
 

 
 

PhD-FSTM-2023-040 
The Faculty of Science, Technology and Medicine 

 
DISSERTATION 

 
Defence held on 10/05/2023 in Esch-sur-Alzette  

 
to obtain the degree of 

  
 

DOCTEUR DE L’UNIVERSITÉ DU LUXEMBOURG 
 

EN BIOLOGIE 
 

by 
 

Patrycja MULICA 
Born on 22 March 1992 in Mrągowo (Poland) 

 
STUDYING THE IMPACT OF A53T α-SYNUCLEIN ON 

ASTROCYTIC FUNCTIONS AND ACTIVATION IN HUMAN  
IPSC-DERIVED CULTURES 

 
 

Dissertation defence committee 
Prof. Dr Anne Grünewald, dissertation supervisor 
Université du Luxembourg, LCSB 
 
Prof. Dr Alexander Skupin, chairman 
Université du Luxembourg, LCSB 
 
Dr Johannes Meiser 
Luxembourg Institute of Health 
 
Prof. Dr Tiago Outeiro 
Georg-August-Universität Göttingen 

 
Dr Philip Seibler 
Universität zu Lübeck, Institut für Neurogenetik 



 



        
 

 
 

 

 

 

 

 

 

 

A dissertation by  

Patrycja Mulica 

submitted to the University of Luxembourg 

in fulfillment of the requirements for the degree of 

 

 
DOCTOR of PHILOSOPHY 

 
 
 
 
 
 
 
 
 
 
 

 
 

 



2 
 

Affidavit 
 
I hereby confirm that the PhD thesis entitled “Studying the impact of A53T α-

synuclein on astrocytic functions and activation in human iPSC-derived cultures” 

has been written independently and without any other sources than cited.  

 

Luxembourg, 10th of May 2023 

Patrycja Mulica 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



        
 

3 
 

Abstract  
With its high prevalence among the elderly, the movement disorder Parkinson’s disease 

(PD) poses a major challenge for our society. Unfortunately, despite continuous efforts 

from the research community, we still lack the disease-modifying treatments for this 

condition. Therefore, it is of great importance to develop suitable models, which can be 

employed to better understand the molecular mechanisms underlying PD. In this context, 

iPSC technology offers a possibility to study the disease pathogenesis using patient-

derived brain cells.  

 

In recent years, astrocytes have come into the spotlight as potential major contributors to 

PD development. Yet, there is a limited number of studies utilizing iPSC-derived models 

to examine PD-linked mutations at endogenous levels.  

 

This thesis aims to address the described gap by studying the effect of the A53T α-

synuclein on the physiology of human iPSC-derived astrocytes. To identify a suitable 

model, we first compared two published protocols for the generation of iPSC astrocytes, 

referred to as Oksanen and Palm method, respectively. A transcriptomic analysis revealed 

higher maturation characteristics for Oksanen astrocytes. Furthermore, these astrocytes 

showed a higher similarity to their human postmortem counterparts. 

 

Applying the Oksanen protocol, we generated astrocytes derived from a healthy individual 

and a patient carrying the G209A mutation in SNCA, corresponding to p.A53T substitution 

in α-synuclein. The utilization of single-cell RNA sequencing allowed us to identify 

perturbed molecular mechanisms exclusively in pure astrocytic populations. We could 

demonstrate that astrocytes have a decreased capacity to differentiate. Furthermore, we 

observed a distinct response of the two cell lines to triggers of activation. Interestingly, 

activated patient astrocytes also showed changes in pathways related to mitochondrial 

homeostasis. 

 

Taken together, we show that A53T α-synuclein has a profound effect on the function of 

iPSC-derived astrocytes. In particular, we could demonstrate that patient astrocytes differ 

from healthy control cells in their activation status and with respect to mitochondrial 

biology. Further investigation will be required to elucidate the impact of the identified 

perturbations on the astrocyte-neuron interplay in the context of PD.  
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1 Introduction 

1.1 Parkinson’s disease 

1.1.1 Epidemiology  
 
Parkinson’s disease (PD) is the second most frequent cause of neurodegeneration after 

Alzheimer’s disease [1]. The prevalence of PD is estimated to reach 1% among people 

older than 60 years and 0.3% in the total population [2]. The typical age of onset is between 

65 and 70 years, with symptoms occurring before the age of 40 in less than 5% of cases 

[3]. According to recent estimations, the prevalence of PD will further surge due to the 

drastically aging population [4].   

 

Strikingly, the risk of developing PD is twice as high in men than in women [5]. 

Furthermore, the mortality rate is increased among the men which further underlines the 

sex-related differences [6].  

1.1.2 Symptoms and diagnosis 
 
PD is characterized by motor symptoms, which encompass rigidity, resting tremor and 

bradykinesia and which typically manifest asymmetrically [7]. Aside from these motor 

impairments, patients can present various non-motor symptoms such as dysautonomia, 

rapid eye movement sleep behavior disorder (RBD), depression and olfactory 

impairments. Notably, these signs may occur long before the typical motor symptoms [8]. 

PD is also associated with mood disorders, dementia and chronic pain [9], as well as 

shortened life expectancy [1].   

 

The proper diagnosis of PD still remains a challenge, given the fact that it is frequently 

confused with other forms of parkinsonism such as progressive supranuclear palsy, 

multisystem atrophy and corticobasal degeneration [10]. To avert such mistakes, the 

Movement Disorder Society prepared guidelines to ensure a reliable diagnosis [11]. 

Accordingly, the assessment is based on the presence of cardinal symptoms such as 

tremor, rigidity and bradykinesia, as well as the identification of supportive criteria and a 

lack of absolute exclusion criteria or red flags [12]–[14]. To assist in the patient 

examination, genetic testing, assessment of responsiveness to L-DOPA treatment and 

neuroimaging may be applied [10].  
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1.1.3 Etiology 
 
The majority of PD cases are described as idiopathic due to the lack of known genetic 

cause of the disease. However, around 20-30% of PD patients present with a familial form 

of the disease [15], [16]. 5-10% of all cases are linked to mutations in a single gene [15]. 

An autosomal recessive mode of inheritance together with an early disease onset was 

described for mutations in Parkin (PRKN), PTEN Induced Kinase 1 (PINK1), and DJ-1 

(PARK7) [17]. In contrast, an autosomal dominant pattern was observed for carriers of 

mutations in the Synuclein Alpha (SNCA), Leucine Rich Repeat Kinase 2 (LRRK2) and 

Vacuolar Protein Sorting associated Protein 35 (VPS35) genes [18]. Furthermore, 

additional genes have been described in association with PD [19]. For the remaining 

familial cases, a genetic cause is still unknown but it is hypothesized that the missing 

heritability might be attributed to non-coding variants and interaction of several genes 

which require further studies [15].  

 

Besides genetic factors, there is a strong body of evidence suggesting the importance of 

environmental factors in PD development [20]. Exposure to pesticides such as paraquat, 

rotenone, 2,4-D, as well as dithiocarbamates and organochlorines was linked to a higher 

probability of developing PD. A similar positive correlation was also observed for 

individuals suffering from head injuries [4]. In contrast, cigarette smoking, fruit and 

vegetable consumption and the use of statins have been associated with a reduced risk 

of PD development [1], [4], [9].  

1.1.4 Pathology 
 
The hallmark of PD is the degeneration of dopaminergic neurons, which are located in the 

substantia nigra pars compacta of the midbrain [4] and have projections to the basal 

ganglia [21]. Another typical feature of the disorder is the presence of Lewy bodies 

composed of misfolded α-synuclein, which can be found in the patients’ brains [22]. 

Despite the dopaminergic system being mostly affected by abnormal α-synuclein 

aggregation, numerous studies have shown the presence of such deposits in cardiac, 

gastrointestinal, and other body parts [23].  

 

The reasons for the specific vulnerability of dopaminergic neurons in PD are still poorly 

understood. One possible explanation might be their autonomous pace-making activity 

and calcium homeostasis [12]. In addition, numerous reports implicated mitochondrial 
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dysfunction, oxidative stress, excitotoxicity, apoptosis, the ubiquitin-proteasome system, 

reactive oxygen species formation and neuroinflammation in the PD pathogenesis [7], [8].  

1.1.5 Treatment 
 
To date, no disease-modifying treatments effective against PD are available [12]. 

However, several drugs have been established to treat PD symptoms and thus improve 

the quality of life of patients. In the early phase of the disease, anticholinergic drugs are 

frequently applied to control motor symptoms [7]. As PD progresses, typical treatment 

regimes involve the administration of levodopa or of dopamine agonists. Levodopa is the 

most widely used drug to alleviate motor symptoms and considered to be the most 

effective one [12]. As non-motor symptoms constitute a substantial part of the PD 

spectrum, they are targeted in the therapy as well [2]. Furthermore, deep-brain stimulation 

can be used when PD has already progressed substantially in patients [12]. 

 

One may envisage that therapies targeting the disease mechanism will gain importance in 

the near future [4].  

 

1.2 Pathophysiology of α-synuclein  

1.2.1 Protein structure and function 
 
α-synuclein is a 14 kDa protein encoded by SNCA gene located on chromosome 4 [24]–

[26]. Its abundance in the brain is striking, accounting for 1% of the total protein content in 

cytosolic brain fractions [27]. The localization of α-synuclein is mainly described as 

presynaptic [28], [29], however, numerous reports showed its presence in the nucleus as 

well, in particular under stress conditions [30]–[36]. Furthermore, α-synuclein was found in 

neurons in their cell soma and axons [27].  

 

With respect to protein structure, α-synuclein consists of three distinct domains [37], [38]. 

On its N-terminus it possesses seven copies of 11-residue imperfect repeats, which have 

the tendency to form an amphipathic helix, when bound to lipid membranes [39]–[44]. The 

central domain of the protein is called the “non-A beta component of AD amyloid (NAC)” 

[38], since it was originally discovered as a component of amyloid plaques [45]. This part 

of α-synuclein was shown to be instrumental in the aggregation process observed in 

synucleinopathies [46]. In contrast, the C-terminus remains natively unfolded [47] and was 
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shown to be involved in numerous functions such as calcium binding [48], chaperone 

activity of α-synuclein [49], oxidative stress [50] and most importantly, the prevention from 

aggregation [51]. Apart from the α-helix formed on the N-terminus upon lipid binding, α-

synuclein is generally considered a natively unfolded protein in aqueous solutions [40], 

[47], [52], [53].  

 

Although substantial progress has been made in elucidating the function of α-synuclein, 

its role remains ambiguous [54]. Among the most prominent functions exerted by α-

synuclein is its link to synaptic vesicle recycling (Figure 1). There is a strong body of 

evidence suggesting that the protein plays a role in the majority of the steps constituting 

the process [55]. Its involvement was explained by various mechanisms. α-synuclein might 

inhibit the activity of phospholipase D2, which is implicated in vesicle trafficking [56]–[58]. 

Additionally, it might influence vesicle recycling by modulating actin polymerisation [59]. 

Another function linked to α-synuclein’s involvement in vesicle recycling is its chaperone 

activity [60]. The protein was shown to facilitate proper folding of proteins forming the 

SNARE complex [61], [62].  

 

Furthermore, α-synuclein can regulate neurotransmitter synthesis, storage and release, 

which is in particular observed for dopaminergic neurons [55], [63]. Modulation of the 

activity of the dopamine transporter as well as of tyrosine hydroxylase might result in 

altered dopaminergic neurotransmission [64]–[69].  

 

There is still a major controversy regarding the role of α-synuclein in the brain. Deletion of 

both α-synuclein and β-synuclein do not affect the survival of mice or their brain function 

[70]. Nevertheless, it seems that α-synuclein is crucially involved in synaptic plasticity and 

in the regulation of neuronal activity during development [55], [71], [72].  
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Figure 1. α-synuclein functions at the synapse. α-synuclein is involved in all steps of synaptic 

vesicle recycling as well as neurotransmitter synthesis, storage and release as it was described in 

the studies on dopaminergic neurons. PLD2, phospholipase D2, TH, tyrosine hydroxylase. Figure 

was generated using BioRender. 

1.2.2 α-synuclein pathology  
 
α-synuclein has attracted considerable attention as a potential trigger of PD pathology [73]. 

This hypothesis became especially prevalent after several point mutations and 

multiplications of the SNCA gene were discovered, which all lead to the development of 

PD [74]–[80]. Importantly, in the majority of cases these mutations cause relatively early-

onset disease with an autosomal dominant pattern of inheritance and affect several α-

synuclein properties, in particular its propensity to aggregate [81], [82]. The premise of α-

synuclein relevance for the disease pathology was further strengthened by the 

identification of α-synuclein as the main component of Lewy bodies [22], [83]. However, α-

synuclein deposition does not occur only in Lewy bodies but also in neurites, with the latter 

being affected in the initial phase of the disorder [84]. Inspired by this observation, the 

famous theory of α-synuclein spreading was introduced. In brief, six stages of PD were 

proposed, where α-synuclein accumulation starts at the olfactory bulb and the dorsal vagal 

nucleus, reaching the substantia nigra at stage 3 and the cortex in the final phase [85].  
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Generally, it is believed that there is a direct link between α-synuclein aggregation and PD 

pathology. However, it is still unclear which species is the most toxic form [73]. α-synuclein 

usually aggregates gradually, forming oligomers at first, then protofibrils and finally fibrils 

[86]. There is a growing body of evidence supporting the concept of oligomers representing 

the most toxic form [87]–[91]. Importantly, this standpoint is supported by the identification 

of oligomers in the brains of patients suffering from synucleinopathies [92]–[94]. In 

contrast, the toxicity status of fibrils is very controversial. Numerous reports showed their 

link to PD pathogenesis [95]–[98], whereas others described them as protective [99], [100]. 

The picture is further confounded by the different propensity of various SNCA point 

mutations to form either fibrils or oligomers. Whereas the A53T mutation was reported to 

support the tendency of the protein to fibrilize, A30P causes oligomerization [101], [102].  

 

α-synuclein was reported to be post-translationally modified, which might also affect its 

propensity to aggregate [103]–[107]. The most studied post-translational modification is 

phosphorylation at serine 129. In brains of patients suffering from dementia with Lewy 

bodies, it was shown that 90% of aggregated α-synuclein is phosphorylated [108]. Yet, it 

is still unclear what the relationship is between phosphorylation, α-synuclein aggregation 

and toxicity [109]. Additionally, glycation has been also shown to be associated with higher 

toxicity of α-synuclein [110].  

 

Despite a pivotal focus being placed on understanding the dynamics of α-synuclein 

aggregation, there is still an ongoing debate about the mechanisms of protein-mediated 

toxicity. The question remains if it is caused by a pathological gain of function associated 

with aggregates or rather loss of function. The latter scenario presumably occurs when 

functional α-synuclein is accumulated in inclusions and thus can no longer fulfill its role in 

the cell [111].  

 

Importantly, α-synuclein can be found not only in the cytosol but also in various organelles 

such as the nucleus, mitochondria and the endoplasmic reticulum (ER) [74]. In particular, 

numerous studies link α-synuclein to mitochondrial impairments in PD. Initially, in various 

patient-derived samples including nigral tissue, a defect in respiratory chain complex I was 

detected, which suggested that mitochondrial dysfunction is of great importance for the 

pathogenesis of PD [74], [112]–[114]. This finding was supported by data obtained from 

experiments in transgenic mice and in vitro cultures of human neurons showing the 

presence of α-synuclein in mitochondria and the concomitant impairment of complex I 

[115]–[117]. Other studies demonstrated that α-synuclein might promote fragmentation of 

mitochondria [118], [119] and mtDNA damage [119]. Interestingly, it was also shown that 
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α-synuclein might regulate mitochondrial biogenesis by indirect means. Under oxidative 

stress conditions the protein was detected in the nucleus, where it was bound to the 

promoter of PGC-1alpha [120], the main controller of mitochondrial biogenesis [121]. 

Conversely, a defect in these organelles associated with increased ROS production can 

also affect the aggregation process of α-synuclein [122], [123]. Underlining the importance 

of the interplay between α-synuclein and mitochondria in PD pathology, the A53T α-

synuclein mutation caused the protein to translocate to mitochondria, which coincides with 

decreased complex I activity and increased fragmentation of the organelles [124].  

1.2.3 α-synuclein pathology in glial cells 
 
Historically, PD was regarded as a disorder that primarily affected neurons. However, 

accumulated evidence suggests that the dysfunction of glial cells might be an important 

contributing factor to the disease [125], [126]. α-synuclein inclusions are frequently 

detected in glial cells of PD patients, both in the regions affected by neuronal pathology 

and reactive gliosis and in areas without clear signs of such pathologies [127], [128]. Since 

α-synuclein is primarily known as a neuronal protein, numerous studies focused on 

investigating protein release and uptake by neighboring glial cells [129]. Indeed, it was 

reported that α-synuclein can pass through the cell membrane and emerge in the 

extracellular space [130]–[132]. This release can be mediated by exosomes and 

nanotubes [133]–[138]. Subsequently, the protein may be taken up by astrocytes, 

microglia or oligodendrocytes [139]–[145]. Interestingly, inter-glial transfer of α-synuclein 

has also been observed - a feature that is currently understudied, but which might 

contribute to PD pathology [146], [147].  

