondly, lowly expressed genes were also 

excluded. Lowly expressed genes were defined as genes with less than five total counts 

across all indices considered and expressed in less than 42 (1%) of all indices considered. 

# removing all control samples from seurat  

seurat_noCtrl< - subset(seurat,SampleID!="Neg"&SampleID!="Pos")  

 

# removing features expressed in less than  2 cells, with rowSums=0 and 

protein - coding genes  

 

temp< - as.data.frame(GetAssayData(seurat_noCtrl))  

cl < -  makeCluster(detectCores() - 1)  

clusterExport(cl, "temp")  

feature_ncell< - parSapply(cl,1:nrow(temp),FUN=function(i){sum(temp[i,]>0)})  

stopCluster(cl)  

 

seurat_noCtrl< - seurat_noCtrl[feature_ncell>=ncol(seurat_noCtrl)*0.01 & 

rowSums(seurat_noCtrl)>=5 & 

rownames(seurat_noCtrl)%in%gene_match_list_coding$hgnc_symbol,]  

2.4.4.5 Cell-level filtering 

Using the gene count matrix after gene-level filtering, cell-level filtering was performed 

based on the percentage of mitochondrial gene count, the total number of genes detected, 

and the total counts of all genes, using the is.outlier function from the scater package. 

Thresholds for outliers were adaptively selected based on twice the median absolute 

distance (MAD) of each sample. One sample is defined as one well of cell culture 

dissociated). The secondary threshold for each filtering variable was set as the 1st quartile 

of the arithmetic average lower threshold and the 3rd quartile of the arithmetic average 
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higher threshold of all samples except sample TP-Co2. The secondary threshold was not 

applied to TP-Co2 due to the apparent different distribution of the values of the filtering 

variables from other samples. Cells outside any one of the thresholds were excluded from 

downstream analyses.  

sce< -

SingleCellExperiment(list(counts=GetAssayData(seurat_noCtrl)),colData=as.dat

a.frame( seurat_noCtrl@meta.data) )  

sce < -  addPerCellQCMetrics(sce, subsets=list(Mito=rownames(sce)[grep("^MT - ", 

rownames(sce))]))  

discard.mito < -  

isOutlier(sce$subsets_Mito_percent,batch=sce$Sample,type="higher",nmads=2)  

discard.detected < -  

isOutlier(sce$detected,batch=sce$Sample,type="lower",nmads=2)  

discard.sum < -  

isOutlier(sce$sum,batch=sce$Sample,log=TRUE,type="both",nmads=2)  

 

# threshold plots  

threshold< - data.frame(mito=t(as.matrix(attr(discard.mito, "thresholds"))),  

                      detected=t(as.matrix(attr(discard.detected, 

"thresholds"))),  

                      sum=t(as.matrix(attr(discard.sum, "thresholds"))))  

threshold$Sample< - rownames(threshold)  

reasons< - list(discard.mito.high=discard.mito,  

              discard.detected.low=discard.detected,  

              discard.sum=discard.sum,  

              

discard.mito.manual=sce$subsets_Mito_percent>quantile(threshold$mito.higher,

0.75),  

              

discard.detected.manual=sce$detected<quantile(threshold$detected.lower,0.25) 

& sce$Sample!="TP - Co2",  

              

discard.sum.manual=((sce$sum<q uantile(threshold$sum.lower,0.25) & 

sce$Sample!="TP - Co2") + (sce$sum>quantile(threshold$sum.higher,0.75) & 

sce$Sample!="TP - Co2"))>0)  

 

reasons$discard< - (reasons$discard.mito.high+  

                    reasons$discard.detected.low+  

                    reasons $discard.sum+  

                    reasons$discard.mito.manual+  

                    reasons$discard.detected.manual+  

                    reasons$discard.sum.manual)>0  

 

seurat_filter< - seurat_noCtrl[,!reasons$discard]  

A summary of the threshold for each variable applied to each sample is listed in Table 2-3. 