 

Regarding the effects of endogenous α-synuclein on astrocytic physiological functions and 

their contribution to PD, our knowledge is still limited. Yet, there are first reports using mice 

selectively expressing human A53T α-synuclein in astrocytes. Using this approach, it was 

shown that dysfunctional α-synuclein can trigger reactive astrogliosis, impairs astrocytic 

functions and causes neuronal demise [148]. These findings support the notion that 

astrocytes constitute important players in the pathogenesis of PD, although further studies 

will be needed to elucidate the various levels of their involvement in the disease.  

 



18 
 

1.3 Manuscript I 
 

Astrocyte-Neuron Metabolic Crosstalk in Neurodegeneration: a 

Mitochondrial Perspective 

 
Patrycja Mulica1, Anne Grünewald1,2*, Sandro L. Pereira1 

1Luxembourg Centre for Systems Biomedicine, University of Luxembourg, Esch-sur-

Alzette, Luxembourg 

2Institute of Neurogenetics, University of Lübeck, Lübeck, Germany 

This article was published in the Frontiers of Endocrinology.  
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1.3.1 Preface 

Astrocytes are fundamental for maintaining brain homeostasis by supporting the 

physiological functions of neurons [149]. Therefore, it becomes increasingly clear that 

studying the astrocyte-neuron interplay might be key for understanding the development 

of numerous neurodegenerative diseases, in particular PD [125]. Furthermore, with the 

advent of novel protocols to generate iPSC-derived model systems, we can study PD-

associated protein at the endogenous level, which provides novel insights into the 

mechanisms underlying the pathogenesis of the movement disorder [150].  

 

In this review, we aimed at summarizing the current knowledge of the contribution of 

astrocytes to neurodegeneration. In particular, we focused on their metabolic support 

function for neurons. We compiled the literature, which explores the importance of 

astrocyte-neuron crosstalk in AD and PD. Moreover, since mitochondria play a key role in 

cellular metabolism, we discussed their involvement in this crosstalk. Finally, we 

highlighted the relevance of iPSC-derived cellular models for studying astrocytic metabolic 

functions in AD and PD.  

 

Regarding my contribution to the manuscript, I was responsible for writing the following 

chapters: Introduction, Heterogeneity of Astrocytes, Cellular Functions of Astrocytes and 

iPSC-derived Astrocyte Models to Study Metabolism in Neurodegenerative Diseases. 

Additionally, I wrote two sub-chapters in the section entitled Astrocyte-Neuron Metabolic 

Crosstalk in Health and Neurodegenerative Diseases, namely Mitochondria and Astrocyte-

Neuron Coupling as well as Astrocytic Calcium Signaling and Astrocyte-Neuron Crosstalk. 

Moreover, I prepared figures 1 and 3 and I contributed to the writing of the abstract.  
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1.3.2 Manuscript 
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2. Aims 
Despite years of extensive research, there are still no disease-modifying treatments 

available for PD. Instead, numerous therapies have been introduced to alleviate patients’ 

symptoms [22]. The quest for the ultimate cure for PD has been intensified with the 

discovery of iPSC technology, which allows researchers to study disease pathologies at 

the endogenous level. Importantly, the usage of patient-derived cell models offers a 

possibility to assess disease progression over time and to uncover the underlying 

molecular mechanisms [151]. 

 

While PD was initially primarily considered a neuronal disease, this neuro-centric view has 

lately seen a shift. In recent years, more and more studies also explore the contribution of 

glial cells to neuronal demise in PD. In particular, as key supporters of neuronal functions, 

astrocytes attract substantial attention as possible contributors to PD pathogenesis [125]. 

In this context, astrocytic metabolism might serve as an interesting target to develop novel 

disease-modifying therapies. 

 

Genetic models are an important tool to dissect the molecular mechanisms underlying PD. 

In particular, mutations in the PD gene SNCA, which codes for the main protein component 

of Lewy bodies (that constitute pathological hallmark of PD), may help to gain a better 

understanding of the cellular processes leading to the movement disorder [17]. Studying 

the effect of such mutations at the endogenous level provides the additional advantage 

that also the contribution of the genetic background of a patient can be considered.  

 

Taking all of this into consideration, I identified several study aims: 

 

- identification of a suitable protocol to generate mature iPSC-derived astrocytes 

 

- generation and characterisation of iPSC-derived astrocytes harboring A53T α-

synuclein mutation 

 

- assessment of perturbed genes and pathways in PD astrocytes under resting and 

activated conditions 

 

- analysis of the effect of A53T α-synuclein on astrocytic physiological functions
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3.1.1 Preface 

 
In the context of neurodegeneration, the typical disease modeling and novel drugs testing 

has been based so far on the animal models. However, due to fundamental differences in 

the biological pathways between humans and other species, the identified drugs typically 

have low success rates in clinical studies [152]. The implementation of iPSC modeling 

offers the possibility of overcoming these challenges [150]. Yet, in light of the plethora of 

published protocols for the generation of iPSC-derived cultures, it is frequently problematic 

to identify the right method for the given research question.  

 

Therefore, in this study we compared two protocols for obtaining iPSC-derived astrocytes. 

Both of the methods have been previously published [153], [154] and they differ 

substantially in their duration. We applied bulk RNA sequencing to delineate the major 

differences in the transcriptome of the generated cells. After analyzing the expression of 

astrocytic markers known from the literature, we could show that Oksanen astrocytes 

display a greater maturation status. This finding was further confirmed by the assessment 

of cellular morphology using high-content imaging followed by automated analysis in 

Matlab. To compare iPSC-derived astrocytes obtained in two studied methods with human 

astrocytes from the human postmortem tissue, we applied the MuSiC method. Using this 

approach, we could demonstrate the higher similarity between postmortem human 

astrocytes and Oksanen astrocytes. Finally, we evaluated the activation status of the cells 

in both methods by analyzing the gene expression of typical markers for astrocytic pan-

reactivity as well as A1 and A2 activation states.  

 

My contribution to this study includes mostly the experimental part. I was responsible for 

the generation of astrocytes using both protocols. Furthermore, I performed the RNA 

isolation and imaging. I was also involved in data analysis. Moreover, I contributed to the 

preparation of figures and writing of the manuscript.  
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Abstract 
Background 

Disease modeling with iPSC-derived cultures has proved to be particularly useful, although the 

selection of an appropriate protocol for a given research question remains challenging. In 

particular, numerous methods for the generation of iPSC-derived astrocytes have been reported. 

Yet, the properties of the obtained cells are frequently inconsistent, which complicates the choice 

between protocols. Therefore, we compared two approaches for the generation of iPSC-derived 

astrocytes. We phenotyped glia that were obtained using the differentiation protocols by Oksanen 

or Palm and colleagues, respectively. 

 

Results 

We employed high-throughput imaging and RNA sequencing to deep-characterize the cultures. 

Oksanen and Palm astrocytes differ considerably in their properties: while the former cells are 

more labor-intense in their generation (5 vs 2 months), they are also more mature. This notion 

was  strengthened by data resulting from cell type deconvolution analysis that was applied to bulk 

transcriptomes from the cultures to assess their similarity with human postmortem astrocytes. 

 

Conclusions 

Overall, our analyses highlight the need to consider the advantages and disadvantages of a given 

differentiation protocol, when designing functional or drug discovery studies involving iPSC-

derived astrocytes.    
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Introduction 

Astrocytes constitute the largest cell population among glial cells residing in the mammalian brain 

and play a crucial role in maintaining its proper functioning1. Astrocytes are involved in synapse 

formation, the regulation of brain blood flow, ion and neurotransmitter homeostasis and, most 

importantly, metabolic support of neuronal functions2. Moreover, astrocytes are acknowledged 

as being critical for the regulation of neuroinflammation, with their ability to recognize 

inflammatory signals and subsequently react to them through the production of numerous 

chemokines and cytokines3–5. 

 

Astrocytes originate from neural stem cells, also known as radial glia6. Astrocytic development is 

a highly regulated process, which is initiated after neurogenesis and controlled by a myriad of 

intrinsic and extrinsic factors7. Key cues for the initiation of gliogenesis are the JAK-STAT, Notch 

and BMP signaling pathways8,9. Furthermore, the transcription factors NFIA and Sox9 have been 

shown to be fundamental for the commitment to the astrocytic lineage10,11. After having 

populated different regions of the central nervous system, astrocytic precursors begin to mature, 

i.e. they acquire an expression profile typical for fully differentiated astrocytes. In addition to the 

upregulation of the established astrocyte marker GFAP, the mature state of astrocytes was 

correlated with the overexpression of genes such as S100B, SLC1A2, GJB6, GJA1, KCNJ10 and 

ALDH1L1. Furthermore, astrocytes develop highly branched processes, which form non-

overlapping domains and their proliferation ceases8,12,13. In line with the paramount importance 

of metabolism for maintaining astrocytic functions, it has been reported that metabolic pathways 

are subject to a substantial remodeling during cell maturation. In particular, despite relying on 

pronounced glycolysis as a source of energy14, astrocytes require a transient upregulation of 

mitochondrial biogenesis and likely the consequent increase in oxidative phosphorylation to halt 

proliferation and complete their maturation15. 

 

Recently, astrocytes have gained attention as key contributors to the pathogenesis of numerous 

neurodegenerative diseases5. One of the hallmarks of these disorders is an astrocytic transition 

from a resting to a reactive state16,17. Reactive astrogliosis is a term coined to describe 

transcriptional, biochemical, physiological and morphological changes that astrocytes undergo 

when facing brain pathology. Specifically, they may increase GFAP levels and drastically modify 
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the morphology of both their soma and processes18. Furthermore, reactive astrocytes change their 

transcriptome4, in particular their cytokine expression and secretion profiles3. Importantly, 

changes in activation status might exert a profound effect on astrocytic physiological functions, 

including their crucial role in energetic coupling with neurons19. 

 

To unravel the role of astrocytes in neurodegenerative diseases, appropriate and reliable models 

must be implemented. This is especially true as drug discovery approaches increasingly rely on 

iPSC-derived cells given the limitations of rodent models in mirroring key phenotypes of 

neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease. Since the advent of iPSC 

technology, numerous protocols have been developed for the generation of patient-derived 

astrocytes. However, they vary substantially in terms of labor-intensiveness, yield and maturation 

status of the resulting cells, making it difficult to opt for the appropriate protocol for a given 

research question20,21. 

 

Here, we aimed to explore two astrocyte differentiation paradigms, using either iPSCs or neural 

precursor cells as a starting point and which are substantially different in terms of media 

composition and the duration of the procedure. We compared one of the most widely used 

differentiation protocols - a method established by Oksanen et al.22 that represents a slightly 

modified version of Krencik and colleagues’ method paper23 - against a “quick” differentiation 

protocol that was previously established in-house by Palm et al.24. By applying RNA sequencing 

(RNA-seq) and high-content imaging methods, we were able to thoroughly assess maturity and 

activation status of the obtained astrocytes. Additionally, we compared iPSC-derived astrocytes 

with their postmortem human counterparts to have a better understanding of the relevance of 

the generated cultures for disease modeling. 

  

Materials and methods 

Cell culture 

The study was conducted in accordance to the institutional ethics rules (reference number of the 

ethics approval: ERP20-038). Human iPSC lines CTRL1 and CTRL2, which were previously generated 

as described25,26, were maintained in mTeSRTM Plus medium. Astrocytes differentiated directly 
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from iPSCs (herein referred to as “Oksanen method”)  were generated as previously described22,23. 

In short, iPSCs were converted to neuroepithelial cells by maintenance for 11 days in 

neurodifferentiation medium (NDM) containing 10 µM SB431542 (Sigma) and 200 nM LDN-

193189 (Sigma). NDM consisted of DMEM-F12 (Gibco) and Neurobasal (Gibco) in 50:50 ratio 

supplemented with 1% B27 without vitamin A (Gibco), 0.5% N2 (Gibco), 1% GlutaMAX (Gibco) and 

0.5% penicillin/streptomycin (Gibco). Next, cells were kept for two additional days in NDM 

supplemented with 25 ng/ml bFGF (Peprotech). Subsequently, cells were dissociated by scraping, 

plated on ultra-low attachment plates (Corning) and grown for two days in NDM without the 

addition of growth factors. Under these conditions, cells formed spheres and were maintained in 

astrodifferentation medium (ADM) for five months, and manually dissociated by cutting once per 

week. ADM was comprised of DMEM-F12 supplemented with 1% non-essential amino acids 

(Gibco), 1% N2, 1% GlutaMAX, 0.5% penicillin/streptomycin, 2 µg/ml heparin (Sigma), as well as 

10 ng/ml bFGF and 10 ng/ml EGF (Peptrotech). Terminal differentiation was achieved by 

dissociating the spheres with accutase (Merck Millipore) and plating them on matrigel (Corning)-

coated plates, followed by cultivation for 7 days in  ADM containing 10 ng/ml CNTF (Peprotech) 

and 10 ng/ml BMP4 (Peprotech). 

 

The alternative two-step protocol referred to as “Palm method” is initiated by the conversion of 

iPSCs into small molecule neural precursor cells (smNPCs), by means of dual-SMAD inhibition and 

induction of WNT and SHH signaling. These cells correspond to neuroepithelial cells that retain 

the potential to give rise to neural tube and neural crest lineages26. After conversion, smNPCs 

were expanded in N2B27 medium consisting of DMEMF-12 (Gibco)/Neurobasal (Gibco) in 50:50 

ratio, supplemented with 1% B27 without vitamin A (Gibco), 0.5% N2 (Gibco), 1% GlutaMAX 

(Gibco) and 1% penicillin/streptomycin (Gibco). Additionally, 3 µM CHIR99201 (Sigma), 0.75 µM 

purmorphamine (Sigma) and 150 µM ascorbic acid (Sigma) were added to the medium. The 

second step in this protocol corresponds to the generation of astrocytes from smNPCs, as 

published before24. In brief, smNPCs were plated and kept in the standard medium for two days. 

Afterwards, the medium was changed to  N2B27 medium containing 3 µM CHIR, 0.75 µM PMA, 

150 µM ascorbic acid and 20 ng/ml bFGF (Peprotech) for two additional days. At day four, cells 

were dissociated using accutase and plated in DMEMF-12 supplemented with 1% 

penicillin/streptomycin, 1% GlutaMAX, 1% N2, 2% B27 with vitamin A (Gibco), 40 ng/ml EGF 

(Peprotech), 40 ng/ml bFGF and 1.5 ng/ml hLIF (Peprotech). Cells were maintained in this medium 
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for three passages and for terminal differentiation grown in DMEM-F12 containing 1% 

penicillin/streptomycin, 1% GlutaMAX and 1% FBS (Gibco) for 60 days. 

 

Immunocytochemistry and image analysis 

To perform immunocytochemistry analysis, cells were fixed using 4% paraformaldehyde in PBS 

(ThermoScientific). Subsequently, cells were permeabilized and blocked with 0.25% Triton X-100 

and 1% BSA in PBS for 1 h. The same solution was used to prepare dilutions of primary and 

secondary antibodies. Primary antibodies were incubated overnight at four degree at the given 

dilutions: Oct4 (abcam, 1:1000), TRA-1-60 (Merck Millipore, 1:1000), Sox2 (Santa Cruz 

Biotechnology, 1:1000), Nestin (Novus, 1:1000), Musashi1 (Abcam, 1:500), Pax6 (Imtec 

Diagnostics, 1:1000), Sox1 (R&D Systems, 1:100), GFAP (Dako, 1:500). On the following day, after 

several washing steps, secondary antibodies were applied for three hours and subsequently 

washed again with PBS. Afterwards, nuclei were stained with 20 µM Hoechst (LifeTechnologies), 

cells were washed and subjected to imaging. Images of iPSCs and smNPCs were acquired with a 

Zeiss Axio Imager M2, whereas astrocytes were imaged using a Yokogawa CV8000 microscope. 

 

To perform image analysis of astrocytes in a quantitative manner, custom-made code was 

prepared using Matlab 2020a. The analysis was run using the High-Performance Computing 

Platform available at the University of Luxembourg. The code can be shared upon request of the 

computer vision scripts with IDs 906 and 907 (contact person: Dr. Paul Antony). Briefly, cellular 

morphometrics were quantified based on nuclei and GFAP signals. GFAP reporter fluorescence 

intensity signals were quantified in the perinuclear zone of single cells. Morphometric features 

from the GFAP channel were analyzed by segmenting soma and GFAP+ protrusions and extracting 

multiple shape descriptors including perimeter, area, and their ratio. 

 

RNA-seq analysis 

RNA extraction was carried out with the RNeasy Plus Kit (Qiagen) following the manufacturer’s 

instructions. Library preparation and sequencing were performed by the Beijing Genomics 

Institute (BGI) in Copenhagen, Denmark, using the BGISEQ-500 platform. 
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Raw RNA-seq reads were quality-filtered with the removal of adaptor sequences and 

contaminating low-quality reads. Furthermore, the base percentage distribution and distribution 

of quality scores along the reads was checked. Data was subsequently pre-processed, applying the 

software package "Rsubread"27. Gene-level differential expression analysis to compare the two 

astrocytic protocols, Oksanen and Palm, was conducted in the R statistical programming software 

using the package "DESeq2"28. Genes with low expression counts were excluded with the 

“filterByExpr-function” using the package edgeR29 with default parameters. To determine P-value 

significance scores for differential expression we used the Wald test followed by an adjustment 

for multiple hypothesis testing with the Benjamini and Hochberg method30. Heat maps were 

generated using the “heatmap.2” function from the R package "gplots"31. 

 

Pathway enrichment analyses were performed in the GeneGo MetaCore™ software32 using 

standard enrichment analysis workflow. As input, the gene-level differential expression analysis 

results were used. The statistics for pathway over-representation analysis, including false-

discovery rate (FDR) scores based on the method by Benjamini and Hochberg, were calculated for 

the GeneGo collections of cellular pathway maps, process networks and Gene Ontology gene set 

terms. 

 

Deconvolution analysis 

Deconvolution analysis of bulk RNA-seq data was conducted using the “Multi-subject Single Cell 

deconvolution” method (MuSiC33). MuSiC uses cross-subject cell type-specific gene expression 

from single-cell RNA sequencing (scRNA-seq) data to estimate the relative cell type composition 

in bulk RNA-seq data. We used three different reference scRNA-seq datasets that were 

downloaded from the Gene expression Omnibus (GEO): (i) single-nuclei RNA seq (snRNA-seq) from 

substantia nigra and cortex of five control human donors34 (GSE140231), (ii) snRNA-seq of 

postmortem midbrain of six controls and five idiopathic PD cases35 (GSE157783) and (iii) sc-

RNAseq data of human embryo ventral midbrain cells between 6 and 11 weeks of gestation36 

(GSE76381). Cell type annotations included in the published metadata were used as reference for 

cell type proportion inference. 
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Quantitative PCR 

After RNA isolation, cDNA was synthesized using SuperScript III Reverse Transcriptase Kit 

(Invitrogen). To perform quantitative PCR (qPCR), PowerTrack SYBR Green Master Mix 

(Thermofisher) was used and the reaction was run on the LightCycler 480 (Roche), with the primer 

annealing step at 60 degree. The expression of the genes of interest was normalized to the 

housekeeping genes ACTB and L27. 

 

Statistical analysis 

To perform statistical analyses, GraphPad Prism (version 9.4.0) was used. Typically, two-way 

ANOVA was applied for grouped analysis. Differences with p-value below 0.05 were considered as 

significant. 

  

Results 
 
Astrocytes generated using the Oksanen protocol resemble morphologically mature astrocytes 

Despite having been neglected for decades, the key role of astrocytes in neurodegeneration has 

become increasingly evident37. To study astrocytic involvement in pathological mechanisms in 

more detail, disease modeling using iPSC-derived cultures has become a mainstream procedure. 

However, with the constantly growing number of available protocols20,21, the question remains 

how to select the right approach for a particular research question. To address this point, we 

applied two distinct protocols to generate iPSC-derived astrocytes (Figure 1A) from two healthy 

control lines. The first protocol, here referred to as “Oksanen protocol”, is based on the generation 

of neuroepithelial cells, which grow as spheres, and after prolonged maintenance in the presence 

of EGF and bFGF and manual weekly titration give rise to glial progenitors. As a final step, cells are 

terminally differentiated by inducing the JAK-STAT pathway and BMP signaling with CNTF and 

BMP4, respectively22,23 (Figure 1B). The second method, denominated here as “Palm protocol”, 

utilizes neural stem cells derived from small molecule neural precursor cells (smNPCs), which 

present neuroepithelial features and retain the ability to generate neural tube and neural crest 

lineages. Astrocytic differentiation is achieved by the cultivation in a medium containing fetal 

bovine serum24. 
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Firstly, we characterized both the iPSC and smNPC lines to ensure their differentiation potential. 

The iPSC lines did not show any chromosomal aberrations (Figure S1), thus validating their use for 

posterior generation of smNPCs and astrocytes. Furthermore, we assessed the expression of 

several iPSC and smNPC markers using immunocytochemistry. Both iPSC lines expressed typical 

pluripotency markers such as Oct4, TRA-1-60 and Sox2 (Figure S2A). Moreover, the expression of 

neural progenitor cell markers, such as Musashi1, Nestin, Pax6 and Sox1, was identified in the 

smNPC lines (Figure S2B) rendering them suitable for differentiation. 

 

Next, astrocytes were generated applying the Oksanen and Palm protocols to iPSCs and smNPCs, 

respectively. The obtained cultures were characterized by employing high-content imaging 

screening and custom-made scripts prepared in Matlab (Figure 2A), with GFAP as an astrocytic 

marker. This approach allowed us to assess the efficiency of the protocols, as well as the 

morphology of the generated astrocytes. In general, Oksanen astrocytes differed substantially in 

their morphology from Palm astrocytes (Figure 2B) and showed higher consistency between the 

two cell lines used, both in terms of morphology and GFAP+ cell numbers. Contrariwise, when 

using the Palm protocol, we observed a discrepancy between the two control cell lines, with CTRL1 

showing an impairment in differentiation as indicated by a reduced number of GFAP+ cells. 

Furthermore, the Oksanen protocol yielded a higher percentage of GFAP+ cells (Figure 2C), when 

analyzing both cell lines together. After preparing a Matlab code, which specifically recognized 

soma and astrocytic processes, we quantified multiple morphological features (Figure 2D). 

Interestingly, Oksanen astrocytes consistently presented longer and finer branches and a smaller 

somal area. Overall, cells generated with this protocol more closely resembled the prototypical 

astrocyte morphology38. 

 

Oksanen astrocytes present more mature expression profile 

To thoroughly evaluate the differences between astrocytes generated using the Oksanen and 

Palm  protocols, we utilized bulk RNA-seq. First, we compared differentially expressed genes 

between the two protocols for each line separately. The analysis revealed in total 16491 

differentially expressed genes, when comparing CTRL1 in two methods and 14625 genes for the 

comparison of CTRL2. Altogether, we identified 12485 genes, which were differentially expressed 

between the two protocols for both cell lines (Figure 3A).  Moreover, we plotted the expression 

Z-score values of the top 50 differentially expressed genes as a heatmap. Among the upregulated 
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genes in the Palm astrocytes, we identified several genes involved in the regulation and promotion 

of cell proliferation such as PLK239 and CCN140 (Figure 3B), which might suggest a lower degree of 

maturation of these cells. 

 

To gain more mechanistic insight into the obtained datasets, we performed pathway enrichment 

analysis. Among the upregulated pathways in Oksanen astrocytes, we detected Notch signaling 

(Figure 3C), which is known to be involved in gliogenesis41. Contrariwise, these cells 

downregulated pathways linked to cell cycle regulation (Figure 3D). 

 

Next, we  assessed astrocytic maturity and the purity of the cultures by analyzing the expression 

of commonly used astrocytic and neuronal marker genes12,13,42. Generally, Oksanen astrocytes 

presented a higher expression of astrocytic markers, however, the same tendency was shown for 

neuronal markers (Figure 4A). We confirmed our findings by quantifying multiple analyzed targets 

by means of qPCR (Figure 4B). Interestingly, the expression of mature astrocytic markers such as 

AQP4, SLC1A3  and ALDH1L1, was comparatively upregulated in Oksanen astrocytes, suggesting 

that cells attain a more advanced maturation status under these culture conditions.   

 

To further characterize the cultures, we employed the bulk tissue cell type deconvolution method 

“MuSiC”33. Using this approach and applying multiple published human datasets34–36, we were able 

to estimate the percentage of cells sharing the characteristics of various brain cell types. When 

compared to data obtained from postmortem midbrain, Oksanen cultures showed a higher 

proportion of cells resembling human mature astrocytes (Figure 4C). Similarly, Oksanen cells more 

closely resembled cortical astrocytes from the human brain than the cells obtained with the Palm 

protocol (Figure 4D). Of note, when assessing the cell composition of cultures obtained with the 

Oksanen protocol, we did not identify cells that matched the gene expression profile of mature 

neurons as identified in postmortem midbrain scRNA-seq studies34,35. Regarding the cells 

generated with Palm protocol, they resembled to a high extent the expression profile of 

oligodendrocytes, both cortical and midbrain ones. 
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Thus, we hypothesized that the higher expression of neuronal markers in Oksanen cultures might 

be caused by the presence of neuronal precursors rather than highly developed neurons. For a 

more detailed assessment of the cell type composition, we then additionally utilized a dataset 

generated from human embryonal midbrain tissue36. Based on the expression profiles of 

embryonal midbrain at week 8 of development, we identified a higher proportion of cells 

resembling neuroblasts with the Oksanen compared to the Palm protocol (Figure 4E). 

Furthermore, the Oksanen protocol yielded a higher proportion of cells resembling radial glia than 

the cultures obtained with the Palm method (Figure S3A, B). 

 

Oksanen and Palm astrocytes differ in their activation profiles 

The two applied protocols differ greatly in their media composition used to generate astrocytes. 

Since it has been reported that FBS presence might lead to astrocytic activation43, we analyzed the 

expression of several activation markers known from the literature4,44. Astrocytes generated with 

the Oksanen protocol, in particular for CTRL1, showed increased expression of pan reactive 

markers. However, several of these markers are known to change their expression not only during 

astrocytic reactivity but also during cell maturation45. Furthermore, to establish an analogy to the 

neurotoxic (A1) and neuroprotective (A2) astrocytic profiles described by Liddelow and colleagues, 

we assessed the expression of a panel of genes known to be differently regulated in each of these 

reactive states. The studied genes were non-specifically expressed with none of the protocols 

exclusively engaging in one of the two activation profiles. Nevertheless, a significantly higher 

number of these activation markers was upregulated under the Palm protocol (Figure 5B). 

  

Discussion 

With the advent of iPSC technology and the growing recognition of the importance of astrocytes 

in the pathogenesis of PD, the number of available protocols used to generate iPSC-derived 

astrocytes is growing. In our study, we aimed to compare two of such methods to understand 

what their potential advantages and limitations could be. The first method, referred to as Oksanen 

protocol, is one of the most widely employed astrocyte differentiation methods based on long-

term expansion of astrocytic progenitors generated from iPSCs22,23 (both papers together were 

cited more than 500 to date). The second method, i.e. the Palm protocol, is a straightforward 

differentiation method that was established in-house and which uses neural precursor cells as the 

https://www.zotero.org/google-docs/?broken=pDt8am
https://www.zotero.org/google-docs/?broken=pDt8am
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starting point together with FBS-containing medium for astrocytic differentiation and 

maturation24. Both protocols vary greatly in their duration and yield of generated cells, posing the 

question about their applicability for different research projects. Therefore, we performed an in-

depth imaging and transcriptomic analysis of both methods to unravel the morphological and 

gene expression profiles of these astrocytes. 

Human mature astrocytes possess a distinctive morphology that allows differentiating between 

cellular soma and highly ramified processes, which account for 80% of the cell volume38. The finest 

processes, known as perisynaptic astrocytic processes (PAPs), develop later during cell 

maturation46 and were shown to play a role in an array of brain functions, most importantly in 

synapse function and maturation47–49. Astrocytes are subject to profound changes during reactive 

gliosis, a phenomenon in which the processes were reported to increase the thickness of their 

main branches, accompanying an enlargement of the cell soma50,51. High-throughput imaging 

analyses of iPSC-derived astrocytes generated in this study, revealed remarkable morphological 

changes between both protocols. Oksanen astrocytes presented a more pronounced stellate 

shape with smaller soma but an increased relative area of the processes. The increased somal area 

and less defined shape observed for Palm astrocytes (particularly for CTRL2) is in line with a 

fibroblast-like morphology previously reported for human astrocytes grown in FBS-containing 

medium43. Furthermore, for all morphological parameters assessed in the study, there was a 

higher consistency between the cell lines for the Oksanen protocol. Image analysis also revealed 

a higher percentage of GFAP+ cells in the Oksanen cultures, when compared to Palm cultures. 

Since GFAP is a widely recognized astrocytic marker52 used to assess differentiation efficiency53, 

the decreased number of cells expressing this protein in the Palm cultures (Palm: 22% of GFAP+ 

cells; Oksanen: 74% of GFAP+ cells) suggests an impaired astrocytic differentiation and maturation 

process. This hypothesis was supported by the evaluation of mature astrocyte markers13, which 

were  consistently elevated in Oksanen astrocytes. However, in cells generated with the Oksanen 

method, we could also identify a comparatively higher expression of several neuronal markers, 

suggestive of a contaminant neuronal population. 

To study the cellular composition of the generated cultures in more detail, we applied bulk tissue 

cell type deconvolution using the MuSiC method33. With this approach, we compared our bulk 

RNA-seq data with several datasets produced using scRNA- or snRNA-seq34–36. In general, we could 

observe a higher similarity between cells generated with the Oksanen protocol and postmortem 

human astrocytes. The similarity was particularly striking when compared with cortical astrocytes. 

These results further strengthen the notion that Oksanen astrocytes are more mature than Palm 
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cells. Furthermore, the increased transcriptomic resemblance of Oksanen astrocytes to cortical 

rather than midbrain astrocytes can be explained by the lack of added morphogens responsible 

for regional patterning54. Thus, these findings suggest that the Oksanen protocol is of particular 

interest for disease modeling, in which mature and functional models are preferred to avoid 

masking disease phenotypes55. This protocol also showed increased reproducibility between the 

distinct lines used, as demonstrated by similar morphology and the percentage of obtained GFAP+ 

cells. However, a limitation of the method was the identification of a residual non-glial population 

based on the expression of neuronal marker genes. Despite this fact, Oksanen cultures did not 

show a high degree of similarity to any mature neuronal populations identified in postmortem 

datasets. This discrepancy could be partially explained by the changed activation status of 

Oksanen cells, as reactive astrocytes were shown to express MAP256. We also hypothesized that 

the  expression of neuronal markers in these cultures could rather be explained by the presence 

of immature neuronal progenitors. Indeed, we observed a portion of cells in the Oksanen cultures 

that resembled radial glia and neuroblasts as identified in embryonal datasets36. The cellular 

heterogeneity within the iPSC-derived cultures poses a major challenge for scientists aiming at 

high reproducibility of their research. Nevertheless, our microscopy data indicate that the 

Oksanen protocol yields over 74% of GFAP+ cells. 

Next, we assessed the activation status of the generated astrocytes. FBS usage in the astrocytic 

differentiation protocols was frequently criticized as a driving factor for astrocytic reactivity43. 

Furthermore, FBS is prone to batch inconsistencies and its unknown amount of growth factors and 

hormones might lead to lower experimental reproducibility21. Therefore, we studied the 

expression of several activation markers known from the literature4,44. Oksanen astrocytes 

showed a higher expression of pan reactive markers, when compared to Palm astrocytes. 

However, it is worth noting that a few of these markers, such as GFAP, CD44 and VIM, are also 

considered general astrocytic markers57,58 and therefore the observed expression differences 

could also correlate with the relative number of astrocytes in the culture. The expression of marker 

genes belonging to A1 and A2 activation states was higher in the cells produced with the Palm 

method. This observation is in accordance with previous studies reporting a profound effect of 

serum-containing media on astrocytic reactivity59. Interestingly, the same study associated the 

FBS-induced reactivity with fibroblast-like morphology, which we also observed for Palm 

astrocytes, as previously mentioned. 

Disease modeling is an important application of iPSC-derived cultures. Together with the 

technological development of high-throughput devices for drug screening, iPSC-derived cellular 

https://doi.org/10.3389/fnana.2020.00031
https://doi.org/10.3389/fnana.2020.00031
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models have the potential to advance personalized medicine approaches for neurodegenerative 

disorders60. However, to harness the full potential of iPSC-derived cells in drug screenings, the fast 

generation of highly homogenous cultures would be a major advantage. The two protocols 

analyzed here differ greatly in their efficiency and workload required to generate human 

astrocytes. While the Palm method produces a considerable number of cells in a relatively short 

time (2 months), the Oksanen protocol requires prolonged culturing of cells (for 5-6 months) 

together with manual cutting of the produced spheres. This experimental challenge will likely 

hamper a potential automation of Oksanen cultures, whereas Palm astrocytes might be easily 

obtained using automated platforms61. Nevertheless, the Oksanen protocol seems to be more 

suitable for initial disease modeling, given the high degree of maturity of the resulting cells as 

shown in this study. 