Table 2-3. Parameters used for adaptive cell-level filtering 

Filtering variable 
Batch 

variable 
Filtering 
direction 

MAD-based 
threshold 

Secondary 
threshold 

mailto:seurat_noCtrl@meta.data)
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percentage of 
mitochondrial gene count 

Sample Higher 

2 NMADs 

Higher=16.16% 

total number of unique 
genes detected 

Sample Lower Lower=2093 

total counts of all genes Sample 
Higher and 

lower 
Higher=2212913 

Lower=36330 

2.4.4.6 Data normalisation 

Raw gene counts were normalised using the LogNormalize method realised with 

NormalizeData function in Seurat. The scale.factor setting used for normalisation was 105. 

Default settings were used for all other parameters. After normalisation, the normalised 

gene count was scaled using the ScaleData function in Seurat with the default settings. 

vars.to.regress = c("percent.mt")  

seurat_normalised< - NormalizeData(seurat_filter,scale.factor = 1e5)  

seurat_normalised< - FindVariableFeatures(seurat_normalised,nfeatures = 2000)  

seurat_normalised < -  

ScaleData(seurat_normalised,vars.to.regress=vars.to.regress)  

exp.mat < -  

read.table(file=paste0(PROJECT_DIR,"/nestorawa_forcellcycle_expressionMatrix

.txt"), hea der = TRUE,as.is = TRUE, row.names = 1)  

seurat_normalised < -  CellCycleScoring(seurat_normalised, s.features = 

cc.genes$s.genes, g2m.features = cc.genes$g2m.genes, set.ident = TRUE)   

2.4.4.7 Dimensional reduction 

The dimensional reduction was performed on the normalised gene count. Principle 

component analysis (PCA) was performed based on the top 2000 highly variable features 

identified using the FindVariableFeatures function with default settings. Different methods 

were employed to determine the optimal number of principle components (PC) for 

downstream analyses. JackStraw method was realised using the JackStraw function in 

Seurat with 10000 replicates and scored using the ScoreJackStraw function. The elbow 

plot was examined visually. 

seurat_normalised < -  RunPCA(seurat_normalised)  

seurat_normalised < -  JackStraw(seurat_normalised, num.replicate = 

10000,dims=50)  

seurat_normalised < -  ScoreJackStraw(seurat_normalised, dims = 1:50)  
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Uniform manifold approximation and projection (UMAP) analysis was performed based on 

the chosen number of PCs using the RunUMAP function with the n.epochs being set to 

2000. 

dims.chosen=1:30  

seurat_normalised < -  RunUMAP(seurat_normalised,reduction = "pca",dims = 

dims.chosen,n.epochs=2000,reduction.name = "umap_pca",return.model)  

2.4.4.8 Unbiased cell clustering 

Unbiased cell clustering was performed using the FindNeighbors function based on the 

first 30 PCs and FindClusters function with different resolutions. 

seurat_normalised< - FindNeighbors(seurat_normalised,dims=1:30,verbose = 

TRUE,reduction="pca")  

seurat_normalised_cluster_list< -

FUN_seurat_clustering(seurat_normalised,"Clustering_UMAP","umap_pca")  

names(seurat_normalised_cluster_list)< - seq(1,20)/10  

2.4.4.9 Differential gene expression analysis 

Differential gene expression analysis was performed using either the FindAllMarkers 

function or the FindMarkers function in Seurat. Wilcoxon signed-rank test with Bonferroni 

correction for 18334 tests was used in all tests. The code used is shown in S1.4.1.2.3. 

2.4.4.10 Gene ontology and marker gene enrichment analyses 

Gene ontology (GO) terms were downloaded from GSEA-Molecular Signatures Database. 