Taken together, we showed that astrocytes generated with the Oksanen method express typical 

astrocytic markers and resemble their postmortem human counterparts to a higher extent than 

cells obtained with the Palm protocol. However, the cultures are not purely astrocytic and their 

generation is more time-consuming, which makes them less suitable for drug screenings. We 

presented an extensive transcriptomic comparison of the protocols, which will provide 

researchers with relevant information, when choosing the optimal protocol for their research 

questions. 
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Figures 

 

 

Figure 1. Generation of the astrocytic cultures in this study. A. Scheme representing main steps 

required to obtain astrocytes with the different protocols. B. Overview of the Oksanen protocol. 

NDM, neurodifferentiation medium (see Methods section); ADM, astrodifferentiation medium 

(see Methods section); SB, SB431542; LDN, LDN-193189; CNTF, Ciliary Neurotrophic Factor; BMP4, 

Bone Morphogenetic Factor 4. C. Overview of the Palm protocol. N2B27, medium comprised of 

DMEM-F12, Neurobasal and supplements (see Methods section), CHIR, CHIR99021; PMA, 

purmorphamine; AA, ascorbic acid; EGF, Epidermal Growth Factor; bFGF, basic Fibroblast Growth 

Factor; LIF, Leukemia Inhibitory Factor; FBS, Fetal Bovine Serum; smNPCs, small molecule Neural 

Progenitor Cells; NSCs, Neural Stem Cells. The figure was generated using Biorender. 
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Figure 2. Morphological analysis of the generated astrocytes. A. Scheme summarizing the 

experimental procedure. B. Representative images for both astrocytic protocols. Scale bar: 20 µm. 

CTRL1, healthy control line 1; CTRL2, healthy control line 2. The brightness and contrast for the 

image of CTRL2 in the Palm protocol was adjusted. C. Quantification of GFAP+ cells in astrocytic 

cultures using high content imaging. For each protocol and cell line, 3 biological replicates were 

used. Data are presented as the mean ± SD, ***P ≤0.001. SD, standard deviation. D. Assessment 

of astrocytic morphology. The summed area of astrocytic soma was normalized to the summed 

cell area. The summed area of astrocytic processes was normalized to the summed soma area. 

The summed area of astrocytic processes was normalized to the summed cell area. The summed 

perimeter of astrocytic processes was normalized to the summed cell area. CTRL1, healthy control 

1; CTRL2, healthy control line 2. *P ≤0.05, **P ≤0.01, ***P ≤0.001, ***P ≤0.0001. Part of the figure 

was generated using Biorender. 
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Figure 3. Transcriptomic analysis of astrocytes. A. Venn diagram showing the number of 

overlapping differentially expressed genes (DEGs) when comparing both differentiation protocols. 
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B. Heatmap showing 50 top differentially expressed genes between astrocytes obtained with 

Oksanen vs Palm protocols. C. Pathway enrichment analysis showing the upregulated pathways in 

Oksanen protocol. D. Pathway enrichment analysis showing the downregulated pathways in 

Oksanen protocol. 
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Figure 4. Characterization of cell type composition. A. Heatmap displaying expression values for 

astrocytic and neuronal markers. B. Validation of GFAP, S100B, SLC1A3 and MAP2 expression 

profiles using qPCR. CTRL1, healthy control 1; CTRL2, healthy control line 2.  For each protocol and 

cell line, 3 biological replicates were used. Data are presented as the mean ± SD,*P ≤0.05, **P 

≤0.01, ***P ≤0.001, ***P ≤0.0001. C. Heatmap showing the percentage of iPSC-derived cells in 

astrocytic cultures sharing the expression profile with the cell types identified in Smajic et al.35. D. 

Heatmap showing the percentage of generated astrocytic cultures sharing the expression 

signatures with the cortical cell types identified in Agarwal et al.34. E. Heatmap displaying the 

comparison of the generated astrocytes with the dataset from human embryonal midbrain at 

week 836. CTRL1, healthy control1; CTRL2, healthy control 2; Mgl, Microglia; Astro, Astrocytes; 

Epend, Ependymal cells; ODCs, Oligodendrocytes; Neur, Neurons; OPCs, Oligodendrocyte 

Precursor Cells; ProgFPL, lateral floorplate progenitor; Rgl1, Radial glia-like cell type 1; NbML1, 

Mediolateral neuroblast type 1; OMTN, Oculomotor and Trochlear Nucleus; DA1, Dopaminergic 

neurons 1; NbML5, Mediolateral neuroblast type 5; ProgM, midline neuronal progenitor; 

ProgFPM, medial floorplate progenitor; RN, red nucleus; DA0, Dopaminergic neurons 0; NbM, 

medial neuroblasts; NProg, Neuronal progenitor; ProgBP, basal plate progenitor. 
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Figure 5. Activation status of astrocytes generated in the study using cell culture media with and 

without FBS. A. Scheme visualizing the research idea. B. Heatmap representing the expression Z-

score values for the genes associated with pan reactive, A1 and A2 reactivity states4,44. Part of the 

figure was prepared using Biorender. 
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Figure S1. The analysis of karyotypes. A. The whole genome view of healthy control 1. B. The 

whole genome view of healthy control 2. The karyotype analysis was performed using KaryostatTM 

service from Thermofisher. 
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Figure S2. The analysis of iPSC and smNPC markers in immunocytochemistry. A. Two healthy iPSC 

controls were analyzed for the expression of Oct4, TRA-1-60 and Sox2. B. Two healthy smNPC 

controls were assessed for the expression of Musashi, Nestin, Pax6 and Sox1. Scale bar: 50 µm. 
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Figure S3. Heatmaps showing the percentage of cells in the generated cultures resembling cell 

types identified in human postmortem midbrain and human embryonal midbrains. As a 

reference the human embryonal midbrain datasets36 from week 10 (panel A) and week 11 (panel 

B) of development. Endo, Endocytes; Gaba, GABAergic neurons; OPC, Oligodendrocyte Precursor 

Cells; OMTN, oculomotor and trochlear nucleus; NbM, medial neuroblasts; NProg, Neuronal 

Progenitors; ProgBP, basal plate progenitor; ProgFPL,  lateral floorplate progenitor; ProgM, 

midline neuronal progenitor; Peric, Pericytes; NbML5, mediolateral neuroblasts type 5; DA0, 

dopaminergic neurons 0; Rgl1, radial glia type 1; DA1, dopaminergic neurons 1; Rgl2a, radial glia 

type 2a; Rgl2b, radial glia type 2b; Mgl, microglia, NbGaba, neuroblasts GABAergic; Sert, 

serotonergic neurons; DA2, dopaminergic neurons 2; Rgl3, radial glia type 3; Rgl2c, radial glia type 

2c. 
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3.2.1 Preface 
 
α-synuclein is one of the most widely recognized potential contributors to PD pathology 

[73]. This notion is supported by the existence of SNCA mutations which typically cause 

early-onset PD [155]. Therefore, these variants are frequently employed as a model to 

study fundamental disease mechanisms. Recently, dysfunctional astrocytes have become 

increasingly recognized as one of the driving factors for neurodegeneration [156]. In this 

context, it is of great importance to employ genetic models of PD as a tool to clarify disease 

related processes. Yet, our knowledge gained from these models derived from iPSC-

cultures is still limited despite the multiple advantages brought by studying patient material 

[152]. 

 

Therefore, in this study we aimed to explore the impact of SNCA mutation on iPSC-derived 

astrocytes. To meet this aim, we generated iPSC-derived astrocytes harboring A53T 

mutation in α-synuclein and compared them with a healthy control. We employed a single-

cell sequencing technique to study molecular pathways in the pure astrocytic populations. 

Using this approach, we could show that PD astrocytes are characterized by a decreased 

differentiation potential. Moreover, they differ profoundly from the healthy control in their 

activation status following the treatment with IL-1β and TNF-α cytokines. We could also 

demonstrate modifications in mitochondrial pathways in A53T α-synuclein astrocytes.  

 

Concerning my contribution to this work, I was involved in both the experimental and 

analytical parts. I maintained and differentiated the human iPSCs into astrocytes. 

Furthermore, I performed experiments such as immunocytochemistry followed by high-

content imaging, RNA isolation, cDNA generation. I also contributed to qPCRs and data 

analysis. Moreover, I was responsible for the preparation of figures and manuscript writing.  
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Abstract 

α-synuclein accumulation is one of the most established histological hallmarks of Parkinson’s 

disease (PD). While substantial research efforts have been made to elucidate its role in neurons, 

the protein’s impact on astrocytic function remains poorly understood. Thus, in the current study, 

we aimed to deep-phenotype human iPSC-derived astrocytes harboring the PD-linked mutation 

p.A53T in α-synuclein (SNCA c.209G>A) by applying a combination of single-cell RNA sequencing, 

high-throughput imaging and inflammatory profiling. To induce reactive astrogliosis - a 

pathological phenomenon that has been widely described in brain tissues from PD patients - 

cultures were treated with the microglial cytokines IL-1β and TNF-α. Our multimodel approach 

revealed several mutation-specific transcriptomic changes; first, in the patient cultures, we 

observed a reduction in the expression of genes that regulate the inflammatory response. Second, 

single-cell population and entropy analyses suggested that A53T α-synuclein limits the astrocytic 

differentiation potential. Third, the reduced capacity of A53T astrocytes to react to inflammatory 

stimuli was linked to a disruption in the glycolytic pathway. Fourth, gene enrichment analysis 

implicated mitochondrial pathways such as fission and mitophagy regulation in A53T α-synuclein-

mediated astrocytic dyshomeostasis. Finally, to functionally validate our findings, we studied 

mitochondrial morphology and detected an increase in mitochondrial size and mass in activated 

patient cells. In conclusion, here we showed that A53T α-synuclein interferes with the  

inflammatory response capacity of astrocytes, likely due to a disruption in the glycolytic pathway, 

further highlighting the critical involvement of glia in the pathogenesis of PD.  
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Introduction 

Parkinson’s disease (PD) is a neurodegenerative disorder, which affects about 1% of the 

population above the age of 60 [1]. It is characterized by the progressive demise of dopaminergic 

neurons in the substantia nigra pars compacta [2]. Affected individuals suffer from motor 

symptoms such as bradykinesia, resting tremor and rigidity [3]. Typically, in PD brains, there is a 

deposition of Lewy bodies, which are composed mainly of aggregated α-synuclein [4]. Although 

the majority of PD cases are of idiopathic nature, i.e. with unknown etiology, in 5-10% of patients 

a mutation in an established PD gene can be found [5]. 

The mutational spectrum of PD includes pathogenic variants in the α-synuclein gene (SNCA). To 

date, nine different point or multiplication mutations have been identified in SNCA. The majority 

of patients carrying SNCA mutations, which are inherited in an autosomal dominant manner, 

develop PD during their 4th decade of life [6–8]. The first ever discovered mutation in SNCA was 

the single-nucleotide change c.209G>A (p.A53T) [9], which has been reported to enhance the  

propensity of α-synuclein to aggregate [10].  

The discovery of mutations in SNCA and the detection of α-synuclein in Lewy bodies led to the 

hypothesis that dysfunctional α-synuclein can act as a trigger of PD pathology [11]. α-synuclein is 

a small 14 kDA protein, which is unfolded under physiological conditions [12,13]. It localizes mainly 

to the presynapse, where it was shown to regulate synaptic vesicle recycling [14,15]. Furthermore, 

it was demonstrated that α-synuclein can affect neurotransmitter synthesis, storage and release 

[16]. Moreover, there is evidence that aggregated forms of α-synuclein, such as oligomers and 

fibrils, have a toxic effect on the cell  [11].  

Interestingly, α-synuclein was reported to localize not only to the cytosol but also to several 

organelles, including mitochondria [17]. α-synuclein can aggregate at the outer mitochondrial 

membrane, thereby disrupting protein import, calcium homeostasis and fusion/fission processes. 

Moreover, it has been shown to enter mitochondria. When localized at the inner mitochondrial 

membrane, α-synuclein interferes with respiratory chain function, which induces excessive 

reactive oxygen species (ROS) formation, and, in turn, causes mtDNA damage [18].  

Until recently, PD was regarded as a pathology, which primarily affects neurons. However, glial 

cells have started to gain attention as potential contributors to the etiology of the movement 

disorder. In light of their neuro-supportive role, astrocytes are of particular relevance in the 

context of PD [19]. Interestingly, several histopathological reports described reactive astrogliosis 

in the substantia nigra pars compacta of patients, which likely contributes to neuroinflammatory 

signaling in this brain region [20,21].  
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While α-synuclein is mostly localized to neurons, low levels of the protein can also be found in 

astrocytes [22,23]. In mouse models, it was demonstrated that even minor α-synuclein quantities 

are critical for the maintenance of normal astrocytic function. α-synuclein was shown to bind to 

fatty acids in the brain [24]. In line with this finding, in astrocytes, a knockout of the protein 

disrupts fatty acid metabolism [25]. Moreover, the selective expression of A53T α-synuclein in 

astrocytes can trigger reactive astrogliosis and neurodegeneration [26]. 

While the aforementioned studies offer first insights into the role of α-synuclein in astrocytes, our 

knowledge about its endogenous regulatory functions in these cells remains limited. With the 

recent advancements in iPSC technologies there is now a plethora of protocols available that 

enable the generation of patient-derived astrocytes [27]. These model systems allow elucidating 

the effects of mutant α-synuclein on astrocytic physiology, while preserving the genetic 

background of the patient. By contrast, the various differentiation protocols vary considerably in 

terms of astrocyte purity and maturity, necessitating single-cell analysis approaches. Single-cell 

RNA sequencing can provide valuable insights into disease-associated molecular pathways 

specifically occuring in the astrocytic populations of a culture [28].  

Taking advantage of state-of-the-art methodology, we generated iPSC-derived astrocytes 

harboring A53T-mutant α-synuclein and compared these to cultures from a healthy age- and 

gender-matched control. To explore the impact of the A53T mutation in α-synuclein on the 

astrocyte transcriptome, we performed single-cell RNA sequencing. Using this approach as well as 

high-throughput imaging and functional analyses, we demonstrated that A53T α-synuclein causes 

profound changes in the astrocytic differentiation potential, inflammatory pathways and 

mitochondrial biology. 

 

 

Methods 

Cell culture 

An iPSC line derived from a healthy control was generated in the group of Prof. Gasser as 

previously described [29]. The iPSC line harboring p.A53T mutation in α-synuclein was purchased 

from the biobank of the National Institute of Neurological Disorders and Stroke (cell line ID: 

50050). Both cell lines were maintained in mTeSRTM Plus medium (StemCell Technologies). 

Astrocyte differentiation from iPSCs was performed as previously reported [30,31]. In brief, iPSCs 

were plated on Matrigel-coated (Corning) plates in mTeSRTM Plus medium supplemented with 10 

µM ROCK inhibitor (Abcam). The following day, the medium was changed to mTeSRTM Plus without 

the inhibitor. The next day, conversion to neuroepithelial cells was initiated by adding 
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neurodifferentiation medium (NDM) containing 10 µM SB431542 (Sigma) and 200 nM LDN-

193189 (Sigma). NDM was composed of DMEM-F12 (Gibco) and Neurobasal (Gibco) in a 1:1 ratio 

with an addition of 1% B27 without vitamin A (Gibco), 0.5% N2 (Gibco), 1% GlutaMAX (Gibco) and 

0.5% penicillin/streptomycin (Gibco). Cells were kept in this medium for 11 days. After that, cells 

were maintained for 2 days in NDM containing 25 ng/ml bFGF (Peprotech) in order to expand the 

formed rosettes. Next, rosettes were detached by scraping and transferred to ultra-low 

attachment plates (Corning). For 2 days, they were maintained in NDM in the absence of 

additional growth factors until they formed clear spheres. Astrospheres were grown in 

astrodifferentation medium (ADM) for five months. ADM consisted of DMEM-F12 containing 1% 

non-essential amino acids (Gibco), 1% N2, 1% GlutaMAX, 0.5% penicillin/streptomycin, 2 µg/ml 

heparin (Sigma), supplemented with 10 ng/ml bFGF and 10 ng/ml EGF (Peprotech). Spheres were 

split manually by cutting once per week. To terminally differentiate astrocytic progenitors, spheres 

were treated with accutase (Merck Millipore) and the resulting cells were plated on Matrigel 

(Corning)-coated plates, followed by their maintenance for seven days in  ADM with an addition 

of 10 ng/ml CNTF (Peprotech) and 10 ng/ml BMP4 (Peprotech).  