The gene list of GO terms was modified by removing genes that were not detected in the 

filtered scRNAseq data and terms with less than or equal to 10 genes were not included in 

enrichment analyses. Enrichment analyses were performed using a hypergeometric test 

with a background of 18334, which was the number of protein-coding genes present in the 

filtered data. Hypergeometric test was realised using the hypeR package in R 4.2.0. A 

false discovery rate (FDR) of less than 0.05 was considered statistically significant. The 

enrichment score was calculated as the hypergeometric statistics. The code used is shown 

in S1.4.1.2.1. 
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2.4.4.11 Single-Cell regulatory network inference 

Gene regulatory networks were inferred based on the filtered non-zero raw count using 

SCENIC in R 4.2.0. Transcription factor binding motifs were searched within 500 bp and 

5000 bp up- and downs-stream of the transcription start site in the Homo sapiens - hg38 - 

refseq_r80 - v9 databases downloaded from 

https://resources.aertslab.org/cistarget/databases/. The default settings were used in all 

steps. 

2.4.4.12 Differentially enriched regulon analysis 

Regulon enrichment score (AUC) calculated using SCENIC was used to evaluate for 

differentially enriched regulons in each cluster. The differential enrichment test was 

realised using the same algorithm as FindMarkers or FindAllMarkers function in Seurat, 

i.e., using Wilcoxon signed-rank test with Bonferroni correction. An adjusted p-value of 

0.05 was considered statistically significant. The mean AUC difference was calculated as 

the ratio between the mean AUC in a specific cluster and the mean AUC in comparator 

clusters. The code used is shown in S1.4.1.2.2 

2.4.4.13 Processing of published scRNAseq datasets 

The pre-processing of all datasets (except the Volpato dataset) started with the raw gene 

count. First, gene level filtering was performed by retaining only protein-coding genes with 

more than five total counts across all cells. Cell level filtering was not performed because 

in all cases, only data from good quality cells defined by the original authors were 

published. Second, gene counts were normalised using the NormalizeData function with 

an appropriate scale.factor determined by the average nCount_RNA per cell (scale.factor 

setting applied to each dataset is listed in  

Supplementary Table 3). Third, PCA was performed based on the top 2000 highly variable 

genes to obtain the first 50 PCs. And visual inspection of the elbow plot was used to 

determine the number of PCs for downstream analysis. Fourth, batch effect between 

subjects was evaluated on the two-dimensional PC2~PC1 plot. Where inter-subject batch 

effect was observed, Harmony integration was performed based on the PCs selected in 

the previous step. Fifth, UMAP was performed based on either the PCA (using the PCs 

selected in step three) or Harmony results (using the top 30 dimensions) and Louvain 

https://resources.aertslab.org/cistarget/databases/
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clustering was performed using an appropriate resolution setting based on the inspection 

of the clustering UMAP and experience (the setting used for each dataset was shown in  

Supplementary Table 3). Finally, astrocyte clusters was identified based on the published 

cluster annotation results and the expression of known markers. Where the astrocyte or 

astrogenic radial glia population had been reported in the original study, the identity of 

these populations was verified based on the expression of known markers, and if 

successful, the original cluster annotation was used to select the astrocyte population. This 

method is referred to as the confirmation method. Where the astrocyte or astrogenic radial 

glia population had not been reported in the original study, each cluster was re-annotated 

based on the expression of known markers, with confirmatory reference to the annotation 

previously published. This method is referred to as the re-annotation method. 

The Volpato dataset was analysed by Dr Viola Volpato (School of Medicine, Cardiff 

University). The processed data was used directly for downstream analysis in this thesis. 

2.4.4.14 Analysis of the pseudobulk of scRNAseq dataset and published bulk 

RNAseq datasets 

The Pseudobulk of the scRNAseq was generated using the aggregate.Matrix function, 

which sums up the counts of all cells in each group. As for published bulk RNAseq 

datasets, the raw reads of nine bulk RNAseq datasets were pseudo-aligned to Homo 

sapiens GRCh38 genome release 99 decoy-aware transcriptome and quantified using 

Salmon 1.2.0. Only genes with more than 10 counts were kept. 