 

Immunocytochemistry and image analysis  

For immunocytochemistry experiments, cells were fixed with 4% paraformaldehyde in PBS 

(ThermoScientific). Afterwards, they were permeabilized and blocked for 1 h in PBS containing 

0.25% Triton X-100 and 1% BSA. Primary and secondary antibodies were diluted in the same 

buffer. Overnight incubation at four degrees was applied with the primary antibodies at the 

following dilutions: Oct4 (Abcam, 1:1000), TRA-1-60 (Merck Millipore, 1:1000), Sox2 (Santa Cruz 

Biotechnology, 1:1000), GFAP (Dako, 1:500), Tom20 (Santa Cruz, 1:250). The next day, cells were 

washed several times with PBS and incubated with secondary antibodies for three hours. 

Subsequently, the washing step was repeated and the solution containing 20 µM Hoechst 

(LifeTechnologies) was applied to stain nuclei. As the final step, cells were washed with PBS and 

imaged using either a Zeiss Axio Imager M2 or a Yokogawa CV8000 microscope.  

Image analysis for astrocytic and mitochondrial morphology was performed in a quantitative 

manner, using a custom-made code prepared in Matlab 2020a and Matlab 2021a. The High-

Performance Computing Platform at the University of Luxembourg was utilized to run the analysis. 

The code is available upon request of the computer vision scripts with IDs 905 and 1797. 
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Quantitative PCR 

RNA was isolated using the RNeasy Plus Kit (Qiagen) and following the procedure described in the 

manufacturer’s manual. To synthesize cDNA from the obtained RNA, SuperScript III Reverse 

Transcriptase Kit (Invitrogen) was applied. To quantify genes of interest (Supplementary Table 1), 

quantitative PCR (qPCR) was performed using iQ SYBR Green Supermix (BioRad) and the reaction 

was run on the LightCycler 480 (Roche). For all studied genes, the annealing temperature was 60 

degrees. Normalization of gene expression values was done using the housekeeping genes ACTB 

and L27 in the experiments for Figure 1 and 4, whereas in Figure 7 ACTB was used for 

normalization.  

 

Cytometric bead array  

The levels of human MCP1 (CCL2), RANTES (CCL5) and IL-6 in the conditioned astrocytic media 

were analyzed by applying the Cytometric Bead Array (CBA) Flex and Human Soluble Protein 

Master Buffer Kit (BD Biosciences) according to manufacturer’s protocol. The samples were 

measured on the BD Accuri C6 Plus flow cytometer using BD CSampler Plus software (BD 

Biosciences). Mean PE-Height fluorescence intensity values were used to define the standard 

curves. Sample concentrations were calculated based on the standard curves using log-log 

regression. 

Single-cell RNA sequencing:  library preparation and sequencing  

Cells were counted using the C-Chip Disposable Haemocytometer (NanoEnTek) to determine the 

concentration and viability. Single-cell samples with final cell viability above 90% were 

resuspended in defined volumes of 0.2% BSA (in PBS), with a final concentration of 1000 cells per 

μL. The whole procedure was performed on ice whenever possible. Single cells were processed 

with the Chromium Next GEM Single Cell 3ʹ Bead, Chip and Library Kits v3.1 (10x Genomics) 

following the manufacturer’s protocol. For mid-range cell recovery, we used 12 PCR cycles for 

cDNA amplification. Libraries were purified using SPRIselect magnetic beads (Beckman Coulter) 

and their quality evaluated with the High Sensitivity D5000 ScreenTape Assay on a 4200 

TapeStation device (Agilent). Single-cell library fragments between 560-600 bp were sequenced 

with the NextSeq 2000 device (Illumina) using the P2 2000 (200 cycles) NextSeq kit. The 

sequencing setup was designed to reach 20,000 reds per cell with a paired-end configuration. 

Sequenced libraries were mapped to the GRCh38 human reference genome. 
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Single-cell RNA sequencing: generation of featurevbarcode count matrix, quality control, and 

filtering 

The fastq files were processed using Cell Ranger 5.0.1 to generate single-nuclei feature-barcode 

count matrices by aligning to the human transcriptome version GRCh38-2020-A (10X Genomics) 

using the cellranger count pipeline, with the option to include intronic reads. Across the entire 

dataset containing four sequenced samples, the cellranger output resulted in 21325 barcodes 

being classified as nuclei, with a median number of genes ranging between 2600 - 4500 per nuclei. 

Downstream quality control and filtering were performed using R v4.1.3 with Seurat v4. The 

following filtering criteria were applied: minimum cutoffs of 1000 UMI counts per barcode and 

750 distinct genes per barcode as well as a maximum per-barcode threshold of 25% mitochondrial 

and 25% ribosomal reads. These criteria, in addition to filtering out doublets using Scrublet 0.2.3 

with a maximum cut off of a 0.15, resulted in a total of 18453 nuclei-associated barcodes across 

all samples.  

 

Single-cell RNA sequencing: normalization, merging of samples, cell clustering, and annotation 

Normalization, merging, cell-clustering and annotation were carried out using R v4.1.3 with Seurat 

v4. The data corresponding to the four samples/conditions were log-normalized using the 

NormalizeData function and merged using the merge function in Seurat. To identify cell types, the 

dimensionality of the dataset was reduced to the top 2500 highly variable genes 

(FindVariableFeatures), the resulting data was scaled (ScaleData) and further reduced in 

dimensionality using principal component analysis (RunPCA). The top 30 principle components 

were used to cluster the data (FindClusters) using the Louvain clustering algorithm at a resolution 

of 0.055. Differentially expressed (DE) genes of each of the identified clusters against the 

remaining cells were calculated (FindAllMarkers) and filtered using the following parameters: 

min.cell.group=5, min.pct=0.05 and logfc_threshold=0.2. To test for statistical significance 

(bonferroni-adjusted p-value < 0.05) the Wilcoxon Rank Sum test was used. The differentially 

expressed genes obtained in this fashion were used to annotate the cell types of the clusters. 

 

Single-sample gene set enrichment analysis 

Single-sample Gene Set Enrichment Analysis (ssGSEA) was carried out in R v4.1.3 using msigdbr 

v7.5.1, escape 1.4.0. The msigdbr and getGeneSets functions were used to fetch and filter the all 

the Hallmark genesets (50 gene sets) as well as a subset of C5 ontology gene sets containing the 

phrase “GOBP…mitocho…” in order to limit the analysis to mitochondria-related pathways (103 

gene sets) from the MSigDB. enrichIt function was used to calculate the enrichment score per cell 



82 
 

for every gene set. Wilcoxon test (wilcox_test in rstatix v0.7.1 library) was used to compare the 

enrichment scores between groups of cells, where Bonferroni correction was applied during 

multiple comparisons. 

 

Statistical analysis of qPCR and imaging data 

Statistical analyses were performed using GraphPad Prism (version 9.4.0). Generally, for grouped 

analyses, two-way ANOVA was utilized. The threshold for statistical significance was set to a p-

value below 0.05.  

 

 

 

Results 

Patient-derived astrocytes show decreased expression of GFAP and S100B 

In this study, we used cell lines derived from a healthy individual and a patient harboring the 

p.A53T (c.209G>A) mutation in α-synuclein. Initially, we performed a karyotype analysis, which 

revealed no chromosomal aberrations in the patient line (Fig. S1) as well as in the healthy control 

(see first manuscript of the thesis for more details). Furthermore, we confirmed the pluripotent 

potential of both lines by assessing the expression of typical stemness markers such as Oct4, TRA-

1-60 and Sox2. All studied markers were expressed in both iPSC lines used here (Fig. S2).  

Following this initial characterization, we applied an established differentiation protocol to 

generate iPSC-derived astrocytes as described previously [30,31]. To control for the purity and 

differentiation efficiency of the cultures, we performed immunocytochemistry using GFAP as an 

astrocyte marker and assessed the percentage of positive cells using an automated image analysis 

approach. With our method, we exclusively considered the GFAP signal in the perinuclear zone of 

the cell (Fig. 1B). As a result, we observed comparable percentages of cells expressing GFAP in the 

two lines (Fig. 1C). Interestingly, while the majority of cells presented an astrocytic morphology, 

not all cells expressed GFAP (PD, 57%; CTRL, 66%).  

Next, to evaluate the maturity of the astrocyte cultures, we studied the expression of several 

astrocytic markers. We observed no significant differences in the expression levels of SLC1A3 and 

AQP4 between the two cell lines. However, the expression of GFAP and S100B was downregulated 

in A53T α-synuclein astrocytes (Fig. 1D). To control for the presence of neurons, we assessed the 

mRNA levels of MAP2. Although based on this marker, a minor neuronal contamination of the 

cultures was observed, no significant difference in terms of expression was detected between the 

two lines (Fig. 1D).  
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Despite the primarily neuronal localization of α-synuclein, the protein was also detected in glial 

cells [22,23]. We determined the mRNA abundance of SNCA in both astrocytic cell lines and 

observed overall low expression levels, with no difference between healthy control and A53T-

mutant astrocytes (Fig. 1D).  

 

A53T α-synuclein astrocytes show reduced differentiation potential 

To study the impact of A53T α-synuclein on the astrocytic expression profile, we applied single-

cell RNA sequencing to the cultures using 10xGenomics technology. With this technique, we were 

able to distinguish mature astrocytes from other cell populations for downstream analyses.  

Since reactive astrocytes are known as important players in the neuroinflammation process [32], 

we mimicked their activation by exposing them to two cytokines, namely IL-1β and TNF-α for 48h. 

We sequenced both, untreated and treated cells, of the healthy control and the patient line, 

obtaining data from around 2800-8100 cells after filtering out doublets and cells with transcripts 

of poor quality. We embedded the generated transcriptomes into two dimensions using the UMAP 

algorithm. With this approach, we identified five distinct clusters: (i) resting astrocytes, (ii) 

activated astrocytes #1, (iii) activated astrocytes #2, (iv) radial glia, and (v) neural progenitors (Fig. 

2A). The annotation of these clusters was achieved using markers reported in the literature. In 

particular, we used GFAP [33], AQP4 [34] and S100B [35] as genes defining astrocytes, whereas 

CXCL10 [36] and CCL2 [37] were selected as additional markers for activated astrocytes. DCX was 

identified as a gene typically expressed by neural progenitors [38] and the radial glia cluster was 

established using PAX6 [39] and MKI67 as proliferation markers [39,40]. 

Interestingly, we observed that while untreated cells derived from the healthy control and the 

patient clustered together, activated cells separated based on their genotype (Fig. 2C). Hence, the 

cluster denominated as “Activated astrocytes #1” comprised almost exclusively treated cells from 

patients, whereas the cluster named “Activated astrocytes #2” was composed mainly of treated 

control cells. In addition, also the proportions of the other identified cell clusters were different 

between the patient and the control. In particular, the A53T-mutant cultures contained larger 

numbers of radial glia (PD, 60%; control, 40%) and neural progenitor cells (PD, 60.9%; control, 

39.1%). Moreover, we performed an analysis of single-cell entropy as a means to assess the 

differentiation potential of the studied cultures. While at baseline, we did not detect any 

significant differences between control and A53T-mutant astrocytes, upon treatment, PD cells 

presented a lower differentiation capacity (Fig. 2D). 
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A53T α-synuclein astrocytes overexpress gene linked to mitochondrial biogenesis 

Next, we determined the top differentially expressed genes across all the identified clusters (Fig. 

2E). The “Activated astrocytes #1” cluster was characterized by overexpression of IMMP2L, which 

encodes a protein responsible for the processing of cytosolic protein precursors that are targeted 

to the mitochondrial intermembrane space [41]. Furthermore, this cluster was characterized by 

elevated expression levels of PRDX6 - a gene linked to the cellular anti-oxidative defense [42]. In 

contrast, the “Activated astrocytes #2” cluster, which is primarily composed of treated control 

cells, showed high expression levels of genes encoding cytokines such as CXCL11, CCL5 or CXCL10 

[43,44].  

 

Cellular morphology of activated A53T α-synuclein astrocytes differs from activated control cells 

To assess the impact of reactivity on astroglial morphology, we employed high-content imaging 

followed by automated image analysis with custom-made Matlab scripts. The applied masks 

allowed to separately assess various morphometric parameters for the cellular soma and the 

processes (Fig. 3A). Our analysis revealed that the normalized area of the processes was 

significantly decreased for activated A53T-mutant astrocytes compared to activated control cells 

(Fig. 3B). A similar trend was observed for the summed perimeter of all processes when 

normalized to nuclei count. Furthermore, the normalized soma area was increased in case of 

activated A53T α-synuclein astrocytes. In line with these findings, the ratio of the process area to 

soma area was decreased for activated A53T-mutant astrocytes.  

 

A53T alpha-synuclein alters activation profile of astroglial cultures  

Next, to determine the activation status of the astrocytes, we analyzed the expression profile of a 

set of genes that were previously identified to define A1 or A2 reactivity states [32]. The analysis 

was performed for all cells that were part of any of the three astrocytic clusters, excluding radial 

glia and neural progenitors (Fig. 4A). Among the pan-reactive markers, we observed that at least 

75% of cells were HSBP1-positive and that the expression of this gene was decreased in the patient 

culture, in particular upon treatment. CXCL10 was almost exclusively expressed in treated cells, 

with lower mRNA levels in PD versus control astrocytes. Although the levels of CD44 were higher 

in A53T-mutant astrocytes at baseline, upon treatment, this difference disappeared. Interestingly, 

compared to control cells, the expression of GFAP was reduced in A53T-mutant astrocytes under 

basal as well as treated conditions. In contrast, the mRNA levels of VIM were elevated in A53T α-

synuclein astrocytes under basal and treated conditions. Most of the studied A1 and A2 activation 
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markers were not expressed to a high extent in the cultures. An exception was S100A10, which 

was expressed by >75% of cells with lower mRNA levels in the patient astrocytes (Fig. 4A).  

 

To further explore potential differences in terms of activation between healthy control and PD 

astrocytes, we used quantitative PCR to assess the expression of a set of genes encoding cytokines, 

which have previously been shown to change their abundance in response to similar treatment 

conditions [31]. Interestingly, we could observe that, upon activation, the expression of IL6 and 

GMCSF was upregulated in PD astrocytes, whereas in the same cells the mRNA levels of CXCL10, 

CCL5 and CCL2 were reduced when compared to healthy control cells (Fig. 4B). These findings 

were further supported by ELISA analyses of the corresponding cytokines in cell culture medium. 

Specifically, we could demonstrate that IL-6 levels in the extracellular space were upregulated in 

activated A53T-mutant astrocytes when compared to treated control cells, whereas CCL5 and 

CCL2 were released to a lesser extent (Fig. 4C). 

 

To further strengthen these results, we assessed the activation status of the NF-кB pathway, which 

is stimulated by IL-1β and TNF-α. When analyzing the protein abundance of phosphorylated NF-

кB p65 by means of Western blotting, we detected, upon treatment, a significant decrease in the 

activation of treated A53T-mutant astrocytes compared to activated control astrocytes (Fig. 4D). 

 

Since we detected a reduction in the capacity of A53T-mutant astrocytes to respond to the 

inflammatory stimuli, we aimed to further explore the molecular cause of this dysfunction. 

Interestingly, glycolysis has been shown to be an important modulator of astrocytic reactivity 

[45,46]. In particular, it was demonstrated that aberrant glycolysis prevents astrocytes from 

transitioning into a reactive state [46]. Using our single-cell RNA sequencing dataset, we analyzed 

the expression of genes coding for glycolytic enzymes (Fig. 5A). Among the most abundantly 

expressed genes, we observed that the expression of ENO1, PKM and TPI was significantly 

downregulated in activated A53T-mutant astrocytes when compared to activated control cells, 

while the expression of GAPDH did not significantly differ between the patient and control cultures 

(Fig. 5A, Fig. 5B).  

 

A53T-mutant astrocytes show lower enrichment in mitochondrial pathways 

In light of a possible glycolysis disruption in A53T-mutant astrocytes, we decided to investigate 

mitochondria in more detail as oxidative phosphorylation may be a way to compensate for such 

metabolic deficit. In addition, we identified IMMP2L among the top differentially expressed genes 
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in the “Activated astrocytes #1” cluster, which further prompted us to analyze mitochondrial 

function.  

In order to test for a mitochondrial involvement in SNCA-PD, we performed ssGSEA focussing on 

biological processes related to mitochondria in the gene-ontology database (Fig. S3A). With this 

approach, we identified a lower enrichment of genes coding for proteins involved in oxidative 

phosphorylation (Fig. 6B). Inspired by this finding, we next explored mitochondrial pathways in 

the ssGSEA and observed numerous differences between patient and control astrocytes (Fig. S3B).  

We then evaluated the three astrocytic clusters in more detail and uncovered nine pathways that 

revealed significant differences in the ssGSEA (Fig. 6C). Among the most altered pathways were 

gene sets related to the maintenance of protein localization to mitochondria, modulation of 

mitochondrial calcium ion homeostasis, regulation of mitophagy, mitochondrial fission and 

mitochondrial DNA (mtDNA) replication. Moreover, we also identified changes in pathways linked 

to apoptosis, regulation of mitochondrial organization and protein insertion into the inner 

mitochondrial membrane. Interestingly, all of these pathways were significantly less enriched in 

the “Activated astrocytes #1”, the cluster which is mainly composed of activated patient 

astrocytes (Figure 6C).  

 

Aberrant mitochondrial morphology and increased mitochondrial mass in A53T-mutant astrocytes 

To functionally validate our results from the gene enrichment analysis, we first assessed 

mitochondrial abundance and morphology as general read-outs of mitochondrial dyshomeostasis 

using high-content imaging. A custom-made code prepared in Matlab allowed us to define 

mitochondria based on the signal of Tom20 - an outer mitochondrial membrane protein. While 

astrocytes were labeled with an antibody against GFAP. To analyze mitochondrial morphometrics 

exclusively within astrocytes, we restricted our analysis to organelles localized within GFAP-

positive cells (Fig. 7A). This approach revealed pronounced changes in mitochondrial morphology 

in activated PD patient astrocytes. Specifically, the average mitochondrial size, defined by the sum 

of mitochondrial pixels normalized to mitochondrial number (Fig. 7B), was significantly increased 

in activated A53T-mutant astrocytes when compared to treated control cells. Furthermore, 

mitochondrial mass, as calculated by the summed mitochondrial pixels normalized to nuclei pixels, 

was increased in activated A53T α-synuclein astrocytes. When performing a detailed analysis of 

mitochondrial branching, we could demonstrate that the normalized node number, average node 

degree and total link number was increased in activated A53T-mutant astrocytes. Lastly, as mtDNA 

replication was also nominated by the ssGSEA, we studied the expression of genes encoded by 

the mitochondrial genome as an indicator of impaired mtDNA maintenance. In line with the 
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ssGSEA results, we indeed detected a downregulation in the levels of mtDNA genes in activated 

A53T α-synuclein astrocytes compared to activated control cells (Fig. 6C).   

 
 
Discussion 

α-synuclein deposits are considered a key feature of PD pathology [11]. Hence, cell cultures 

derived from PD patients harboring mutations in α-synuclein are frequently employed as a genetic 

model system to study the underlying molecular mechanisms of PD [47]. Although there is a 

growing consensus that astrocytes contribute to the pathogenesis of PD [19], we still lack a deep 

understanding of how pathogenic α-synuclein alters glial physiology. In order to close this 

knowledge gap, we aimed to explore the impact of A53T α-synuclein on the function and 

activation status of human astrocytes.  

 

iPSC technology proves to be particularly useful in modeling PD at the endogenous level [48]. Yet, 

to date, few studies have employed astrocytic differentiation protocols to investigate mutant α-

synuclein in patient astrocytes. Thus, in this study, we employed an established protocol [31] to 

generate astrocytes from iPSCs derived from an A53T-mutant PD patient and a healthy age- and 

gender-matched control.  

An immunocytochemistry characterization of these models revealed comparable percentages of 

astrocytes based on GFAP protein expression. Yet, this typical astrocytic marker was not expressed 

in all generated cells. This observation is in line with literature suggesting that not all resting 

astrocytes express GFAP [49]. In light of this limitation of GFAP as a marker protein, we additionally 

considered cell morphology as an important characterization criterion. In line with previous 

studies employing the same differentiation protocol [31], the absolute majority of cells in our 

cultures showed a morphology representative of human astrocytes [50]. Furthermore, mRNA 

analysis revealed high expression levels of the astrocytic marker genes SLC1A3 and AQP4 [51] 

when compared to neurons. Importantly, the expression of these genes did not vary significantly 

between the lines.  

In addition, neuronal contamination is a frequently encountered challenge, when generating iPSC-

derived astrocytes. Thus, we used the marker gene MAP2 to test for the presence of neurons in 

our cultures. While we observed some residual levels of MAP2, the mRNA abundance of this gene 

was significantly lower in astrocytes than in neuronal cultures [52].  

Another aspect of the model validation was the quantification of SNCA gene expression. Overall, 

we observed low levels of SNCA mRNA in astrocytes, which is in agreement with the literature 

[23]. Furthermore, SNCA expression was comparable between A53T-mutant and control 



88 
 

astrocytes. This finding corroborates results from iPSC-derived neuronal cultures, which suggested 

that the A53T mutation does not interfere with α-synuclein abundance [53–55]. Only in pure 

dopaminergic neurons an increase in the levels of A53T-mutant α-synuclein has been shown [55].  

Based on these findings, we concluded that the generated astrocyte cultures expressed SNCA and 

were sufficiently pure and mature to serve as model systems in our study.  

 

To delineate potential transcriptomic changes associated with A53T-mutant α-synuclein in 

astrocytes, we employed single-cell RNA sequencing. First, when exploring the different cellular 

populations in the cultures, we detected an increase in radial glia and neuronal progenitor cells in 

the mutant line. We hypothesized that this shift in terms of cell composition may be due to an 

A53T a-synuclein-mediated reduction in astrocytic differentiation capacity. Thus, to further 

explore this idea, we performed single-cell entropy analysis as a measure of the differentiation 

potential of the cultures. Indeed, this assessment uncovered a reduction in the differentiation 

capacity of A53T-mutant astrocytes under inflammatory conditions. Given that a study in iPSC-

derived neurons with the SNCA triplication mutation previously reported impaired neurogenesis 

[56], we conclude that pathogenic α-synuclein interferes with cellular development in neurons as 

well as glia. 

 

Astrocytic reactivity can be neuroprotective but may equally contribute to neurodegeneration 

[57]. Two reactive states, which are defined by diverse cellular programs, can be distinguished: A1 

and A2 [58]. We decided to examine the reactivity of our cultures under basal conditions and after 

stimulation with IL-1β and TNF-α. These cytokines are typically secreted by activated microglia 

and can modulate the astrocytic response via the NF-kB pathway [45,59,60]. Interestingly, single-

cell RNA sequencing revealed striking differences in the response of A53T-mutant and control 

astrocytes to the aforementioned treatment. The two lines clustered almost completely apart 

when activated, which suggested profound differences in their response to the stimulus. To 

further characterize the activation states of the cells, we examined the expression levels of genes 

that have previously been associated with pan-reactivity as well as A1 or A2 activation [32]. 

Exemplarily, single-cell transcriptomics revealed that the expression of HSBP1 was downregulated 

in A53T-mutant astrocytes upon activation. HSBP1 codes for a heat-shock protein, which was 

reported to be involved in neuroprotective mechanisms [61]. A similar decrease was observed for 

CXCL10 - a chemokine that was shown to stimulate microglia migration as well as their activation 

[62]. A reduction in CXCL10 expression in astrocytes may thus influence their crosstalk with 

microglia [63]. In addition,  compared to treated control cells, activated A53T-mutant astrocytes 
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expressed lower mRNA levels of CD44. We recently observed an upregulation of CD44 along the 

activation trajectory of postmortem astrocytes from sporadic PD patients [64]. Moreover, CD44 

was implicated in the promotion of proinflammatory signaling in neurons [65]. Thus, from these 

results, we derived that the A53T mutation in alpha-synuclein renders astrocytes less responsive 

to inflammatory triggers. 

 

In addition to investigating the reactive state (e.g. A1 vs A2) of the cultures, we also evaluated the 

expression of astrocytic cytokines and chemokines by means of qPCR. We focused on genes, which 

are known to be expressed in astrocytes after stimulation of the NF-kB pathway by IL-1β and TNF-

α [45,60,66]. Importantly, neuroinflammation associated with the NF-kB pathway has been linked 

to neurodegeneration in PD [67]. Only in the case of IL6 and GM-CSF expression, we detected an 

upregulation in activated A53T-mutant compared to control astrocytes. IL6 has been widely 

reported to be increased in the striatum, serum and CSF of PD patients and was thus proposed as 

a disease marker [68]. Furthermore, the cytokine IL6 was uncovered as the driving force of 

astrocytic reactivity [69]. Although GM-CSF is typically classified as a pro-inflammatory cytokine, 

there is evidence suggesting that it can also act anti-inflammatory and neuroprotective [70,71].  

Among the remaining genes tested here, we observed a decrease in the expression of CCL2, CCL5, 

and CXCL10 in A53T astrocytes. This result was in agreement with our previous analysis of A1 and 

A2 signature genes for which we generally observed decreased expression levels in activated 

patient astrocytes. These results were further strengthened by the detection of decreased levels 

of phosphorylated NF-kB p65 in activated A53T-mutant astrocytes. p65, which is also known as 

RelA, is a component of the NF-kB complex and acts as a transcriptional activator [72]. 

Phosphorylation at Ser536 enhances p65 transcriptional activity [73] and may therefore serve as 

a marker of NF-kB pathway activation. These findings further support our hypothesis that A53T 

astrocytes do not mount an efficient response to inflammatory stimuli.  

 

Changes in astrocytic morphology are a key feature of astrogliosis [78]. Here, we show that 

activated A53T-mutant astrocytes are characterized by an increase in cell soma area, while at the 

same time they show fewer processes when compared to reactive control astrocytes. Although, 

typically, reactive astrocytes expand both their processes and soma in a process known as 

hypertrophy [79], in the context of Alzheimer’s disease, it was shown that trimming of processes 

may also occur [80]. Thus, our transcriptomic and morphological analyses implicate A53T α-

synuclein in aberrant astrocyte physiology in particular under inflammatory conditions. 

 

https://www.zotero.org/google-docs/?broken=0hcbaC
https://www.zotero.org/google-docs/?broken=oztrko
https://www.zotero.org/google-docs/?broken=BUKnvG
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Of note, astrocyte reactivity also depends on cellular metabolism [45,46]. In particular, glycolysis 

appears to be critical for efficient astrocyte activation [46]. Moreover, a recent study in 3xTg-AD 

mice linked alterations in the glycolytic flux of astrocytes to synaptic and behavioral deficits [74]. 

Hence, we examined the expression of genes encoding enzymes of the glycolysis pathway. 

Interestingly, for three out of the four most abundantly expressed genes of the pathway, namely 

PKM, ENO1 and TPI, we observed a downregulated expression in treated A53T-mutant astrocytes, 

when compared to treated control cells. PKM codes for pyruvate kinase M1/2 - the enzyme, which 

is responsible for the conversion of phosphoenolpyruvate into pyruvate, thereby generating ATP 

[75]. ENO1 and TPI encode so-called “moonlighting proteins”, which play a pivotal role in the 

glycolytic pathway [76,77]. Together, these results may suggest that astrocytes harboring A53T α-

synuclein have a defect in the glycolysis pathway, which likely contributes to the inability of these 

cells to respond to inflammation-inducing agents. 

 

In light of the metabolic alterations in activated A53T-mutant astrocytes uncovered by single-cell 

transcriptomics, we became interested in mitochondria. While astrocytes are mostly dependent 

on glycolysis, mitochondria are critically involved in their homeostasis by regulating cellular 

calcium and Na+ levels among other processes [81]. Moreover, single-cell RNA analyses identified 

IMMP2L among the top differentially expressed genes in the cluster “Activated astrocytes #1”. 

IMMP2L codes for the inner mitochondrial membrane peptidase 2 [82]. Mutations in IMMP2L 

caused hyperpolarization, increased ROS production and an ATP overload in mice [83]. 

Accordingly, we hypothesized that a multitude of mitochondrial functions may be disrupted in 

reactive A53T-mutant astrocytes.  

SsGSEA indeed confirmed a lower enrichment for multiple mitochondria-associated pathways. 

Notably, in the “Activated astrocytes #1”, we detected significant changes for pathways 

controlling the protein localization to mitochondria and mitochondrial organization. Previous 

studies demonstrated that α-synuclein can block mitochondrial protein import [84] and, more 

importantly, can itself be imported into mitochondria, where it is primarily localized at the inner 

membrane [85]. In addition, in the “Activated astrocytes #1” cluster, we identified a lower 

enrichment for pathways associated with calcium homeostasis, apoptosis-related fragmentation, 

mitophagy and fission - processes, which have previously been linked to α-synuclein in the context 

of neurodegeneration [86,87]. Finally, gene enrichment analysis revealed a deficit in oxidative 

phosphorylation in the “Activated astrocytes #1” cluster. This implies that activated patient 

astrocytes harboring A53T α-synuclein are unable to compensate for the observed glycolysis 

impairment by means of mitochondrial respiration.  
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To functionally validate the broad effects of A53T α-synuclein on astrocytic mitochondria, we 

applied a high-throughput imaging approach to investigate morphology and abundance as 

representative mitochondrial features. We detected an increase in mitochondrial size and mass, 

suggesting that the genetically nominated processes mitochondrial fission and clearance are 

indeed impaired in these cells. Furthermore, we also detected reduced expression of mtDNA-

encoded genes. Thus, paralleling previous findings in neuronal models of SNCA-PD [18], A53T-

mutant astrocytes show a wide range of mitochondrial impairments.  

 

In conclusion, in the current study, we showed that A53T α-synuclein hampers the capacity of 

astrocytes to react to inflammatory stimuli. This reduced response may be due to an impairment 

in the glycolytic pathway. Furthermore, activated PD patient astrocytes harboring the A53T 

mutation in  α-synuclein undergo extensive changes in mitochondrial morphology and function. 

Further studies will now be needed to characterize the exact metabolic profile of alpha-synuclein-

mutant astrocytes. Moreover, experiments in co-culture systems will ultimately help to elucidate 

how metabolically induced astrocytic dysfunction contributes to neurodegeneration in PD. Such 

work building on our findings has the potential to uncover entry points for novel “glia-centric” 

disease-modifying therapy approaches in PD.    
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Figure captions 

 

Fig. 1 Characterization of iPSC-derived A53T-mutant and control astrocytes. A. Overview of the 

experimental set-up used in the study. This figure was generated using BioRender. B. 

Representative immunocytochemistry images of astrocytes stained with GFAP. Mask of the 

perinuclear zone generated using a Matlab script to assess the fraction of cells positive for GFAP. 

For each line, three biological replicates were analyzed. Scale bar, 20 µm. C. Quantification of cells 

positive for GFAP. Data are presented as mean ± standard deviation (SD). D. Analysis of gene 

expression using qPCR. Astrocytic mRNA levels of SLC1A3, AQP4, GFAP, S100B, and SNCA were 

quantified in relation to neurons. Three biological replicates were examined for each cell line. Data 

are presented as mean ± SD, **P ≤0.01, ***P ≤0.001, ***P ≤0.000.  

 

Fig. 2 Single-cell RNA sequencing analysis of A53T-mutant and control astroglial cultures. A. 

UMAP embedding of obtained transcripts showing the cluster identification. B. Dot plot 

representing the expression of marker genes for each identified cluster. C. UMAP embedding 

showing the contribution of each generated sample to the identified clusters. D. The proportion 

of each sample per cluster. E. The single-cell entropy plot, which is indicative of differentiation 

potential. F. Heatmap showing the top differentially expressed genes for each cluster.  

 

Fig. 3 Analysis of cellular morphology. A. Representative image showing the mask used for 

segmenting astrocytic soma and processes. Scale bar, 20 µm. B. Quantification of parameters used 

to assess cellular morphology.  

 

Fig. 4 Astrocytic activation status in response to IL-1β and TNF-α treatment. A. Dot blot showing 

the percentage of cells expressing the indicated activation markers and their respective levels of 

expression. B. Analysis of cytokine gene expression by means of qPCR. The expression was 

normalized to the housekeeping genes ACTB and L27. Data are presented as mean ± SD, *P≤0.05, 

**P ≤0.01, ***P ≤0.001, ***P ≤0.000. C. Quantification of cytokines released into the medium. 

The concentration of the cytokines was normalized to the corresponding protein content of the 

cell extracts. Data are presented as mean ± SD, *P≤0.05, **P ≤0.01, ***P ≤0.001, ***P ≤0.000. D. 

Western blot analysis of phosphorylated NF-кB p65 protein levels in astrocytes. Data are 

presented as mean ± SD, *P≤0.05, **P ≤0.01, ***P ≤0.001, ***P ≤0.000. UT, untreated, TR, treated 

with IL-1β and TNF-α. 
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Fig. 5 Transcriptomic analysis of genes encoding enzymes of the glycolytic pathway. A. Dot blot 

showing the expression of genes involved in the glycolysis pathway. B. Violin plots showing the 

expression of the most abundantly expressed genes of the glycolytic pathway in the analyzed 

dataset. 

 

Fig. 6 Single-sample gene enrichment analysis of mitochondria-related pathways. A. UMAP 

showing the identified clusters and color-coding. B. Single-sample gene enrichment analysis 

(ssGSEA) for the oxidative phosphorylation pathway. C. Single-sample GSEA for pre-selected 

mitochondrial pathways.  