The pseudobulk and published bulk RNAseq were merged to keep genes that were 

present in both datasets. The merged bulk RNAseq dataset was then transformed using 

the variance stabilizing transformation using DESeq2, with a design formula of ~ 

FirstAuthor. PCA projection was conducted by using the predict function from the stats 

package in R4.2.0 to predict the PC values according to the PCA model of Zhangôs 

dataset. The code used for PCA projection is shown in S1.4.1.2.4  
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Chapter 3. Generation of iPSC-derived LMX1A+-lineage VM 

astrocytes 

3.1 Introduction 

Heterogeneity among cells of the same cell type has gained increasing attention. The 

astrocyte population is diverse both within and across brain regions. As discussed in 1.1.4, 

astrocyte heterogeneity might be relevant to the regional specificity of diseases. Therefore, 

it is important to generate astrocytes with the most relevant regional identity. 

PSCs are flexible and powerful tools for disease modelling. PSCs can be differentiated into 

different types of cells in vitro, which often display key molecular and cellular features that 

resemble respective cells found in vivo. While not all cell types can be differentiated from 

PSCs, several groups have succeeded in astrocyte differentiation from PSCs using either 

the direct conversion approach or the stepwise differentiation approach. Direct conversion 

involves the overexpression of NFIB and SOX9, which are two transcription factors 

promoting astrogenesis in mice (Canals et al. 2018). Overexpression of these two 

transcription factors could convert PSCs to functional astrocytes within a month. In 

contrast, the stepwise differentiation approach involves three stages of differentiation 

following the principles of embryonic development, lasting for months. Although the 

stepwise approach is lengthy, it allows the generation of regionally patterned astrocytes by 

modulating various signalling pathways at the stage of neuroepithelial differentiation, a 

stage which the direct conversion approach by-passed. However, the strategy of 

differentiating regionally patterned astrocytes is based on the hypothesis of the clonal 

relationship between astrocytes and NPCs from which astrocytes are derived. Indeed, 

during mouse and human brain development, neurons and astrocytes can arise from the 

same neuroepithelial progenitor population, suggesting that similar extrinsic morphogen 

programmes regulating the regional patterning of the neuroepithelium apply during the 

birth of both neurons and astrocytes (Malatesta et al. 2000; Qian et al. 2000; McCarthy et 

al. 2001; Krencik et al. 2011). Furthermore, in the mouse spinal cord, it has also been 

found that the same set of homeodomain transcription factors (PAX6 and NKX6.1) 

regulating the identity of ventral spinal cord neurons also regulate the identity of astrocyte 

subtypes in the corresponding regions, suggesting that the transcriptional regulation 

underlying regional patterning might conserve between neurons and astrocytes (Hochstim 
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et al. 2008; Lu et al. 2015). Despite this evidence, there is still a lack of understanding of 

astrocyte heterogeneity and the mechanism contributing to such differences.  

Although the theoretical basis for generating regionally patterned astrocytes might not 

have been fully established, several studies have attempted to generate VM-patterned 

astrocytes (Krencik et al. 2011; Booth et al. 2019; Bradley et al. 2019; de Rus Jacquet 

2019; di Domenico et al. 2019; Barbuti et al. 2020; Crompton et al. 2021). These studies 

used different regional patterning protocols followed by a common progenitor expansion 

stage promoted by FGF2 and EGF. However, the claimed regional identity of astrocytes 

could not be fully ascertained. Only two studies have reported the expression of regional-

specific markers in astrocytes. Roybon et al. (2013) and Barbuti et al. (2020) reported the 

expression of HOXB4 (a spinal cord marker) and FOXA2 (a ventral midbrain marker) in 

hindbrain-patterned and ventral midbrain-patterned astrocytes, respectively. Furthermore, 

Bradley et al. (2019) adopted a transcriptomic approach and found that marker genes for 

regional identities were among the top differentially expressed genes between different 

patterning protocols, supporting the claimed regional identity of astrocytes. By contrast, 

other studies have based the regional identity of astrocytes on the marker expression in 

NPCs detected by qPCR and/or immunocytochemistry. More alarmingly, such confirmation 

has only been reported at the early or mid-expansion stage which would be several 

passages before the terminal differentiation stage. However, such confirmation is not 

sufficient to infer the identity of astrocytes without lineage purification or tracing. In a 

heterogenous culture, astrocytes might arise from the minority NPCs population whose 

identity is different from the identity detected by qPCR and immunocytochemistry. 

Therefore, the regional identity of astrocytes should be examined rigorously. 

This chapter describes and discusses the generation, purification, and characterisation of 

LMX1A+ derivative mDA progenitors during VM astrocyte differentiation. We hypothesised 

that VM astrocytes can be generated from the LMX1A+ derivative mDA progenitors derived 

from iPSCs. We aimed to firstly generate and purify mDA progenitors for VM astrocyte 

differentiation, secondly to characterise the change in lineage composition and marker 

expression during VM astrocyte differentiation, thirdly to generate VM astrocytes and 

characterise their molecular identity, and finally to identify candidate markers for VM 

astrogenic precursors by analysing a published human foetal scRNAseq dataset. Lineage-

traced VM astrogenic precursors and astrocytes were generated and purified from the 
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mDA differentiation. We found that the non-VM lineage contaminant cells gradually 

dominated the culture during astrocyte differentiation, which could also be differentiated to 

astrocytes despite a delay in astroglio-competence. Classic markers for the mDA lineage 

during neuronal differentiation, FOXA2 and LMX1A, were found unreliable to characterise 

VM astrogenic precursors. Analyses of a published scRNAseq dataset of the developing 

human neural tubes identified markers that may be useful for the identification of VM 

astrogenic precursors during astrocyte differentiation. 

3.2 Results 

3.2.1 Highly enriched LMX1A+ VM NPCs were generated from the LMX1A-BFP iPSC 

line. 

To generate VM astrocytes, we used a genetically modified KOLF2 iPSC line, containing 

an AAVS1-BFP/LMX1A-CRE lineage tracing system (design shown in Figure 3-1). The 

AAVS1-BFP/LMX1A-CRE lineage tracing enables the isolation of progenies of LMX1A+ 

NPCs which are considered as the mDA-lineage NPCs when co-expressing FOXA2, 

OTX2, and EN1 (Nolbrant et al. 2017; Kim et al. 2021). Therefore, using the lineage 

tracing cell line would allow lineage tracking and the detection of lineage-specific changes 

in marker expression during the astrocyte differentiation. Two independent batches of 

mDA differentiation were conducted with A17L25 iPSCs, following a modified protocol 

based on and initially optimised by Dr. Lucia Cardo (described in 2.2.2.1 and shown in 

Figure 3-1; Jaeger et al. 2011; Kriks et al. 2011; Nolbrant et al. 2017). Briefly, iPSCs were 

differentiated towards neuroectoderm fate using the dual-SMAD inhibition with LDN193189 

and SB431542, while simultaneously to the ventral midbrain floor plate lineage by 

activating SHH signalling for six days from DIV 0, activating WNT signalling activation after 

DIV 3, and inhibiting ERK signalling for four days from DIV 5. Finally, FGF8 was 

supplemented from DIV 13 to DIV 19. On day 18 and 19, the BFP+ population was isolated 

by FACS, from which the VM astrocytes were differentiated. 

As shown in Figure 3-2, flow cytometry analyses of the two independent batches of mDA 

differentiation found 87.1%±2.1% (standard error or means, SEM) of BFP+ cells on DIV 18 
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and 88.95%±1.6% (SEM) of BFP+ cells on DIV 19 (N1=2; Figure 3-2). 

immunocytochemistry after FACS detected a uniform expression of BFP in the FAC-sorted 

BFP+ population on DIV 19, confirming that only BFP-expressing cells had been isolated 

(Figure 3-3). Unfortunately, not enough BFP- cells were isolated for further differentiation 

of astrocytes.  