 

Fig. 7 Mitochondrial phenotyping in A53T-mutant and control astrocytes. A. Representative 

images of the mitochondrial morphology analysis with indicated mitochondrial and cellular masks. 

B. Quantification of morphological parameters related to mitochondria. Mito, mitochondria. Data 

are shown as mean ± SD, **P ≤0.01, ***P ≤0.001. C. The analysis of the gene expression of 

mitochondrially encoded genes. Data are shown as mean ± SD, **P ≤0.01, ***P ≤0.001. Expression 

is shown as a mean for the expression of ND1, ND4, ND6, CYTB, COX1, ATP6/8 and normalized to 

ACTB.  
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Fig. 1 
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Fig. 2
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Supplement 
 
Supplementary Table 1. Primer sequences used in the qPCR approach 

Gene of 
interest 

FW primer RV primer 

SLC1A3 CTCACAGTCACCGCTGTCAT CCTCATCAGAAGTTCCCCAGG 

AQP4 TGGTGCCAGCATGAATCCC CTCATAAAGGCCACCAGCGA 

GFAP GAGATCCGCACGCAGTATGA TCTGCAAACTTGGAGCGGTA 

S100B AAGGAAGAGGATGTCTGAGCTG AAGTCACATTCGCCGTCTCC 

MAP2 CAGGTGGCGGACGTGTGAAAATTGAGAGTG CACGCTGGATCTGCCTGGGGACTGTG 

SNCA AGAGGGTGTTCTCTATGTAGGCT ACCCTTCCTCAGAAGGCATTT 

ND1 GAGCAGTAGCCCAAACAATCTC GGGTCATGATGGCAGGAGTAAT 

ND4 ACCTACTGGGAGAACTCTCTGT GGTGAGTGAGCCCCATTGTGTT 

ND6 GGTCAGGGGTTGAGGTCTTG ACTCTTTCACCCACAGCACC 

CYTB CTGATCCTCCAAATCACCACAG GCGCCATTGGCGTGAAGGTA 

COX1 GGAGCAGGAACAGGTTGAACAG GTTGTGATGAAATTGATGGC 

ATP6/8 CACAACACTAAAGGACGAACCT GGGATGGCCATGGCTAGGTTTA 
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Figure S1. Karyotype analysis for the iPSC line harboring A53T α-synuclein. Whole genome view as 
depicted in the figure was obtained using KaryostatTM service (Thermofisher).  
 
 
 
 
 

 
Figure S2. Analysis of pluripotency markers in iPSC lines by means of immunocytochemistry. Control iPSCs 
and a line harboring the A53T mutation in α-synuclein was analyzed for the abundance of Oct4, TRA-1-60 and 
Sox2. Scale bar: 100 µm.  
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Figure S3. SsGSEA analysis for GOBP. A. The analysis performed on hallmark gene sets. B. Analysis for 
mitochondria-related pathways.  
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4. Discussion 
PD poses a major challenge both for society as a whole and for the research community. 

Since high age is the primary risk factor for the disease development, in our aging 

population, we observe a continuous rise in PD cases [4]. Unfortunately, patients still await 

an effective cure as current therapies can only partially alleviate symptoms and are unable 

to halt disease progression [157]. The long-lasting pursuit for the discovery of disease-

modifying drugs is hampered by PD complexity and its multifactorial nature. Although 

single gene mutations have been attributed to PD, the majority of cases are described as 

idiopathic [8]. Therefore, it is clear that we need to properly stratify patients and identify 

commonalities and differences in molecular mechanisms underlying the disease in each 

case. For that reason, PD modeling using iPSC-derived patient material could be utilized 

as a suitable tool to study the intricacy of the human system [158]. 

 

Another layer of complexity in studying PD pathogenesis is added by the multidirectional 

interactions between different cell types residing in the human brain. In particular, 

astrocytes, as essential supporters of neuronal functions, are proposed to play a key role 

in maintaining proper brain functions [159]. Consequently, studying astrocytes’ role in PD 

may be fundamental for understanding the disease pathogenesis [160]. This could be 

achieved by utilizing genetic PD models which would help to explore driving factors for 

disease onset and progression [161].  

 

Considering this, the research presented in the thesis summarizes the current knowledge 

about astrocyte-neuron crosstalk with special attention given to its role in 

neurodegeneration (Manuscript I). In the results section, we compared two differentiation 

protocols to identify the most relevant model for studying astrocytic functions (Manuscript 

II). By applying the suitable method, we generated iPSC-derived astrocytes harboring the 

A53T mutation in α-synuclein. After comparing them to healthy control astrocytes, we 

could determine perturbed molecular pathways, which might be important to consider in 

the context of PD pathogenesis (Manuscript III).  
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4.1 iPSC-derived astrocytes as a model to study PD 

4.1.1 Relevance of iPSC-derived astrocytic models for PD research 
 
Astrocytes are crucial in maintaining normal brain functions and contribute to CNS 

development [149]. In the latter, they act as important regulators of synapse development 

[162]. When the brain reaches maturity, astrocytes were shown to affect synaptic functions 

by the release of numerous gliotransmitters [163]. This discovery led to the “tripartite 

synapse” hypothesis, which suggests an active role of astrocytes in neurotransmission 

[164]. Besides their involvement in synaptic functions, astrocytes were demonstrated to 

affect blood flow in the brain and participate in neurovascular coupling [165]–[167]. 

Furthermore, astrocytes can influence the formation of the blood brain barrier and maintain 

the homeostasis of ions, fluids, pH and neurotransmitters [149]. Importantly, astrocytes 

can also support neuronal metabolic functions by providing lactate, which is utilized in the 

TCA cycle to supply energy for neurons [168].  

 

Given the importance of the described interplay between astrocytes and neurons, 

astrocytes are now regarded as potential contributors to the pathology of PD [125]. As 

summarized in Manuscript I, defects in astrocytic metabolic pathways are frequently 

observed in the context of PD. Such impairments can profoundly affect astrocyte-neuron 

metabolic coupling and can be associated with PD pathogenesis. Moreover, dysfunctional 

astrocytes may be associated with PD pathology due to their significant contribution to 

inflammatory processes, oxidative stress, or α-synuclein-mediated toxicity [160]. In line 

with this, using genetic models of PD, it was demonstrated that mutations linked to early-

onset disease could trigger astrocytic impairments, which further facilitate the demise of 

dopaminergic neurons [125].  

 

Although the current knowledge about the astrocytic involvement in PD has advanced over 

the last years, we still lack a full understanding of the fine interplay between glial cells and 

neurons in the disease context. To explore perturbed mechanisms in more detail, one 

could employ novel tools such as iPSC lines, which offer numerous advantages over 

animal models. The biggest benefit of using iPSCs is an opportunity to differentiate them 

into any cell type of interest while preserving the patient’s genetic background [158]. This 

is particularly useful when studying the pathogenesis of idiopathic PD forms, in which the 

crosstalk of genetic and environmental factors still needs to be explored [169]. Genetic 

models of monogenic PD can also be examined using iPSC technology. When such 
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models are carefully compared with age- and gender-matched controls or cell lines with 

genetically corrected mutation, the impact of the studied mutations on the cellular 

processes can be assessed over time and at an endogenous level [158]. Furthermore, 

applying such models offers the possibility to test novel therapies efficiently. In contrast, 

testing drugs on animal models frequently proves to be inadequate due to pronounced 

differences in the biological processes between species [170]. The use of iPSC-derived 

models also brings us closer to the era of personalized medicine. Due to variations in the 

genetic background between patients, the applied therapies can cause numerous adverse 

effects [171]. Another challenge is a suboptimal efficacy of the designed treatment, which 

can be caused by genetic variations in patients [172]. This could be partially overcome by 

performing drug tests on a variety of iPSC lines, preferably derived from patients of various 

PD subsets, which would allow for matching the right treatment with individual patients 

[158]. Nonetheless, one should bear in mind the possible disadvantages of the system. 

iPSC models require meticulous quality checks to exclude lines carrying chromosomal 

aberrations [152]. As mentioned before, iPSC lines also have to be compared to the 

appropriate controls. When studying single gene mutations, it is advisable to include in the 

experimental set-up gene corrected lines which might prevent confounding the effects of 

the variant with the overall genetic background of the patient [152]. However, typically 

applied in such circumstances CRISPR-Cas9 method can produce off-targets which may 

further complicate the analysis [173]. Another challenge of the iPSC technology is linked 

to clonal variability. During the reprogramming of fibroblasts to iPSC, several colonies are 

chosen for further quality tests. Frequently, high variability is observed among the clones, 

partly due to the different integration sites of the vectors used to achieve reprogramming 

[169] – at least before the advent of reprogramming methods based on episomal vectors. 

Despite these potential limitations, iPSC modeling is considered one of the state-of-the-

art methods that could help us achieve appropriate PD modeling, relevant for personalized 

medicine and discovery of efficient disease modifying treatments [158], [169].  

 

In this context, in the Manuscript II, we explored two protocols to generate iPSC-derived 

astrocytes and assessed their relevance for disease modeling. While the Oksanen method 

is more suitable as a reliable tool to model PD, the Palm protocol could be more easily 

applied in an automated drug screening due to its shorter differentiation time. Furthermore, 

applying the Oksanen protocol in Manuscript III, we studied a genetic model of PD 

harboring the A53T mutation in α-synuclein. Importantly, in the iPSC-derived PD line, we 

were able to identify perturbed pathways, which could be further examined in the context 

of drug discovery. Yet, in light of the discussed challenges linked to utilizing iPSC-models 

it is important to mention limitations of our studies. Although we carefully assessed the 
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employed iPSC lines in Manuscript II and III to confirm the proper karyotypes and 

pluripotency status, we did not address the clonal variability. In both manuscripts, we 

employed only a limited number of cell lines which may be problematic when considering 

the genetic background variability between iPSC lines. Another major drawback of the 

study is the lack of a control line with corrected A53T α-synuclein mutation in Manuscript 

III. Initially, we used such a control provided by the biobank, however, a genotype 

assessment revealed that the isogenic line was not generated correctly. Consequently, we 

employed a line derived from an age and gender matched healthy control. Since genetic 

background could be an important confounding factor, the lack of isogenic control could 

challenge data interpretation.  

 

4.1.2 Methods for the generation of iPSC-derived astrocytes 

 
Astrocytic development is highly complex and still needs to be fully understood. In the 

human brain, the process commences with the gliogenic switch after the completed 

neurogenesis, with radial glia serving as a source for neurons and astrocytes [174]. The 

whole mechanism is tightly regulated by several intrinsic and extrinsic factors that control 

the activation of two key signaling pathways for astrocytic development, such as 

JAK/STAT and Notch [175], [176]. Astrocytic differentiation is prevented during 

neurogenesis by blocking the JAK/STAT pathway to allow for the sufficient generation of 

neurons. The control mechanism is driven by phosphatase SHP2 [177] and sequestration 

of the p300/CBP, which is important for activating JAK/STAT [178]. Furthermore, 

promoters of astrocytic signature genes are methylated, which prevents the binding of 

STAT3, the transcription factor involved in the JAK/STAT signaling [179]. The beginning 

of astrogenesis is marked by distinct changes in DNA methylation and histone acetylation 

associated with chromatin opening [176]. Acetylation is achieved by the acetyltransferase 

activity of p300/CBP, which is no longer sequestered by Ngn1 [180], [181]. Ngn1 is highly 

expressed during the preceding neurogenesis. However, at the onset of astrogenesis, its 

expression starts to be downregulated [181]. Due to the activity of p300/CBP the 

acetylation of histones is promoted at the binding sites of STAT3 within astrocytic gene 

promoters [180]. Decreased methylation of DNA necessary for opening the chromatin is 

linked to the activity of transcriptional factor NFIA as shown based on GFAP promoter 

[176], [182]. The described chromatin remodeling is initiated by extrinsic factors such as 

growth factor FGF2 and retinoic acid [183], [184]. The Notch pathway is another important 

player in controlling astrogenesis. The signaling is stimulated by the expression of Notch 

ligands by the newly generated neurons [185]. The mode of action of the pathway is based 
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on the decrease of DNA methylation pattern of the GFAP promoter through the activity of 

NF1A, one of the Notch targets [185]. Principally, Notch and JAK/STAT pathways 

cooperate to activate astrogenesis and regulate themselves. The Notch pathway can 

activate STAT3, which in turn is capable of inducing Notch signaling in the neighboring 

cells [176]. Moreover, JAK/STAT pathway can be regulated by the neuron-derived 

cytokines such as CT-1, LIF, CNTF and BMPs [176].  

 

The described findings have been implemented in numerous protocols, which were 

developed to generate iPSC-derived astrocytes [186]. Yet, the abundance of developed 

methods presents a challenge when trying to identify a protocol that fits a particular 

research objective. Therefore, in Manuscript II, we compared two protocols used to obtain 

iPSC-derived astrocytes. The Oksanen protocol is based on the generation of 

neuroepithelial cells, which are further differentiated into glial progenitors in the presence 

of FGF2. As discussed, this growth factor potentiates cells for differentiation into astrocytes 

[183]. Interestingly, the Oksanen method mimics events during development, with 

neurogenesis proceeding with astrogenesis. As a result, the same method was used to 

generate astrocytes and neurons, with modifications introduced for final maturation [153], 

[187]. In contrast, the Palm protocol begins with neural stem cells, further differentiated 

using factors such as LIF and FGF2 [176]. 

 

To characterize iPSC-based models, the maturation status of the generated cells must be 

assessed. The aforementioned protocols differ in the use of factors that drive astrocytic 

maturation. While the Oksanen protocol applies CNTF and BMP4 to promote the 

JAK/STAT pathway [153], [176], the Palm method utilizes serum [154]. The latter method 

was shown to cause distinct changes in astrocytic morphology and activation status [188], 

[189]. By employing bulk RNA sequencing in Manuscript II, we could show that besides 

morphological differences, the Oksanen and Palm astrocytes present variations in their 

maturity. The Oksanen method generated more developed cells, which resembled to a 

higher extent human in vivo astrocytes. Therefore, we applied this protocol to model PD 

in astrocytes using A53T α-synuclein as described in Manuscript III. Further 

characterization of the generated models revealed that this method robustly produced 

astrocytes both in healthy control and mutant cell lines. Moreover, in this manuscript we 

further confirmed a high maturation status of Oksanen astrocytes as shown by the 

expression of genes associated with maturation.  
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4.2 Studying the effects of A53T α-synuclein on iPSC-derived 

astrocytes 

4.2.1 SNCA mutations as a model to study PD 
 
α-synuclein deposition is deemed not only a major hallmark of PD but also its fundamental 

contributor. The first evidence of the involvement of α-synuclein in PD pathology was 

observed in human postmortem brain tissue [73]. Further compelling evidence confirming 

α-synuclein related toxicity has been provided by the studies of cellular models, including 

over-expression of SNCA and treatments with α-synuclein oligomers or fibrils [190]. With 

the identification of genetic forms of PD associated with SNCA mutations, it became 

evident that genetic models could help to explore how α-synuclein contributes to the 

disease-onset and progression. Although transgenic mouse strains proved to be useful in 

modeling motor symptoms, variability in induced pathology is often observed [191]. 

Instead, iPSC models may be employed to unravel the contribution of SNCA mutations to 

PD development [192], [193]. Due to the primarily neuronal localization of α-synuclein, 

studies employing such models focused mainly on dopaminergic neurons [194].  

 

Yet, astrocytes are also associated with PD pathology since glial deposits of α-synuclein 

were observed in IPD patients [195]. Furthermore, despite the low SNCA expression in 

astrocytes [189] the first transgenic mouse models expressing SNCA mutations revealed 

a selective expression of A53T α-synuclein in astrocytes, which led to paralysis 

accompanied by reactive astrogliosis and dopaminergic neuron death [148]. Yet, to our 

knowledge, no studies have explored the effects exerted by SNCA mutations on human 

iPSC-derived astrocytes. Therefore, in Manuscript III, we employed iPSC technology to 

examine the role of α-synuclein in patient-derived astrocytes. Our qPCR analysis revealed 

detectable levels of SNCA expression, although considerably lower than in neurons. 

Consequently, we concluded that we generated a suitable tool to study how SNCA 

mutations can influence astrocytic biology. 
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4.2.2 Astrocytic differentiation impairment 

 
Surprisingly, multiple lines of evidence suggest a developmental component in PD despite 

its mainly neurodegenerative nature [196]. In particular, striking similarities in clinical 

symptoms have been observed for PD and autism spectrum disorder, a 

neurodevelopmental disease [197]. Furthermore, both conditions share the common 

mechanism of synaptic dysfunction, which was reported to occur already in the early 

phases of PD, before neuronal demise [198]. Further supporting the notion of PD having 

neurodevelopmental characteristics, it has been demonstrated that deletion of the SNCA 

gene can be associated with an impaired process of dopaminergic neurogenesis [199]. 

Similarly, a defect in neuronal differentiation was observed in iPSC-derived neurons 

harboring triplication of SNCA [200]. 