To determine whether the NPCs generated have been correctly specified to the mDA 

lineage, the expression of markers for mDA and non-mDA lineages was detected by 

immunocytochemistry and qPCR at DIV 19. In the unsorted culture at DIV 19, the majority 

of the cells expressed co-expressed LMX1A and FOXA2, BFP and OTX2, as well as 

NESTIN, FOXA2, and BFP, suggesting that these cells are mostly NPCs of the mDA 

lineage (Figure 3-3). FAC-sorted BFP+ cells were also mostly LMX1A+/FOXA2+, and 

NESTIN+/FOXA2+/BFP+, confirming their mDA NPC identity (Figure 3-3). Furthermore, 

only a few cells in both the unsorted and FAC-sorted BFP+ population expressed NKX6.1, 

while almost no cell expressed PAX6 (Figure 3-3), suggesting that these cells were less 

likely to be of the ventrolateral midbrain and diencephalon lineage. The efficiency of mDA 

differentiation varied between approximately 50% and 90% among multiple batches of 

differentiation; however, in all cases, the co-expression of LMX1A/BFP and FOXA2 or 

OTX2 was confirmed by immunocytochemistry (data shown in Supplementary Data 3.2). 

 

1 N represents the number of independent differentiations from the same iPSC line. 
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Figure 3-1. Report design, immunofluorescence of pluripotency markers, and 
schematic diagram of the mDA patterning protocol. 

Panel A shows the design of the LMX1A-BFP lineage tracing system. Panel B shows 
representative immunofluorescence images showing the expression of pluripotency 
markers (Scale bar = 100 µm). Panel C shows the schematic diagram of the mDA 
patterning protocol used for VM astrocyte differentiation. (DIV: day in vitro; LDN: 
LDN193189; SB: SB431542; FGF2: fibroblast growth factor 2; Matrigel-RGF: Matrigel with 
reduced growth factor; PDL: poly-D-lysine; SHH: sonic hedgehog; PM: purmorphamine; 
CHIR: CHIR99021; PD: PD0325901; FGF8: fibroblast growth factor 8) 
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Figure 3-2. Flow cytometry analyses of DIV 18/19 neural progenitors. 

Panel A and B show representative FSC-A versus DAPI-A dot graphs of events detected 
in fluorescence-activated cell sorting of DIV 18 mDA NPCs from differentiation batch AD21 
and AD22, respectively. Debris and non-singlet events are not shown. Gates used to 
isolate BFP+ cells are shown as red rectangles. BFP+ and BFP- events are coloured in 
blue and black, respectively. Panel C shows the quantification of the percentage of BFP+ 
cells by flow cytometry on DIV 18 and DIV 19 in the two independent replicates of mDA 
differentiation. Each data point represents data from one well of the differentiation. (DIV: 
day in vitro). 
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Figure 3-3. Immunofluorescence staining analyses of DIV 19 mDA NPCs. 

Panel A shows representative pictures of immunocytochemistry of unsorted mixed culture 
of NPCs at DIV 19 of mDA patterning. Panel B shows representative pictures of 
immunocytochemistry of sorted BFP+ culture. Scale bar = 100 µm. (DIV: day in vitro; P: 
passage number). 

3.2.2 LMX1A+ derivatives were lost in the unsorted mDA culture during in vitro 

astrogenesis. 

To induce astrogenic capacity in mDA NPCs, FGF2 and EGF, a growth factor combination 

used in the majority of other studies, were used to maintain the proliferation of NPCs and 

induce astrogenesis. Since the progenitor expansion stage lasts several weeks with 

regular replating, it is crucial to monitor the lineage composition of the population during 

the expansion in case of any changes caused by extended in vitro culturing and repeated 


















































































































































































































































































































































































































































































































