 

In agreement with the previously reported implications of α-synuclein in neuronal 

development, in Manuscript III, we detected changes in the composition of iPSC-derived 

astrocytic cultures between the PD line and healthy control. Specifically, our single-cell 

RNA sequencing analysis revealed a higher percentage of neuronal precursors and radial 

glia populations in the line harboring A53T mutation in α-synuclein. Moreover, we 

performed the analysis for single-cell entropy as an indicator of the differentiation potential. 

The assessment revealed lower capacity to differentiate in the activated PD astrocytes 

when compared with activated healthy control. Based on this observation, we concluded 

that α-synuclein dysfunction might affect both neurogenesis and astrogenesis.  

 

4.2.3 Interplay of astrocytes and microglia under physiological and 

disease conditions 

 
Microglia represent another important cell type for maintaining healthy brain functions. 

Their primary role constitutes an immune response classified as a component of innate 

immunity [201]. Furthermore, the role of microglia has also been implied in other cellular 

processes, such as synapse pruning and neurotransmission modulation, in which they 

cooperate with astrocytes [202]. Since both cell types are immune competent, the vital part 

of their communication is based on secreted cytokines and chemokines [201]. Such an 

interplay might have far-reaching consequences for brain homeostasis in the context of 

neurodegenerative diseases. The microglial response to pathogenic stimuli typically 

precedes astrocytic activation and directly contributes to the latter process [203]. Different 
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combinations of cytokines have been shown to elicit divergent astrocytic reactions, ranging 

from desirable tissue repair to neurotoxicity [204], [205]. Consequently, one may 

hypothesize that the fine interplay between astrocytes and microglia is involved in both the 

maintenance of brain homeostasis as well as disease onset and progression upon its 

dysregulation. Moreover, the described cascade of events has also been suggested to 

explain α-synuclein effects on innate immunity responses. The first studies demonstrated 

that α-synuclein might act as a damage-associated molecular pattern, leading to an 

upregulation of Toll-Like Receptors expression in microglia [206]. Astrocytic expression of 

most Toll-Like Receptors is considerably lower, which makes astrocytes dependent on the 

initial recognition of the stimulus by microglia [207]. Importantly, astrocyte-microglia 

crosstalk has also been shown to facilitate the clearance of α-synuclein fibrils, which 

further underlines the importance of the proper communication between these two cell 

types for PD pathogenesis [208]. 

 

Based on these findings, we decided to stimulate astrocytes with IL-1β and TNF-α 

cytokines to mimic microglia-induced inflammation. Indeed, these proteins have been 

shown previously to elicit astrocytic activation and the associated release of chemokines 

[209]. In Manuscript III, we treated both healthy control and PD patient iPSC-derived 

astrocytes and analyzed their activation profiles. As discussed in detail in the next 

chapters, our approach enabled us to identify changes in the activation states, which could 

be particularly relevant in the disease context, when multiple cell types interact and can 

jointly contribute to the disease.  

 

4.2.4 The role of A53T α-synuclein in modulating astrocytic immune 

responses  

 
Astrocyte reactivity, also known as reactive astrogliosis, is defined as a variety of 

morphological, molecular, and functional changes in astrocytes in response to the 

pathological stimulus [210]. Despite extensive research, the process is highly complex and 

poorly understood [211]. Although the major hallmark of reactive astrogliosis is considered 

to be an upregulation in GFAP levels [212], its widespread application has been lately 

called into question due to the regional variety of astrocytes [211]. The intricacy of the 

astrocytic responses further convolutes during their reactivity. Recently, it has been 

proposed that the diversity of the reactive astrocytes could be attributed to subtypes with 

more permanent reactive characteristics as opposed to states identified by transient 
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changes that could be reversible. Among the defined subtypes are proliferative astrocytes 

contributing to the border formation around the damaged tissue and non-proliferative cells 

showing a variable degree of molecular and morphological changes [213].  

 

As discussed in the previous chapter, we modeled cytokine-induced astrocytic reactivity 

in Manuscript III using IL-1β and TNF-α. Surprisingly, our single-cell sequencing analysis 

showed major differences in astrocytic responses to the treatment as shown by separate 

clustering of reactive PD astrocytes and reactive healthy control cells. Furthermore, non-

reactive astrocytes clustered independently from the treated cells, confirming that we 

generated reactive astrocytes defined as cells with distinct molecular changes [210].  

 

Due to the complexity of astrocytic reactivity, numerous attempts have been made to 

describe astrocytic subtypes or states using expression profiles of particular genes. The 

identification of such patterns would enable easier identification of reactive types in the 

disease context. One of the most commonly used genetic signatures is the differentiation 

between A1 and A2 profiles [213]. Whereas A1 astrocytes have been associated with 

neurotoxic effects, A2 characteristics have been attributed to neuroprotection [214]. In 

Manuscript III, we analyzed the expression of genes linked to the A1 and A2 profiles and 

the expression of pan reactive markers. The analysis revealed the downregulation of 

several pan reactive, A1 and A2 markers in the reactive A53T α-synuclein astrocytes when 

compared to the activated healthy control. These results could suggest that overall PD 

astrocytes presented with a lower activation status. 

 

To further explore the reactivity of astrocytes harboring A53T mutation in α-synuclein, we 

explored the activity of the NF-κB pathway. This signaling cascade is crucial for the 

understanding of glial cells activation and the related pathology of neurodegenerative 

diseases [215]. NF-κB is a protein complex consisting of several components in different 

configurations. In the glial cells, it typically exists as a homodimer of p65 (RelA) subunits 

or heterodimer of p50 and p65 [216]. The latter form is the most studied one, in which the 

DNA binding property has been assigned to p50 and the ability to activate transcription 

has been associated with p65 [215]. Before the activation, NF-κB is maintained in the 

cytoplasm by binding to its inhibitors known as IκB proteins. The pathway can be activated 

by numerous signals, e.g. TNF-α and IL-1β, which trigger the degradation of NF-κB 

inhibitors [217]. Consequently, the NF-κB complex can translocate to the nucleus, where 

it binds to the DNA at the NF-κB sites [218]. It is generally accepted that the NF-κB pathway 

is one of the most important regulators of inflammation since it modulates the expression 

of genes encoding the numerous pro-inflammatory cytokines and chemokines, including 
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IL-6, CXCL10, CCL5, CCL2 and GM-CSF [219], [220]. As mentioned before, in Manuscript 

III we used IL-1β and TNF-α to trigger astrocytic reactivity. Since these proteins activate 

the NF-κB pathway, we analyzed the expression of several target genes encoding the 

cytokines and chemokines. For CCL2, CCL5 and CXCL10 genes we observed a decrease 

in the expression in the activated PD astrocytes compared with reactive healthy control 

astrocytes. Only in the cases of IL6 and GMCSF we observed an upregulation in the gene 

expression in the reactive PD astrocytes. IL-6 was frequently implicated in PD 

pathogenesis since its elevated levels have been detected in the CSF, blood serum as 

well as striatum of PD patients [221]. The fact that the expression of IL6 and GMCSF was 

upregulated might suggest that it was also regulated by the activity of other pathways 

independent from NF-κB as shown for the IL6 gene [222]. 

 

Since for most of the cytokines and marker genes for A1 and A2 reactive states we 

observed a decrease in their expression in activated PD astrocytes, we hypothesized that 

patient astrocytes have an impaired capacity to respond to the inflammatory stimulus. The 

analysis of the phosphorylation status of NF-κB p65 at serine 536 further supported this 

notion. Phosphorylation at this site was shown to be involved in the translocation of the 

cytosolic p65 to the nucleus. Furthermore, once p65 is already in the nucleus, the 

modification promotes DNA binding [223]. Therefore, we examined the levels of 

phosphorylated p65 levels as a readout of the NF-κB pathway activation. This analysis 

showed reduced pathway activity in the activated PD astrocytes compared to reactive 

healthy control cells. Moreover, the increase in the phosphorylated p65 levels in patient 

astrocytes was insignificant upon treatment. Therefore, we concluded that PD astrocytes 

indeed fail to respond efficiently to inflammatory stimuli. 

 

Astrocytes are known for their dependence on glycolysis to produce energy. Interestingly, 

the glycolytic pathway has also been proposed as an important astrogliosis modulator 

[224]. Several reports have demonstrated that reactive responses of astrocytes and 

glycolytic metabolism are strictly interdependent since the concurrent increase in both 

processes was observed [225], [226]. Furthermore, efficient glycolysis seems to contribute 

directly to astrogliosis due to the fact that attenuating this metabolic pathway led to the 

decline in the cytokine production [225]. Considering it all, we analyzed the expression of 

the main glycolytic genes using our single-cell RNA sequencing data. Importantly, we 

confirmed that the majority of cells in both cell lines expressed the PKM gene, which 

encodes the brain isoform of pyruvate kinase [227]. This enzyme is responsible for a rate-

limiting reaction, converting the phosphoenolpyruvate to pyruvate and ATP [224]. 

Interestingly, the reactive PD astrocytes showed a lower expression of PKM when 
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compared with the activated healthy control, which could lead to the decreased glycolytic 

activity. The same trend was observed for other glycolytic genes with high expression in 

our dataset, such as ENO1 and TPI, while GAPDH showed no significant differences in 

the expression. In relation to the mentioned interplay between glycolysis and astrocytic 

reactivity [225], we concluded that the reduced capability of PD astrocytes to react to 

inflammatory stimuli could potentially be caused by a lower efficiency of the glycolytic 

pathway. Nevertheless, more experiments are needed to confirm the impairment in 

glycolysis.  

 

Human astrocytes are characterized by a very complex and distinct morphology, 

possessing multiple branches known as astrocytic processes [228]. During astrogliosis, 

the cells undergo numerous morphological changes, such as cellular hypertrophy, defined 

as the expansion of the number and length of processes and the increase in soma size 

[214], [228]. However, other modifications have also been described in the literature, 

including swollen cell bodies and truncated astrocytic processes in AD patients [229]. 

Similarly, in our Manuscript III we observed that activated PD astrocytes reduce the area 

of their process while increasing the size of the cell body. This further suggests that patient 

astrocytes seem to have a major functional impairment along the dysfunctional responses 

to the applied treatment.  

 

The question remains how the A53T α-synuclein mutation leads to the putative glycolytic 

impairment and ultimately a decrease in the astrocytic reactivity in our cultures. It has been 

shown that α-synuclein interaction with the PKM enzyme in microglia increases glycolytic 

activity [230]. However, additional biochemical validation will be required to explore the 

interplay between α-synuclein and pyruvate kinase in astrocytes. Importantly, there is 

accumulating evidence suggesting the direct role of α-synuclein in regulating gene 

expression [231], which could serve as a potential explanation for our findings.  

 

4.2.5 α-synuclein effects on mitochondrial biology 

 
Mitochondria are highly complex organelles that are surrounded by two membranes known 

as outer and inner membranes. Inside these structures, there is a compartment called a 

mitochondrial matrix containing mitochondrial DNA [232]. Mitochondria are pivotal for 

cellular physiology since they are involved in a myriad of functions. The primary role 

attributed to them is the generation of ATP in the process of oxidative phosphorylation 

carried out by the mitochondrial respiratory chain complexes [233]. However, mitochondria 
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also contribute to other metabolic pathways such as fatty acid β-oxidation, metabolism of 

amino acids, cofactors, heme and Fe-S clusters [232]. Furthermore, the organelles are 

also vital for calcium homeostasis and cell death [234].  

 

As mentioned before, astrocytes rely mostly on glycolytic pathways as a source of energy. 

Interestingly, it has been shown for astrocytes that complex I of the mitochondrial 

respiratory chain is frequently uncoupled from the supercomplexes. Consequently, their 

respiration efficiency is relatively low when compared to neurons [235]. Nevertheless, it 

has been shown that other mitochondrial functions are critical for astrocytic physiology.  

Furthermore, there is a strong link between mitochondrial dysfunction in astrocytes and 

neurodegeneration [236] emphasizing the need for further research on the topic. Multiple 

lines of evidence suggest the α-synuclein-related pathology of mitochondria [237]. 

However, our knowledge about this relation in astrocytes still needs to be improved [238]. 

Still, the first studies suggested that α-synuclein might profoundly affect mitochondrial 

functions [142].  

 

Taking all of this into account, in Manuscript III, we assessed mitochondrial pathways 

based on our single-cell RNA sequencing data. The first indication of potential 

mitochondrial dysfunction came from the analysis of the top differentially expressed genes. 

In the cluster composed of mainly reactive PD astrocytes and named Activated astrocytes 

#1 we identified IMMP2L, which encodes the subunit 2 of the inner mitochondrial 

membrane peptidase (IMP) [239]. IMP is responsible for the processing of several 

precursor proteins destined to be located in the mitochondrial intermembrane space [240]. 

This finding suggested a mitochondrial component of pathology in the studied PD 

astrocytes. For this reason, we performed gene set enrichment analysis to study the 

mitochondrial pathways in detail. This type of evaluation enables us to examine whole 

groups of genes linked to a certain pathway and, consequently, to draw less biased 

conclusions when compared with data derived from the single gene analyses [241]. The 

analysis identified in the cluster of Activated astrocytes #1 lower enrichment of several 

mitochondrial pathways including protein localization to mitochondria, protein insertion into 

the mitochondrial inner membrane, and regulation of mitochondrial organization. 

Furthermore, among the differentially enriched processes we identified mitochondria 

fragmentation related to apoptosis, regulation of mitochondrial calcium homeostasis, 

mitophagy, fission and mitochondrial DNA replication. This finding indicated potential 

damage in the analyzed organelles, so we performed additional validation for the initial 

data. After assessing mitochondria morphology using high content imaging, we could 

observe an increased size of the mitochondria and higher overall mitochondrial mass. The 
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first result could be connected to the reduced fission as our gene set enrichment analysis 

also suggested an impairment in this process. The second finding could imply the ongoing 

compensation process in response to mitochondrial damage. Interestingly, it has 

previously been reported in the literature that α-synuclein can affect most of the processes 

which were perturbed in our model [242], [243]. Regarding the mode of action of α-

synuclein, it has been proposed that the protein can be translocated to the mitochondria 

and ultimately affect their functions [117].  Moreover, α-synuclein has also been shown to 

affect the expression of PGC-1α by binding directly to its promoter [120]. Since PGC-1α is 

a key regulator of mitochondrial biogenesis [244] such an interaction can have important 

implications for mitochondrial functions [120]. In the context of our research, additional 

experiments are required to confirm mitochondrial dysfunction and explore the 

pathological mechanisms contributing to the observed impairments. 
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5. Outlook 
 
In my thesis, I presented the findings related to the effects of A53T α-synuclein on human 

iPSC-derived astrocytes. To ensure the usability and reproducibility of our research, we 

extensively compared two protocols that can be used for the generation of iPSC-derived 

astrocytes. After choosing the most appropriate model, we performed single-cell RNA 

sequencing on the patient’s astrocytes and healthy control cells, both at baseline and 

inflammatory conditions. This approach revealed that the astrocytes harboring A53T 

mutation in α-synuclein are impaired in their immune responses which the defects in the 

glycolysis could cause. Furthermore, we observed profound changes in several 

mitochondrial pathways in PD astrocytes under inflammatory conditions, suggesting 

additional dysfunction in mitochondria. 

 

In the future, more work has to be done to confirm and explain the initial findings presented 

in this thesis. While we showed the first data suggesting the glycolytic impairment in PD 

astrocytes, metabolomics-based approaches need to be taken to validate the data. The 

same holds true for our reports on putative mitochondrial dysfunction. Further experiments 

should be conducted to investigate their pathology, including measuring membrane 

potential, assessing mitophagy and mitochondrial calcium concentrations.  

 

Significantly, the detected phenotypes should be correlated more carefully with the α-

synuclein toxicity. Since α-synuclein can exert its pathological functions when localized 

either in the nucleus or in mitochondria, it would be advisable to study its localization in 

our model. This could be achieved by performing immunocytochemistry and biochemically 

in the cellular fractionations’ experiments. Furthermore, a detailed analysis of α-synuclein 

levels should be done. So far, numerous antibodies have been published which can be 

applied to measure the levels of soluble and aggregated α-synuclein. Such studies can be 

performed using Western Blot and ELISA, however, additional validation using 

immunocytochemistry methods should be applied to confirm the α-synuclein detection, 

specifically in astrocytes. 

 

An important aspect of astrocytic physiology is their supporting role in neuronal functions. 

Therefore, it would be of major significance to explore how the generated PD astrocytes 

affect the physiology of dopaminergic neurons. To meet this aim, one could use the 

conditioned medium from astrocytic cultures to apply it on the neurons. Another possibility 
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could be the co-culture system of astrocytes and neurons. Using these approaches, we 

could further explore the mechanisms behind the astrocytic contribution to Parkinson’s 

disease onset and progression. 
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